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Abstract

Bar-built estuaries witlunstabletidal inlets are widespread in Mediterranean
climates and along wasvexposed coasts. Whilenglarly important to coastal sediment
balances and estuarine ecosystems, and more numerous than larger inlet systems, they
suffer from a relative lack of understandifdpis is a result of the setting: babuilt
estuaries lie at a nexus of coastal andifllenvironmentspftenbehaving like lakes with
extreme variability in boundary conditionst the ocearside boundary, inlet channel
blockage fromwavedrivensedimentation is common, leadit@water levels in the
lagoon that are consistently higheathocean levels (perched conditionsjaocomplete
disconnection between the lagoon and the o¢eéat closure) During times when the
inlet channel allows tidal conveyance, flood tigeesvide saline, nutrienatich water and
vigorous turbulent mixinginlet closure trapseawatein the estuarandtransforms
these systemisto saltstratified coastal lake3.he amount of habitat space provided by
theclosed systens thenconstrained by the extent of thadtsfield, since it has marked

effects on tempature and dissolved oxygehlthough closed and perched conditions are



natural, encroachment from agriculture, roads and development has led to a host of
fundamental changes to the way the inlet and estuary fun@anbined with the
present lack of undstanding of how these systems behave in response to natural
processes, this will be a growing concern astmg shifts in climate€ontinually alter
the landscape and forcing conditions.

This dissertation explores three areas in nedoktterunderstading: (1)

Variability of inlet closure frequengy2) response of the estuarine salt field to inlet

closure, and (3phe influence ofnlet management ostratification in the estuary. These
guestionsare addressdoly examining the Russian River EStuéRRE), a prototypical

bar-built estuary in Northern Californidhis work builds from existing studies of the site

by the autharleveraging a uniquely extensive seirokitu observations of daily inlet
behavior with additional field and numerical méidg work. The aim is to use these tools

to provide a more complete picture of the combined function of the inlet and estuary than
is currently present in the literature.

Inlet closurérequency is examinedsing over 60 years of daily closure records
detailing the behavior of the Russian River moutitet morphological behavior is shown
to be a response fwocesses whichct to scour the inlet (driven by tides and riflews)
and processdsat act to deposit sand in the inlet (driven by wavEis¢.observe time-
dependent closure patterrsisown to be weltescribed as a responsdittal, weather
related, seas@l and interannual process@sparametric model is developed to predict
closure events in the sheend seasonderm scales, and is shownitoproveon existing

modes. Lastly, closure records from the miteenth and twentieth centuries aoenpared,



showing that inlet closures have become shorter and more sporadic over time at this site
Long term shifts such as this are examined within theestiof management practices
and climate variability.

The evolution of the salt fields trackedduring several inlet closure events in
2009 and 2010 using repeated bbasedconductivity temperature deptlCTD) surveys,
stationary sondes and upward facagpustic doppler current profilerBDCP9. The
motion of the intruding salt front is in general wslldied in relatively deep estuaries
with gradually varying bathymetry. However, in Hauilt estuariesuch as the RREhe
mechanisms of upstream sgifinsport are more obscugince these systems are often
associated with sharplyarying bathymetry resulting from extensive meandering and
high stream gradient3he field data are used to show thatshé front movement
persists in the estuary degpihese characteristidSmpirical orthogonafunctions and a
horizontal Richardson Number are employed to link the salt transport into the inner
estuary to buoyanegriven currents which move epilimnetic salt water upstream along
the top of the pycnoclinehen diurnal winds are not active. Internal waves are also
present, but are limited by the bathymetry in the extent to which they transport salt
upstream. Volumetric capacity of the pools upstream of the front and turbulence caused
by diurnal winds are stwn to be the main impediment to the salt front advance.

The impacts of inlet management on stratification in the estuary are assessed by
examining twapractices: (1) Allowing the inlet to remain closed and (2) enforcing
perched conditions by cutting a eway supratidal outflow channel over the beadhe

ramifications of the latter are presently unknomumericalmodelis used to examine



the different outcomes achieved durlmgpothetical tweweek closure and overflow
events at th&RE The model uses two-dimensional X-z plane) representation that
emphasizes the vertical salt stratificatinrthe estuaryThe modeling results show that
havingan overflow channel only several meters above the pycnocline results in
strengthened stratification whenntlis are applied, while inlet closure leaves
stratificationmostly intact.Long-term changes in estuary salt mass are-deskcribed as

a function of the hydraulic gradient through the beach during closure, and as a function of
vertical diffusion of salt dung perched overflow. A ratio of the magnitudes of seepage
flow out of the beach and vertical diffusive flow of salt across the pycnocline is a good
descriptor of which process will dominate the lelegm evolution of salt in the estuary.
Boatbased fielddata confirm the model results, suggesting that the two management

states present divergent outcomes in the estuary.
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Chapter 1. I ntroduction

Bar-built estuaries arsmall coastal basirfed by freshwater and frontdxy
barrier beacs(bars) thatseparat¢he basin from the oceafAn opening(inlet) through
the beaclactsbothasa condit for tidesand as a terminus of river flowd/hile inlets
and the baclarrier estuary they connect to are often treated separately in the literature,
they are parts of a single coherent system which exists within both the coastal and fluvial
realms.The separation of the inlet/beach and estuary systems in the literature is a
detriment to both, because these two connected parts are interrelated in terms of
morphology Morris and Turner, 200)0hydrodynamicsGale et al., 2007and ecology
(Hayes et al., @08). In arid or semiarid climates, the inlet is often an intermittent feature,
as wavedriven sediment transparito the inlet bedometime®verwhelms the flushing
capacity of tidal and riverine currentgusingthe beach to block the inlet and isoltte
estuary from the oceaBespite this periodic isolation, bauilt estuaries provide
invaluablehabitat for myriad endemic aquatic specimany of which have adapted to
and take advantage of the variability caused by the intermittent connectiathevith
oceanHowever, sce thefringing adjacet floodplain isalsoideal for agriculture and
urban usemanagement of these systems reflects a competition behaenl resource
preservation andocioeconomipressures. The latter will intensify in thear future as

the continued increase in the world population leads to additional development in coastal



regions.Ongoing management is complicated by these pressures and by a pervasive lack

of understanding of many of the processes assoaciatbdhese sgtems.

1.1. Occurrence, behavior and classification of bar -built estuaries

Barbui It estuaries are widespread througlt
coastlines. Most were formed during the Holocene sea level transgression, as river
valleys and coastalains were flooded by rising sea levedsqg. Cooper, 20Q1Influent
streams carry sediment eroded from hillslopes within the watershed to the coastal zone,
where it is arrested by waves, which act to build the beach barrier and supply sediment to
adjaceh beaches within the local littoral cell. Since the inlet substrate usually consists of
sand or gravel, the channel varies in size, shape and location, as it responds to (1)
sediment supply from waves and (2) sediment erosion fromdrd&uvial-driven
currents(see Chapter 4)n systems with substantial riverflow or expansive baakier
basins, the inlet allows full conveyance of the tides, whereas small systems with
intermittent flows tend to have small inlets that actively migrate and close, inghoat
blockingthe tides

This morphologic variability has consequences within the estuary, \heere
distribution of the salt field is of primary importance to benthic and pelagic organisms
(Jassby et al., 1995), and imposes a strong influence omtperiature and dissolved
oxygen fields Cousins et al.201Q Borsuk et al.2001). The entry of tidal saltwatento

the estuarys controlledby the ability of the inlet channel to convey the tidal flows.



During flood tide, egatively buoyant intruding Kevatermoves through the inlet and
plunges on the estuary side, movuqstream along the bottofbargierand Taljaard,
1991). When the inlet chann#halwegis higher than the lowest tide levels, the salt field
is periodially immobilizedwhen tide leved are low When the inlet is completely
closedthe beach traps tidal saltwater in the estuanygl tle estuary is bestescribecasa
vertically saltstratified coastal lagoon, with a freshwater layer overlying a saltwater layer
at depth(see Chapter 5)

Many classification systems exist for both inlddayis and Hayes, 1934nd
estuariesVYalle-Levinson 2010, but these often oversimplify the dynamic natureanf
built estuariesor simply neglect the interplay between the estuary and Tietinld is
often classified as beirdpminated by tides, waves or riverflowowever, each of these
primaryforcing mechanisms vary independently in magnitudeoth short and long
term time scaleat most sites, so a singtdet system can fit within multig
classificationghroughout a yeaiBehrens et al., 2009stuaries are usualblassifiedby
the magnitude of the river or tidal forcingy, by morphology geologic histornpr the
strength of vertical stratification in the water column (Vdl&vinson,2010).Except for
geologic history, all of these factors are variablearbuilt estuariesmaking it

especially difficult to apply any one classificatimna meaningful way

1.2. Management aspects



Management practices barbuilt estuariesre variablereflecting a large number
of constraints among sitelalet closure prevents navigation between the ocean and
estuary, increases the risk of flooding of ibxng properties, and extends the residence
time of trapped tidal saltwater, which can prolong hya@t depth Ranasinghe and
Pattiaratchi, 20083 In waterslkds with substantial agriculturat urban development,
closure can also cause trapping of nutridmsn runoff(Roy et al., 2001l Despite these
concernsclosure is a natural process, dadspecies that have adapted to take advantage
of the unstable inlet conditions,is known to improve habitat conditions and survival

(Hayes et al., 2008).

1.3. Motivation of the present study

Bar-built estuariesre poorly understoodehta, 1996), despite aealth of focused
study efforts in the United States, Australia and South Africa that have occurred within
the past centuryl he present lack of understanding stems fegweral factors:

1 Bar-built estuaries differ dramatically in form abdhavioramong sies

1 Most existing research is biased toward navigable systems

1 Field dataare lacking both in the vicinity of the inlet and withive backbarrier

estuary after closure

The first point is true not only for bdouilt estuaries in separate geologic and clanat
settings, but also faystemawithin the same littoral cell, sometimes even several miles

apart (e.g. CoopeR001 Perissinotto et al., 2010; Roy et @&001). As discussed above,



their variability has made it difficult to apply the existing clasatfizn systems
meaningfully.The second point reflects socioeconomic pressures: sheltered coastal
basins with permanentlypen connections to the ocean have tremendous economic
value.Despite this, small systems far outnumber navigable systems in manys;egio
such as in Californiée.g.Griggs 2005. While interest in smaller, unstable systems has
grown within the past several decades, much more ressanebdedThe third point is a
reflection of the difficulty in obtaining sediment transport rates iwigm inlet, and (until
recently) difficulties in assessing turbulence and salt field mechanics in estilihess.
and other factors are discussed in more det&hapter Sand by Behrens (2008).
The motivation othis dissertatioris thescarcity ofcomprehensivestudies in the
literature that examineoth inlet and estuarine processagsites, considering the
interplay between the two. The objective here igrvide an example of such a coherent
approachby performing the following tasks:
1 Examinng inlet closure at a bawuilt estuary site usingxtensive existing
observations
1 Studyng the mechanics of the salt field within this site after closanel

1 Compaing the effects of several management practices on the estuarine salt field

These tasksra performed bygatheringexisting records;ollecting boatbased field data
and by testing, applying, and improving (when practicadsggtingmodels. This work
doesnot piovidea framework of classifying either estuaries or inlbtg, insteadshows
howthese systemare interconnectedhrough several case stud@&she Russian River

Estuary (RRE)a prototypical ar-built estuary in California



Chapter2 examines the existing research pertaining to inlet closure, estuarine
physics, and inlet manageme@hapter 3liscusses the field site and data collection
methods. Inlet closure at the Russian River is examined in detail in Chaptieich is
the body of a manuscript that is tentatively accepted in the journal of Geomorphology
and Chapter 5 examinése mechanics of the salt field in the estuary. Chapter 6 looks at
the consequences of two separate inlet management practices on stratification within the
estuary, using a numerical model and field data as a means of comparison. Finally,
Chaper 7summaizes the main conclusions of the study and suggests areas where further
work is neededSeparate appendices provided at the end discuss berm seepage and
numerical model validation. The last appendix summarizesdhatbasedield data used

in chapters 5rad 6.



Chapter 2. Review of Literature

Focu®d research efforts in the pagar 1950s1960s in Europe and the United
States led to breakthroughs in our understanding of inlet and estuarine processes.
Pritchard (954, Hansen and Rattrag 969 and latefFischer et al. (1979) provided most
of the framework fothe presentlay knowledge of estuarine physi€uring the same
period, the General Investigation of Tidal Inlets (GITI) led by the U.S. Army Corps of
Engineers (USACE) and the Hydraulic Engineeliadporatory (HEL) at the University
of California, Berkeley consolidated early findings fr@&mown (1928),0 &rien (1931)
andEscoffier (1941)with several decades of publicafiynded research that led to key
findings in inlet/bay hydrodynamics (Keulegd®67) and inlet mouth geometry (Jarrett,
1976. Thiswork, along with concurrent advances in the study of oceanic waves and
beachesculminated in the 1984 Shore Protection Manual (USACE, 1984).

Theseparallelefforts largely focused on large bay stuary systems, but
provided context and an understanding of the underlying physics. Howeser jg
extensive evidence to show that the form and funaifdarge inletbay systems doot
scale to smallesystemgqe.g.Byrne et al., 1980 In this secton, | describe some of the
most relevant existing literature for inlet/estuary studies, including frameworks developed
for large systems for context. | emphasize tlaesas in need of ongoing reseairchar
built estuary systeménlet morphologyandstability, the response of estuarine scalar

fields to the condition of the inleand inlet function and management

2.1. Morphology and Stability



Inlets in equilibrium maintain a balance between the input of bbaitting
(constructive) processes and evesoutput (destructive) processes of channel bed
sedimentgFitzGerald, 199% Constructive processes are usually driven by waves, which
transport sediment toward the shoreline in bars (eshese transport: CST) or in a shere
parallel direction (longshe transport: LST). LST is more commonly associated with
closure, usually from trapping within the inlet (Rosati &mdus 1999 or from causin@g
shoreparallel barto formacross the mouttCastelle et al., 20Q5Destructive processes
are normally assmated with inlet currents, which result from tidal fluctuations within the
lagoon and river flows. Inlet currents generate shear stress at the inlet channel boundary,
bringing sediment in suspension (and thus eroding the channel) when this stresssurpasse
a thresbld for incipient motion of theediment grains (Julien, 199&uring storm
events, waves can also act as a destructive force, and have been shown to cause breaching
of previouslyclosed lagoons by eroding the beach and filling the lagoon &z ihirey
heights (Kraus et al., 2008).

While equilibrium between sediment inputs and outputs is a simple concept, its
application is difficult in practice because of the stochastic nature of sediment transport in
the vicinity of inlets.The inlet forms a camuum between the marine and
fluvial/estuarine environmentsprelations derived for sediment transport in these
separate regimes are difficult to apply with any confideAdelitionally, changes in the
channel depth are rapid for small inlets, and ateuassessment of changes requires

repeated surveys, which are difficult to achieve in the inlet (Webb et al., 1991).



Since wave energy, fluvial inputs, sediment availability and local geology (affecting
basin size) vary among sites, different degreeslet equilibrium exist. Systems that
always maintain an equilibrium balance of sediment inputs and outputs have stable cross
sections and tend to also to have large basins, high, consistent freshwater inputs, or
artificial stabilization of the mouth. Wheserturbed from equilibrium by a storm or other
large change, these may take decades (Van de Kreeke, 2004) or centuries (Cayocca,
2003) to return to a new equilibrium. For systems with low freshwater inputs and small
tidal basins, the equilibrium channebss section is smaller, and adjustments are more
rapd (Van de Kreeke, 2004). In the lattarse, departure from equilibrium may cause the
inlet to remain unstable long enough for constructive processes to completely fill the
channel with sediment, tempoitg ending tidal interaction between the ocean and
| agoon. This is termed Ainlet closureo, an
coastlines (Cooper, 2001). In semiarid climates, annual fluctuations in precipitation allow
winter floods to ovedpop the beachand#feor m t he i nl et (Ainlet br e
recurrent seamal closurebreaching patterrn arid climates, coastal lagoons often
remain closed for many years at a tiragg( Roy et al., 2001

Large, stable inlets, tend to occumspive continental margins, where cabst
plains with low topographicelief were flooded during the Holocene sea level
transgressionHitzGerald et al., 20Q2providing expansive areas for tides to traverse.
These sites are common and wstlidied alonghe eastern US coastiizGerald, 1995
and Northern and stern EuropeMan de Kreeke, 20Q4Active continental margins

tend to have higher relief, leading to steep gradients and narrow, -@egpiver valleys
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(Syvitski et al., 2008 When these floodkduring the Holocene transgression, generally
smaler tidal basins were formed avg to the confinement created by the topography.
Since the space for flooding tides is smailtethese smaller systepisdal conveyance is
weaker through the inlef sysems on passive continental margiss destructive
processes are not always strong enough to balance constructivebbédiriy from
waves. These sites are common along tB8ePdcific Coast, Chile, South Africa, and
Australig and experience closure mdrequently(see Chapter)4

Unstable systems are wusually classified
oversimplifies the dynamic nature of the inlet bed. Many examples exist of systems
which maintain fAperchedo c¢ ondidonsistenty, havin
above mean sea level. This results when sediment deposition in the channel bed prevents
full tidal exchange. If this accretion elevates the channel above high tide levels, a one
way, suptratidal spillover clannel may exist. This persistahe overflowing currents are
too weak to cause incipient motion of the beach sediments (i.e. allowing erosion of a tidal
inlet), and if wave runup on the beachface cannot reach the elevation of the channel.
Coastal lagoons with this behavior are rarely staidbut appear to be common in arid or
semiarid climates such as South Africa (Stretch and Parkinson, 2006; Perissinoto et al.,
2010). Further, there is evidence that these systems support anadromous salmonid species
despite the weak connection betwees lHgoon and ocean (Perissinoto et al., 2010).

Although accurate measures of waves and current speeds are now possible, many
existing inlet studies occurred when little or no data were available, and many features of

inlet behavior were described from setyg and visual observations alone (Mehta, 1996
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In addition, nost of the existing framework for assessing inlet stability was developed
with systems that are rarely closed. These approaches tend to be analytical, relying on
assumptions that are valid fsites with deep channels (channel deptide range), no
freshwater inpuaind simple tidese(g. Keulegan, 19§7These have proven their
usefulness where these assumptions are valid (e.g. navigable or stabilized inlets),
especially in predicting inlet ctents and basin tide&éulegan, 1967)in the majority of
inlets, these models provide little benefit since most of the above assumptions are
violated.Some researchers avoid this shortcoming by emplagsngirical or parametric
approaches (Johnsol®73 O 06 B97H.More recently, numerical approaches have
also become more commolRgnasinghe et al., 1999 summarize these approasha

the following subsections.

2.1.1Analytical Approaches

Analytical inletbay models largely rely on solving congation equations for
mass and momentuim either oneor two-dimensionsOnedimensional {D)
approaches solve for cressctionally averaged flows in the inlet by lumping mahthe
important parameters into several dimensionless numbers (Van de Ki888g, The
most common is Keuleganbés repletion coef fi
relates measures of the tide, inlet and bay dimensions tolihg fibtential of the bay
Two-dimensional 2D) approaches provide dep#siveraged flows by solvinthe depth
averaged conservation of mass and momentum equations, but can only provide analytical

solutions when many simplifying assumptions are used. The most common is to obtain
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the ocearside depthaveraged velocity in the inlet by using the theoryhefturbulent
plane jet (Van de Kreeke, 1988). Both approaches contain friction and momentum
exchange coefficients that need to be determined through calibration.

Another common approach was developed by Escoffier (1940) who compared a
1D solution of the anservation equatior{8rown, 1928}o the deptkaveraged velocity
required to scour sand. This indicates a nonlinear relation between peak inlet flows and
crosssectional area: As the inlet cross section enlarges, the peak velocity initially
increases, dypeaks and begins to decline for the largest cross seasamsesult of
energy loss to frictionAs long as the peak velocity on this curve is above the empirical
threshold for eroding sand (~ 131), then there are two points on the curve at which
velocities are at this threshold (see Fig. 2 in Van de Kreeke, 2008d)channel cross
sections that correspond to these points are the equilibria for the inlet. If a wave event
perturbs the inlet channel by depositing sediment, the inlet adjusts ants tetur
equilibrium if it started at the larger (stable) of the two characteristic-sexd®nal
areas, whereas it will close if it has the smaller (unstable) configuration.

The majority of theexistinganalytical appreches were developed between 1960 and
1980, and were applied to or calibrated with stable inlets on the US Atlantic €apst (
Keulegan, 1967; Mehta and Ozsoy, 1978; Van de Kreeke, 198B;approaches have
mostly been replaced with numerical models, Hdtmodels are still applied in figl
studies. Rustomji (2007) an8lfuttleworth et al.2005 used the 1D method of Van de

Kreeke (1967) to examine the process of inlet closure in Australian sites.
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2.1.2.Empirical Approaches

The most commonly used models for predicting inlet stabilgyesnpirical.
These typically relate lagoon traits to inlet shape. The most prominent relation exists
between the lagoon intertidal volume (tidal prism) and the inlet cross sectional area
(O6Brien, 1969):
A=CP" Eg. (2.1)
WhereA is the cr@s sectional are®, is the tidal prism an@ andn are empirical
coefficients. This was initially calibrated for a small number of US Pacific Coast inlets
before Jarrett (1976) widened the dataset to include sites from the US Atlantic and Gulf
Coasts. Théidal prism is a surrogate for shear stress generated by inlet curifents
larger tidal prisms, more water moves through the inlet within a tidal period, increasing
the velocity and thus the shear acting at the inlet boundary.

A andCP" are strongly orrelated but there are discrepancies based on wave
energy, sediment size and inlet size. Pacific Coast inlets have smallesectegal
areas than predicted by the universal calibration of E#)) which is attributed to the
higher wave energy compat with East Coast and Gulf Coast sites (Jarrett, 1976).
Similar relations have been found for New Zealand (Hume and Herdendorf, 1992) and
the United Kingdom (Townend, 2005), but $eéound that the relation worked best
when calibrated separately for siteith different geologic history. Lastly, laboratory
(Mayor-Mora, 1977) and field (Byrne et al., 1980) studies of small inlets show that sites
having cross sections below 108 have larger crossections than predicted by the

universal calibration of Eq2.1). Kraus (1998) and Hughes (1999) accounted for this by
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replacing the coefficientS andn with dimensionless parameters combining traits such as
the inlet width and median sediment grain size.

Johnson (1973) used Pacific Coast inlets to demonshatehe risk of inlet
closure can bguantifiedby relating constructive and destructiveperties explicitly
For several sites he estimated wave poseeUSACE, 1984 anddistinguishedhemby
their frequency of closurd his comparisorformed the bsis of the later model presented
by O6Brien (1976) which is modBotitheed and

Johnson (1973) methadsar® ald discessed lfy Behréres (2008).

2.1.3.Statistical Approaches

Statistical models are less comon in the literature. Walker (2003) presented a
statistical model that relates closure of the Murray River to river flow, showing generally
good results. The Murray River is the largest river in Australia, and its inlet responds
strongly to river floodingElwany et al. (1998) presented a similar Bayesian statistical
model of closure at a Southern California site based solely on river flow, successfully

explaining the seasonal closure pattern, in which the site was open during the winter and

generally cloed during the dry season. These models were applied at monthly time steps,

limiting their predictive ability to seasonal or lobgrm patterns. It remains to be seen
whether a similar model would provide meaningful predictive ability at daily or hourly

time scales, when tidal variability is not averaged out.

2.1.4.Numerical Approaches

di
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Numerical models have assimilated many of the analytical models presented
before 1980. Some focus strictly on inlet flowsr(ein and Kraus1991), while others
resolve theentire coastal or upstream estuarine or fluvial environment (Castelle et al.
2005). Ranasinghe et al999 demonstrated that CST and LST can be isolated by
numerical modeling and associated with inlet closure. They simulated the closure of an
Australianinlet by testing its response to scenarios involving LST and a combination of
LST and CST. Castelle et al. (2005) simulated the lateral migration of another Australian
inlet in response to LST and shielding from a breakwater. Numerical models are
consistetly improving, with the most robust models linking continental shelf models and
wave transformation models with models of inlet hydrodynamics and nearshore coastal
zone mechanicastelle et al., 2005Despite these advances, the usefulness of
numericalmodels has a limit, sinaaur present understanding of inlet processes is

severely limited by a pervasive lack of field d@iehta, 1996)

2.2. Estuarine Response to Inlet Configuration

In large estuaries and deltaic systems with strong fluvial inpaiintat functions
as a relatively constant conduit for tidal intrusion into the estuary. The inceeavgater
intrusion is typically constrained by strong inflovegher than bathymetry in these
systems Vijith et al., 2009. These are often only partialstratified, and the position of
the salt front with time can be correlated with riverfldvo(d et al., 1990; Stacey et al.,
2007 or the springneap phase of the tid®©G Cal | ag h anSinedtidah | . , 2007

interaction is uninterrupted, saline flood @ reach a quasteady balance with
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seawarebound ebb flows at the surfa@éord et al., 1990)While at the scale of multiple

days, the salt front may occupy a nearly consistent position in the estuary, the diurnal
ebbflood cycle leadso strong variaibns in the strength of stratification within a day.

This is caused by the interaction between the vertically sheared flow and the local density
field during ebb tide (Simpson et al., 1990; Stacey e2@0)), and is normally

dissipated by the subsequéobd tide, which generates high amounts of turbulence.

In well-mixed and partiallstratified estuariesestuarine circulatiors driven by a
backgroundaroclinic pressure gradie(iiansen and Rattra§965 Geyer, 2010and
exhibits an asymmetrin the velocities and turbulent mixing between flood and ebb tides
(MacCready and Geyer, 20100 systems with stronger stratificatidhe role of mixing
decreases and intruding seawater propagates along codhensity interface(Vaz et al.,
1989). The harontal transfer can be tied to the Richardson nurfeyer, 2010)As
stratification increases, the Richardson number decreases, and the overadti@any
circulation increase@.inden and Simpson, 1988)

In systems where the inlet is subject to imétent perching orclosuye t he i nl et
role as a conduit for tides is diminishedthg buildup of a sandbar in theouth. The top
of this sill is the thalweg of the inlet channel. If it rests abmean lower low water
(MLLW) levels, it has the effectf altering tides as they propagate into the estuary.
Harmonic overtides begin to dominate the diurnal tides as they pass through the
constricted inlet, resulting in rapid flood tides gdlongedebb tides. When large areas
of mudflat or saltmarsh are @ent, this pattern is also accentuated as flood tides fill the

marginal areas faster than they can be draiReddrichs and Aubrey, 1938
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The presence of a bar also heavily influences the salt front entering the estuary.
When the inlet is relatively @@ and when currents are sufficierdlyw (meeting a
critical internal Froude Number criterion), flows arediriectional, with fresh surface
flows leaving the estuary at the surface and salty oceanic flows entering the estuary
underneatlfLargier,1992. When a bar is present, this alters the depthtl@diow
speeds upmaking it more common for ¢tilows to prevent seawatéom entering the
estuay (critical Froude Numbeexceedednore frequenly). When seawatealtoes enter, it
plunges on the estuarydsi of the inlet and propagates upstream along the bottom,
generating turbulence and mixing as it moflesrgier and Taljaard, 1991

When inlet currents are insufficient to achieve the critical shear stress to cause
erosion in the inlet bed, waandriven canstructive processesn lead to inlet closure (see
Section2.1). At this time, priorseawater intrusionare trapped within the estuary.
Without the regular turbulence generated by tides, the estuary becomes sharply salt
stratified in the vertical, withhetrappedsalt layer separated frothe upper freshwater
flows by a narrow trampdn o olralnt@miparcidsed i met a
estuary is in response to wind and river fordibgrgier and Taljaard, 1991If the
estuary bathymetry isegp and simple, eontiguousjargesaltylower layer is formed, a
condition that is analogous to lake stratification and is ideal for the generation of internal
waves Vidal and Casamitjana, 2008f the bathymetry is irregular, the salt layer is

comparme nt al i zed within pools and separated b

2.3. Function and Management
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Inlet management strategies reflect a range of drivers, including economics,
municipal and industrial needs, environmental preservation, recreation and otbes. fa
Management options range from invasive (stabilization with jetties or rock armor)-to non
invasive (altering development practices to minimize anthropogenic impact to the beach).
Shifts have occurred in management practices in developed counthestivit past

century, reflecting several lorigrm changes:

1 More focus has beggivento conserving species that use ifgoon systems
and

1 Understanding of coastal zone processes has improved

These shifts are explained here in the context of documerdadgement practices in the
United Statesrom different parts of the past century.

Prior to 1980, inlet management favored invasive options for maintaining an open
channel. These included rock armoring and jetty construction to prevent the inlet from
moving laterally and to maintain a permanent opening, and dredging within the inlet and
lagoon to maintain navigable depths and to increase the tidal prism. Much of the research
conducted at this time was publicly funded and concerned issudstdtability. In the
US, many studiewere funded bysITI program led by the USACE
Jetty construction was a common approach during this time, which is visible from the
remaining jetties that exist at many of the inlets in heavily populated areas along the US
coastgGriggs, 2005) These were effective in maintaining permanently open inlets, but
resulted in significant changes to the nearby beach environments. In areas with strong

annual LST rates, downdrift beaches were heavily depleted while the updrift beach grew
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extensively(Griggs, 2005) While dual jetty systems became the standard, sjagie
systems were attempted at the Russian and Navarro Rivers in California, which both
failed to maintain an open inl@Rice, 1974)
During the same time period, sites vaith jetties were often breached manually
after closure. Breaching was performed for a number of reasons, including:
1 To allow fish passage
1 To prevent flooding of lowying property and

1 To prevent dissolved oxygen depletion in bottom waters

This was (ad still is) performed on an irregular basis by beachgoers with shqeess (
comm. J. Smith In areas where lagoons border development, public agencies were often
given responsibility to open the mouth with heavy equipment such as bulldozers, so that
breachihg could be performed more relialfl.g. Goodwin and Cuffe, 1994

After 1980, shifts in attitude which began during 1#860sbegan to heavily
influence management practices. The Endangered Species Act, enacted in 1973, required
that resources bgent to prevent the decline of native species, many of which require
estuarine habitat for survival. Especially in the case of salmonids, this federal recognition
provided an impetus for studying inlleigoon systems within the context of lagoon
function and habitat space. Studies within the past several decades have shown that
closed lagoons provide beneficial rearing habitat space for salmonids (Hayes et al.,
2008). Even systems that are naturally perched show evidence of beneficial use by

salmonids (Pessinotto et al., 2010).
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Recent observations suggest that breaching can have a negative impact on water
guality in stratified coastal lagoons by stirring hypoxic bottom waters into the upper layer
or by draining out only the relativekyell oxygenated uppdresh layer These changes
can lead to extensive fish kills, negating some of the benefits of an open mouth (Becker
et al., 2@9). Despite this, manual breaching is still a common pragtiseme area&.g.

Goodwin and Cuffe, 1994
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Chapter 3. Field Site and Experimental Methods

3.1. Setting

The Russian River Estuary (RRE) is one of many smalbbdtr estuaries along
California’'s active continental margin (Johnson, 1973; Goodwin, 1996). The river spans a
distance of 175 km within a 3850 kimasn, and discharges into the Pacific Ocean 90 km
north of San Francisco, in Northern California (Fig. 3.1). The river and estuary provide
extensive spawning and rearing habitat for what used to be a prolific run of Chinook
(Oncorhynchus tshawytschand Cdo (Oncorhynchus kisutglsalmon as well as
Steelhead trout@ncorhynchus mykis$¢SEC, 1996). The Russian River was once the
third most productive watershed for wild steelhead in California (Moyle, 2002). The site
has an extensive history of occupatioonfrvarious settler groups, beginning with the
first Russian settlers (1820s), and continuing through timber harvest and gravel mining
operations in the nineteenth and twentieth centuries. The lagoon is fringed by access
roads and housing, and the upstreaacthes are heavily impacted by sedimentation and
nutrient loading resulting from road construction, agriculture and urbanization in the
watershed (Opperman et al., 2005).

Elevations range from sea level to 1325 m and much of the watershed is underlain
by a JurassiCretaceous age Franciscan Formation (Blake et al., 2002). The mouth is
wavedominated based on the classification system of Davis and Hayes (1984), has no
visible ebb or flood-tidal deltas for most of the year, and has a reflective beach

compo®&d of coarse sand withso of 1.02mm (USACE, 1965)The estuary is narrow,
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with a mean width of ~20fh and comprises several major bends. The landward half of
the estuary is at least partly shielded from winds by topography, while the seaward half is
moreexposed. The bottom topography is characterized by alternating pools (dd&hs 4

m) and sills (depths-3 m) with the deeper sections located near the inlet and at the
channel bendsl he estuary is divided into two reaches by topographigegper, wine

exposed outer reach comprising thkrb upstream of the inlet and an upstream reach
extending as far as Kim upstream from the inlet. For the purpose of this sttitgseare

termedthe "outer" andinner” esuary, respectively (Fig. 3.2).
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Figure 3.1.Plan view of the Russian River inlet emphasizing its limited migration range
between the rock jetty and the northern extent of Goat Rock State Beach. Goat Rock (not
shown) forms the southern extent of the beach and is located roughly 1 km south of the
jetty. Waves are predominantly from the northwest, although southerly swell conditions
also occur.

The regional climate is Mediterranean, and the majority of the precipitation
arrives in a small number of storms between the months of November andStge.
gradients and lack of snowmelt within the basin lead to a flashy hydrograph in winter and
generally low flows in summer. Diseason flows are presently maintained-atré’s™,

while winter floods provide brief periods with flows exceeding 1066’m
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Figure 3.2.Plan view of RRE with measurement stations. Darker shading represents
higher altitude. The estuary is divided qualitatively into wengbosed downstream and
relatively windshield upstream segments.

Marine influences are mostly dominated bgritheast Pacific storm events and
local winds (Allan and Komar, 2006), but El Nifio events have an impact on the local
climate as far north as this location (Wingfield and Storlazzi, 20@&al winds are
diurnal and sometimes exceed 15hduring stormsBetween the months of September
and May, deepvater significant wave heightgl{) measured at Point Reyes (Fig. 3.1)
average 2.6 m, have periods between 12 s and 16 s, and generally arrive from the
northwest (270310°), although occasional southerly $veeents occur (200240°).

Summer conditions are generally dominated by speriod (610 s) northwesterly
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(270=330°) waves with deepaterHsthat average 2 nOcean tides are mesotidal
(spring tide range ~2.7m), but the tidal pris2(® 10° m°) is inadequate to keep the
inlet open during periods of low flow and high waves.

Inlet dosure eventsccur during every season of the ydagure3.3illustrates
the beach and the ponded estuary during clo3inese eventgpically lag less than
three weeks and are ended by manual breaching with heavy equipment or by natural
breaching resulting from ponding and overflow of the estuary (Kraus et al;, 2008
Behrens et al., 2009Historically, breaches were also performed by local gisz®
prevent flooding of property, but this was eventually adopted on a larger scale by various
public agencies in the 1960s. Presently, the inlet is breached by SCWA to enhance fish
passage, prevent flooding, and prevent {tergn degradation of trappédxttom waters
(Goodwin and Cuffe, 1994). Closure and its management at the RRE are discussed in

more detail in Chapter 4.
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Figure 3.3 RRE on 1 Oct 2009, after 23 days of inlet closure. Normal inlet position is
left (north) of jetty visible in centeCopyright © 20022010 Kenneth & Gabrielle
Adelman, California Coastal Records Projeeww.californiacoastline.org.

3.2. Data Sources

This section describes the sources of data used in this study and the methods of
their collection. Data analyses are ciésed separately in Chapterssdand Appendix A.
The sources of data for the present study includefeng sets of site observations,
remote measurements of coastal and fluvial processes available online, and field

measurements taken at the RRE.

3.2.1 Inlet Condition and External Data Sources

The RRE is unique compared with other-barlt estuarine systems because it has

an unusuallylong set ofin situobservations of daily inlet condition. Two muytéar
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records are used here: one provided by Ri®&4) from 1931 to 1957 and another
recorded by E. Twohy, a resident of Jenner from 1973 to 2009 (Behrens et al., 2009). The
latter record includes daily photographs from 1991 to 2009 taken at a distance of 300 m
from the inlet (Fig. 3L; see "Observatiopoint”). As described in Behrens et al. (2009),
these were used in conjunction with visible beach landmarks with known earth
coordinates to make daily estimates of inlet width, length and position.

Wave, tide and river flow data were collected to evalukivers of inlet closure.
Wave data are from the National Data Buoy Center (NDBC: http://ndbc.noaa.gov) buoys
46013 (Bodega Bay) and 46214 (Pt. Reyes; also see Coastal Data Information Program,
CDIP: http://cdip.ucsd.edu Tide data are from the Pt. Reyide gage operated by the
National Oceanic and Atmospheric Administration (NOAA: http://
tidesandcurrents.noaa.gov), 48 km south of the inlet, yet representative of the tide in the
ocean off the Russian River mouth. Within the estuary, a vieitel gageoperated by
SCWA collected hourly data 1.5 km upstream of the inlet beginning in 1999. Flow
measurements are available from the U.S. Geological Survey (USGS:
http://waterdata.usgs.gov/nwis) stations at Hacienda Bridge (site no. 11467000), 27 km
upstream bthe inlet, and at Austin Creek (site no. 11467200), the only perennial
tributary to the lower river or estuary, 11 km from the ocean inlet. Data sources are

summarized, along with perisdf measurement, in Table 3.1.
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Table 3.1.Summary of sources ofata used for modeling and analysis.

Parameter Source/Location Position Measurement Period

Wave Height  NDBC Buoy 46214: Near Pt. Reyes 37.945N 123.470 W 1996-present
NDBC Buoy 46013: Bodega Bay 38.242 N 123.301 W 1982-present

River Flow USGS: Rusian River Near 38.509 N 122.927 W 1939 present
Guerneville
USGS: Austin Creek Near Cazaderc 38.507 N 123.069 W 1959 present
Tides NOAA: Pt. Reyes 37.995N 122.977 W 1990present
SCWA: Jenner Visitors Center 38.449 N 123.115W 1999 present
Inlet Rice (1974): Russian River Inlet 38.451 N 123.127 W 19311957
Condition E. Twohy: Russian River Inlet 38.451 N 123.127 W 1973 present
Inlet Shapée Behrens et al. (2009): Russian River 38.451 N 123.127 W 19912009
Inlet
Bathymetry EDS (2009) - Octadber 2009

*Fourth author of Behrens et al. (2009ycluding inlet width, length and position.

3.2.2. Field Measurements

Field measurements were taken betweemtibsths of JulyandOctober in 2009
and 2010. The inlet was open for most of thise, butdata were collected during six

closure events which are summarized in T8k Fieldwork onsisted of:

1 Water surface elevatiomeasurements

1 Current measurements using upw#adingacoustic doppler current profilers
(ADCPS,

1 Repeated boabasedcondictivity temperature depthQ(TD) profiles
supplemented with hourly measurements from stationary sondes operated by
SCWA, and

1 Beach surveys taken with a standard-temé kinetic global positioning system

(RTK GPS) setup
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Locations of measement stationare given in Figur&.2 During tidal
conditions,boatbased CTD profilesvere taken at peak low and high tides and during
maximum ebb and flood periods to capture the main features of the salt field during
different parts of the mixed semidnal tidal egime. Profiles were taken more frequently
during closure events to assess the evolution of the salinity field after tidal interaction
becomes absent in the estuary. CTD data from all eyerggided in Appendix Care
used to broadly characterize the etved salt field evolution pattern, while ADCP

currents measureglring the final three events are used for additional analysis.

Table 3.2.Closure dates and data collection

Event Dates Data*
E1l 7 Sepi 5 Oct 2009 CTD, ADCP
E2 141 16 Oct 2009 CTD

E3 47 11 Jul 2010 CTD

E4 20 Sep 1 Oct 2010 CTD, ADCF
E5 47 12 Oct 2010 CTD, ADCF
E6 217 24 Oct 2010 CTD

Y In addition to pressure transducers and sondes
2 Operated in mode 12

The matbased CTD deptprofiles were taken dhe 12 locations showm i
Figure3.2using a SeaBird SBE19plus CTpofiler measuring conductivity,
temperaure, pressure, dissolved oxygen, fluorescence and photosynthetically active
radiation (PAR) Profile locations were arranged in the streamwise direction to provide
information about longitudinal changes scalar distributionThe longitudinal thalweg
profile was estimated from an existing bathymetric map of the estuary (EDS, 2009) and

used to provide spatial context for CTD profiles. Stationary sondes maintairfsscMVp
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measured the same parameters as the CTD at hourly intervals at the top and bottom of the

water column aseveral locations shown in FiguBe2.

Figure 3.4. CTD setup (left) used for bodétased profiles.
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Changes in the water surface elevation were tragkélr locations in 2009 and
two locations in 201QFig. 3.2)using HOBO pressureemperature loggers. These were
located at 43m depths and continuously sampled pressure and temperatursnsiui®
intervals. CTD profiles and surface sonde measuremenes used to assess surface
layer density, which was then used in conjunction with the HOBO logger data to estimate
depths via the Equation of State (UNESCO, 1981assuming hydrostatic conditions
Depths were then transferred to surface elevationlesarveying both the water
surface and a local benchmark with a standard RTK GPS setup.

Bottommounted 1200 kHz RDI Workhorse Sentinel ADCPs were placekin2.4
and 7.4km upstream of the inlg¢Eig. 3.2) The outer site (A4) is located in the center of
the deepest portion of the estuary, a continuous basin oriented alongSA\N&Xis
running from 04 km upstream of the inlet (Fi§.2). The inner site (B3) is located in a
pool isolated by long, shallow sills immediately upstream and downstream, and is
partally protected from westerly winds by hills. The ADCPs were deployed in mode 12,
sampling 12 subpings per second duringndiQute bursts at the beginning of every hour
with 0.5 m vertical bins. These data were used to estimate turbulent velocity flmesuati

as well as mean curren@nd are primarily used in Chapter 5

3.2.3. Beach Spatial Data

The shape of the barrier beach is important to the analyses in Chapter 6. In

particular, the beach foreshore slope, width and crest height are necessary for
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undestanding surf zone processes and for approximating seepage flow rates through the

beach berm. Spatial data were obtained from three source8.&)ig

1 RTK GPS surveys of the beach performed as part of this dissertation,
1 Monthly monitoring surveys of theeach north of the Jetty performed by SCWA,
and

1 Light detection and ranging (LIDAR) data obtained in 2010.

RTK surveys were taken on 1 December 2009, 3 January 2010, 22 March 2010
and 4 August 2010. Sher®mrmal transects were collected at approximadélyn spacing
along the beach. Transects began on the estuary side of the beach spit and progressed
over the beach crest to as low an elevation as possible on the ocean side. The presence of
harbor seals limited the extent of the surveys. Pacific harbls &eca vitulina
richarsi) are protected by the federal Marine Mammal Protection Act (MMPA), and
survey profiles were not taken within approximately 300 ft of any seals on the beach, in
accordance with beach signage provided by local volunteer agedaigsys were tied
to the NAD83 and NAVD88 datums by surveying over a benchmark placed by EDS
(2009) near the Jenner Visitors Center. Errors in RTK GPS measurements are nominally

3 cm in the vertical and horizontal (etdarley et al., 2010
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Extent of SCWA
surveys

Extent of study f
surveys

Goat Rock

Figure 3.5.lllustration of Goat Rock State Beach with extents of beach surveys used in
this study. SCWA surveys were obtained on a monthly basis. Study surveys were taken
on an irregular basis between December 2009 and August 2010. Beach coloration
represents elevain (red colors are higher elevation) given by the LIDAR map of the site.
Background image is an aerial photograph provided by BingMaps, ©Microsoft.
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Monthly surveys were taken by SCWA on the segment of Goat Rock State Beach
(GRSB) north of the Jetty. Theaee taken for monitoring purposes as part of a-kenm
adaptive management plan aimed at improving habitat for salmonids in the estuary during
the summer rearing season (NMFS, 2008). These are collected with standard survey
equipment, and were also lited by the presence of harbor seal haulouts on the beach.

A digital elevation model (DEM) was constructed from LIDAR data collected as
part of the Coastal LIDAR Project led by the California Coastal Conservancy
(http://csc.noaa.godAtaviewey. Data were allected from an aircraft using a Leica
ALS60 MPIA sensor, which collected multiple retuny, zand intensity data on the
beach. Data were tied into the NAD83 datum and adjusted vertically to the NAD88
vertical datum using ground control points. Orthtmceheights were obtained by
applying the GEOID09 model to the processed LIDAR data. The DEM is accurate to 50

cm in the horizontal and approximately 18 cm in the vertical (NOAA, 2012).

3.2.3. Nearshore Wave Height Estimates

Nearshore significant wave igats were estimated from deemter
measurements at buoy 46214 using a transformation matrix (personal communication, W.
O6Rei lly, 2006) to account for the effects
and a location at a depth of 10 m adjacenh#oinlet (382 6 6 52 0°8RH 01 WB. Thi s
accounts for wave refraction and shoaling using a numerical model which applies linear
wave theory (USACE, 2002). Refraction is the lateral spreading or concentration of

energy along a wave train, caused by therattion between the wave train and the local
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bathymetry. Because of refraction, waves tend to focus toward headlands and spread out
as they approach concave shorelines (Komar, 1998). Shoaling is the change in wave
energy caused by the change in wave gnalpcity (Cy) in shallow water (Komar,

1998). These are represented as follows:

K = |2 (3.1)
bys

K, = | 2ot (3.2)
CgNS

wherekK; is the refraction coefficienks is the shoaling coefficienh is the lateral
distance betweewave r ays, NShea®wd cecrmrieptponfil t o near

offshore (deepvatel) conditions, respectively, and

18  4d/L 69T, &20d5
C,=—a+ tanhee™—
9 2? sinh@ad /1) 8 cL 2

(3.3)
is the group velocity, whereis the nearshore wave lengthis the local depth and is
the wave periodL is approximated after Fenton and McKee (1990). The numerical
model generates a transformation matrix by propagating wave rays from the Pt. Reyes
buoy to RRE over a bathymetry composed of 100 100 m grid cells (pers. comm. W.
O6Rei | | y) ahedffshore amgesuttantmearshore energies.

The resulting transformation matrix consists of a s&;of K coefficients,
separated by wave frequendydnd directiond). These are used with the wave energy

spectra measured at Pt. Reyes to estimate nearshore wave energy with the following

relation (USACE, 2002):
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E(f.g)=8 & K2(f.g)K?*(f,q9)Ey(f,q)DiDg (3.3)

whereE is the wave energy at the 10 m isobath offshore of the RRE. Nearstvege w
heights were then obtained frdeby assuming RayleigHistributed wave conditions
(USACE, 2002). Waves generated by winds between Pt. Reyes and the RRE mouth are
not considered in the analysis. These are probably most important during the summer,
whenlong-period swell waves are weak, but are less important from November to April,
when swell waves dominate much of the California shorelineg¥¢ld and Storlazzi,

2007).

This approach was tested against a limited amount of field data collected from 6
June to 5 Aug 2009 at a 10 m depth offsho
076 450 W). Wave data wer e c onbunteccNoreek® wi t h
Acoustic Wave and Current (AWAC) profiler. The AWAC creates a time series of water
surface position, from which a Fourier analysis creates an hourly sttaofd T,
measurements. Although the data are limited, comparison of the predicted and measured
nearshore waves show a close agreement, with a root mean square error of 22 cm. The
transbrmation matrix works well for prediction nearshore swell waigs>(10 s) but is
less accurate for waves with short periods. This is expected to have a small impact on the
above analyses, since the majority of waves responsible for closheesitiet hae

periods above 10 s.
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Chapter 4. Episodic Qosure of the Tidal Inlet at the Mouth
of the Russian River z a Small Bar-Built Estuary in
California

Dane K. Behrens Fabian A. Bombardelli, John L. Largier and Elinor Twohy

4.1. Introduction

Tidal inletsexhibit a range of behaviors that depend on their degree of tidal and
fluvial influence, as well as their size, shape and stratigraphy. Small iAletd@0 nf)
are commonly associated wibar-built estuariesespecially along active continental
marginsin Mediterranean climates, such as in California (e.g. Webb et al., 1991; Behrens
et al., 2009), Chile (Dussaillant et al., 2009), South Africa (Cooper, 2001) and Australia
(Rustomiji et al., 2007; Ranasinghe and Pattiaratchi 1998, 1999a, 2000; Gakoeb6al.
2007). A hallmark of these systems is their unstable connectivity with the ocean, as
waves periodically block the inlet channel with sediment. Despite this variability, these
systems are vital for many species that have adapted to and thus takegeleathe
closed inlet conditions (Becker et al., 2009). In western North America, the state of the
inlet is increasingly recognized as a critical factor for endangered salmonid populations,
which migrate into the estuary and upriver to spawn in seagoes the inlet is typically
open, but may also use the lower estuary as a nursery when the inlet is closed during the
dry season (Hayes et al., 2008). In addition to preventing navigation between the ocean
and the lagoon, inlet closures effectively prewad#s and their associated turbulence

from entering the estuary, which can have significant negative impacts on estuarine
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mixing, circulation and flushing (e.g. Ranasinghe et al., 1999). Small inlet systems are
also important in lan@cean sediment transg as they are typical of the mouths of rivers
originating in highgradient catchments, which are the dominant contributors of sediment
to the world oceans (Syvitski et al., 2003).

Inlet morphology is governed by a balance between sediment import through
wavedriven transport (constructive processes) and sediment export through tides and
river flow (destructive processes) (e.g. FitzGerald, 1996). A state of dynamic equilibrium
occurs when these transport rates balance, but this is rarely achieved $owitilereas
less than 100 frbecause channékd friction at this scale constrains the flushing
capacity of tides and river flow (e.g. Byrne et al., 1980). The resulting imbalance in
sediment imports and exports may lead to changes in-seational area
("constriction/expansion”; O'Brien, 1969), lateral movement of the inlet ("migration”; e.g.
Aubrey and Speer, 1984), or loss of connection to the ocean ("closure”; Escoffier, 1977).

This study is focused on full closure of the inlet, which occurs whem-diven
sediment from onshomigrating bars or longshore drift fully chokes the inlet
(Ranasinghe et al., 1999)). Although this is a widespread phenomenon, most of the
existing literature is focused in a few regions: Australia (e.g. Ranasinghe &98l,, 1
Rustomiji, 2007), South Africa (Cooper, 2001), and the continental United States (e.g.
FitzGerald, 1996; Goodwin, 1996). Most of these studies have addressed closure using
analytical solutions to the equation of conservation of momentum (Rustomiji, 2007

parametric models (O'Brien, 1976), numerical models (Ranasinghe et al., 1999), or
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statistical models linking the state of the inlet solely with river flow (EBlvet al., 1998;
Walker, 2003).

Anthropogenic changes to the estuary or watershed have ynaases altered the
natural timing and duration of closure events. Dam construction in particular has been a
common influence within the last century, altering both the hydrograph and the supply of
bedload and suspended sediment to the mouth at many\dast, 1995). Jetty
construction is another common practice, used to maintakmmgirating, permanently
open inlet channels. Alternatively, manual opening ("breaching") after inlet closure is
common in estuaries near local population centers (e.g. Rghasand Pattiaratchi,
2003; Stretch and Parkinson, 2006). Although breaching may occur naturally as a
consequence of ponding in the estuary after closure (Kraus et al., 2008), artificial
breaching is often induced before this point to prevent total oxgggletion in bottom
waters (Gale et al., 2006; Becker et al., 2009), and to avoid flooding dyilogvareas
(Behrens et al., 2009).

At present, much less is understood about the behavior of small, unstable inlets

than that of their larger counterpai®&veral factors contribute to this discrepancy:

1 Many of the conceptual and analytical frameworks used with large inlets cannot be
scaled down for use with smaller inlets (Maydora, 1977; Mehta, 1996). For
example, Byrne et al. (1980) show that inletthwvidths below about 100 m depart
from Jarrett's (1976) widely used relation between tidal prism and inlet area. Also, the

assumption that the inlet depth is much larger than the tide range, used in classical
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models for inlet flows (e.g. Keulegan, 196ig)invalid for most small inlets (e.g.
Byrne et al., 1980).

1 River contributions are sometimes much larger than the tidal prism in small inlet
systems. This is especially true for systems with high variability in river flow, where
strong river flows canwen prevent tidal waters from entering through the inlet
(Largier, 1992; Ranasinghe and Pattiaratchi, 1999a). In contrast, large inlets often
have a relatively large tidal prism, so that inlet flows can be estimated based on tides
alone.

1 Smallinlets ardess static than large inlets. While large inlets often respond to
changing environmental conditions over periods of months to years (e.g. Van de
Kreeke, 2004), small inlets respond on time scales of hours to days. Behrens et al.

(2009) observe large chagywithin a tidal cycle.

Given the importance of small inlet systems to estuarine biota and regional and global
sediment balances, it is important to address the present knowledge gaps. To allow for
proper management in the future, it is also impor@niniderstand the differences

between natural and humarduced influences on the closure pattern at these sites,
especially as watershed populations increase and more sensitive estuarine systems and
processes are altered by human activities. Further, stagieing of the causes and
consequences of closure events is increasingly important in projecting estuarine changes
as sea level, wave heights and riverflow change as a result of climate change (e.g. Duong

et al., 2012).
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The objectives of this study are:

1. To document and describe tidal, seasonal and interannual variability in a small
tidal inlet.

2. To identify and understand the physical processes leading to closure in this
system.

3. To find a suitable model for predicting closure in the Russian River anthsimi
systems.

4. To identify drivers of trends in closure patterns, including anthropogenic drivers.

TheRussian RiveEstuary is representative wiany other small inlet systems elsewhere

in the world. A unigue dataset at this site catalogues the closul@&icns across seven
decades in the twentieth cent@hapter 3) This study builds on earlier work with this
dataset by Behrens et al. (2009), which linked the morphological behavior of the Russian

River inlet to processes at separate time scales.

4.2. Study site: Present behavior and historical changes

When open to the ocean, the inkéthe RRESs in a continual state of
morphologic adjustment: constricting, expanding, and laterally migrating within a 300 m
span at the northern extent of Goat Rocl@e(Fig.3.1). An illustration of closure and
migration at the site igiven for separate years in Figutd. In a typical year, flood

flows during winter remove much of the beach between the jetty and the rock wall
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forming the northern boundary of migian. During peak flows above 1000°s1, the

inlet width often accounts for most or all of the 300m span, with the strong outflow jet
directed northward, possibly as a result of the shape of the outer estuaB/l(FFig/hen

flows recede during springhé inlet narrows and a bar begins to form at the northern
boundary (Rice, 1974). Normally, the bar accretes on its southern edge, forcing the inlet
to return to the southern boundary in a period lasting as little as weeks are as long as
several months. Isome years, this southward migration is interrupted by closure events,
but these do not appear to influence the direction of movement, and it was common for
the inlet to be found adjacent to the jetty by summer (Behrens et al., 2009). Aside from
this seaspal pattern, breach events sometimes are followed by short (< 4 week) periods
in which the inlet migrates north forID0 m and subsequently returns to the south.

These patterns are examined further in the results.
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Figure 4.1. (top) An inlet closure gent in October 2009 ar(thottom) an example of the
range of inlet migration. The dark object at the left is the rock jetty, indicated in Figure
3.1. Northward inlet migration is common after flood events, but also sometimes occurs
directly after inlet brach events, as is shown here frorm2ZB7September 2003.

Early written records indicate that the closure pattern has changed over the course
of the nineteenth and twentieth centuries. The records, summarized irdTlalsleggest
a transition from a seasal regime with inlet closures lasting several months during the
dry season to a regime dominated by a high number of sporadidigbdrévents
centered in the spring and fall seasons. Journal entries from Russian settlers in Northern
California confirmthat the inlet closed periodically prior to 1840, but there is no mention

of the frequency or duration of the episodes (Khlebnikov, 1990). When American settlers
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established a major timber industry within the watershed after 1840, regular newspaper
reportsand documents of ferry operations indicate that the inlet was closed for the whole
summer over a 29ear span between 1846 and 1866 (Finley, 1937). After six decades
with no records, a water level gage operated by the California Department of Water
Resouces (DWR) tracked the inlet condition from 1931 to 1957 (Rice, 1974). During

this time, closure events occurred in every month of the year, although they were mostly
concentrated in late spring and fall, and lasted from as little as several days to @smuch
four months. After another absence of records from 1957 to 1973, direct daily
observations of inlet condition were recorded by the fourth author of this study from 1973
to the present. lllustrated in Figude2, this later period is dominated by closwevents

lasting less than two weeks, mostly falling within the sprindyfal seasons.
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Table 4.1. History of closure and humanduced changes within the Russian River estuary and watershed.

Period Closure frequency Breach frequency Events
Pre 1840 periodic closure (duratior Unknown -Russian settlement at Fort Rbss
and frequency unknowh)
18401870 Seasonal closure during Unknown -Extensive logging within watershed
entire summer for 20
year$
18701931 Unknown Unknown -Eel River supplement flows (1908)
-Expansion of supplement (1922)
19311957 0-6 yearly closure events Occasional breaches k£ -Single Jetty (1941)
mostly concentrated in  local residents
spring and fall. Typical
duration 14 weeks
19571973 Unknown -Occasional breaches -Coyote Dam (1958)
by local residents -inlet dredging in 1960s
-Breaches by public
agencies after 1960s
19732009 0-15 yearly closure 80 percent of breaches Warm Springs Dam (1982)
events. Typical duration artificially induced by  -minimum flow requirement (1986)

< 2 weeks various public agencies

-Current breach protocol created
(1994)

Y(Khlebnikov, 1990)#(Finley, 1937; *Rice, 1974)*(Schrad, 1999
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Figure 4.2. Closure record from 1973 to 2009. White (grey) spaudisates periods

when the inlet was open (closed). Extreme drought (1977) and flood (1975, 1982) years
are apparent. Nearly 80 percent of closure events during this period were ended manually
when heavy equipment was used to dig a trench across the beach.

4.3. Methods

4 3.1 Data collection

The analyses in this chapter primarily rely on the extensive records of daily inlet
condition at the site. The records of offshore waves and river(flable 31) are used to
understand forcing from the coastal and/idl boundaries of the estuary, respectiyely
and these are compared against the time series of inlet condition to infer relations

between external forcing and inlet respordeurly estimates ototal flows through the
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inlet (from combined tides and rivlow) were found by using estuatige levels

provided by SCWA irconjunction with a stagstorage relationetived from the 2009
estuary bathymetry (EDS, 2009)pgether, these provide a time series of the change in
estuary volume per hour, which candmled with hourly river discharge rate to give an

estimate of the total flow rate through the inlet.

4.3.2 Model description

We use a simple parametric model to predict closure events. It bears some
similarity with those of Bruun and Gerritsen (1960) &d Br i en ( 1976) but
treatment of inlet flows. The model is based on adingensional, alonghannel
sediment mass balance for the inlet with considerations for the sediment gain (imports)
and losses (exports) in the system. Due to the @mtemcertainty in estimates of
sediment transport in such a complex environment, this is intended as a scaling approach,
with the potential for further refinement when detailed sediment transport data are
available. The Exner Equation in one dimensiofi€dy 1998; Garcia, 200&)escribes

the sediment balance:

ph_ 1 W (4.1)

Mo (-7 ,)
whered [L] is the bed elevation above a datw[L3/L3] is the sediment porosity,
[L%T] is the alongchannel volumetric flow rate of sediment per unit cresstion width
andt [T] and x [L] are time and alonghannel distance, respectively. In this studg,

takeq as the total of both bedload and suspended sediment. According tlgg. (
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changes in the bed elevation result when the @on/ isOhenzero. If we represent the

inlet as a single contreblume:

&O qexport - qimport
X L

(4.2)
whereL [L] is the length of the inletimport IS the sum of the sediment imports to the
inlet, anddexportis the sum of the sediment exports from the inlet (#8).

For an inlet to be stable against sedimentation and eventual closure, the change in
the bed elevation must be zero or negative (steady or eroding), which gives the need for

Oq/Ax0 f r blnFrdrgEq. 4.2) one can then get the followigndition for

inlet stability:

fl - qimport ¢ 1 (43)

export

wheret 1 is an index of stability. Below we outline our methods for estimatiago: and

Qexportin the model.
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Figure 4.3. Schematic of an inlet indicating processes leading to sediment import to the
inlet (black text) and sediment export (grey text) @attom) illustration of inlet

conditions discussed in this study. We consider inlet stability in the context of
sedimentation/erosion within the inlet channel. We assume that riverborne sediments
must be reworked by waves to cause sedimentation.

4.3.2.1. Sedimdnmport

Following Ranasinghe and Pattiaratchi (2003), sediment import to the inlet results
when onshore migrating bars weld onto the beach (stomse transport, CST) or when
the inlet traps sediment from an alongshore current (longshore transportBaS&y on
Johnson's (1973) assessment of the conditions in the Russian River's littoral cell, we
assume that CST is negligible compared with LST for this site (also assume negligible
import from estuary side of inlet). While this may be true of tamerayed intervals,
Cooper (1990) has shown that CST can be important immediately following breach
events. We check the CST assumption in Section 4.3 using the Dean Number (Dean and

Dalrymple, 2002). Given the high trapping efficiency of inlets (Dean and W4l@x48),
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we assume that the LSJerived sediment transport into the inlatsigs proportional
(hereafter we use atilde to indicate proportionality) to the total volumetric flow rate on
the adjoining beact) st We choose the commoniysed energetics ppach to

estimate Qst, which assumes that § is proportional to the shoigarallel component

of wave energy flux (U&rmy Corps of Engineers, 1984):

1 .
Qusr =R =1¢ r,gHZC, sin2g, (4.4)

whereCy = (gdb)°°is the group speed of incident waves[ML ] is the density of

seawaterg [LT 2] is the gravitational acceleration ad¢fL], d,[°] andHj [L] are the

depth, incident angle and height of the waves at the breaker line, respectively. There are

several other models for determiniQgst, with the greatest differences being the level of

emphasis on the directional term and the inclusion of additional terms such as sediment

size and wave period (e.g. Aleg#azaburu and Masselink, 2010). The energetics

method is preferable in this case becausequires little data, which is important given

that many small inlet systems are located in regions that are not intensively monitored.
Since breaking wave height and direction data are not available at the mouth of

the Russian River, we assume tHatis proportional tdHs estimates at 10 m depth and

we assume a constant wave angle of 45 degrees. However, since we have chosen to

represent sediment import as a function of LST, directional data are an important

component and should be included in futwmark with similar systems if data are

available. We supplement the resulting LST per unit length of the beach by including a

beach length scald.):

qimport - rogHSZCg Lb Sinqu (45)
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We have includedl, merely to differentiate between systems with extensitardil

supply and those with more limited supply, such as inlets within small embayments. It is
intended to be a measure of the wdéfected coastline. For an inlet acting as a sediment

sink on a small embayed beach, it would span the distance betweafettand the

nearest updrift headland. For a very long, straight updrift beach, it would reach an upper

limit of approximately 25 km (Galgano, 2009). For simplicity, we stglas the distance

between the jetty and the northern rock wall (Bid), athough it clearly may change as

wave direction or inlet position change. Even so, we will later show that it provides a
better scale than the inlet width (e.g. O0OOG

to the inlet.

4.3.2.2. Sediment export

Inlet throughflow scours sediment from the channel by increasing shear stress at
the bed (Van de Kreeke, 1985). Using a mass balance for the inlet, after Keulegan (1967),
we define the total throughflow resulting frorath river and tidal components:

dh
Qinlet =- AS dte +Qr (46)

whereA; [L?] is the surface area of the estuafyiL] is the water surface elevation in the
estuary, and), [L*T™] is the volumetric river discharge. Since it is difficult to measure
the shear stress directly, sediment export has been attributed to a number of other
parameters, many of which are reved by Van de Kreeke (2004). Many of these are

based on inlet velocity, which cannot be obtained from £8) (vithout knowledge of
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the inlet cross sectional area, a parameter that is difficult to predict for small inlets (Byrne

et al., 1980). We insteamtlopt an energetics approach based on the method of Bagnold
(1966) and | ater applied by O6Brien (1976)
of change of potential energy in the estuary during tidal fluctuations. The appeal of this
approach is that only requires knowledge of the basin hypsometry and a time series of
water |l evel s. Bruun and Gerritsen (1960) a
bulk parameters such as the tidal prism and bulk tide range. The change in potential

energy in aiven measureent interval can be defined as:
DPE = r_gDAh.DV, (4.7)

where} ¢ [ML 7] is the estuary densitgpd[L] is the change in estuary water leaat

o V[L?] is the change in estuary volume, found by integrating the first term on the right

hand side of Eq.4(6) with respect to time. If taken for the duration of a tclalle, p Yis

the tidal prism. After OO6Brien (1976), the
the flow, which can be defined as the rate of change of potential energy in the estuary

resulting from water level fluctuations:

dPE

8 dh,
qexport - T = regDheéd\S

dt -

o

(4.8)

ThoughgexportCan be estimated for any data sampling rate, we use representative daily
values to match the sampling frequency of our other measurements. We use the
maximum hourly value oflexportmeasured in a given day to characterize this, and signify

it with the subscript Amaxo.
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Although we have chosen to emphasize the influence of tidesdagrgcan be
associated alternatively wit®. when river flows are me important, as we will later
show in Section 4.3. In the results, we represent sediment export as a function of either
tidal fluctuations or river flow, but not both. It would be useful in subsequent work to
arrive at a single export term that combinethb but this was beyond the scope of the

present study.

4.3.2.3.Parameterizing inlet stability

After substituting our approximations fQgport aNddexportiNto Eq. @.3) we have:

_ r,gHIC L, sin2q,  r HIC,L,sin2g,
' (dPE/dt) B & dh.o (4.9)
™y DhSA 20
e e?& d

t o+
As' j increases, we expect the likelihood of inlet closure to increase, with the opposite
true for a decrease. O'Brien (1976) reaches a similar result after framing the problem as a

power balance:

_ rogHXC W _ r HIXCW

f, = = (4.10)
(dPE/dt),,, r.FPDh/T,
Given that gedP_Eg =F P Dh (4.11)
Gdt%m T,

whereW[L] is the inlet width,P[L?] is the tidal prism[T; [T] is a representative tidal
period,F is the fraction of potential energy used to overcome frictionvatatity head
in the inlet andpHL] is the bulk tide range. and all other terms are the same as defined

above. The numerator is a Awave powero t

er
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supplied across the width of the inlet throat by normimitydent waves whereas the
denominatorisé&t i dal power o6 calculated from bul k -
(2006) used Eq4(10) to model stability of a small inlet inside San Francisco Bay with
little river inflow, while Goodwin and Cuffe (1994) used E410Q) with an adde®,
term to chaeacterize stability of the Russian River inlet during the years-1993. The
primary difference between and: ; is the absence &¥in the numerator while
smallerW in larger inlets will lead to faster flow, in smaller frictional inlets this is not
the case (more likely the opposite is true with sMaihdicating additional frictional and
slowing of tte tidal flow).W is replaced byy. Also, the parametdf does not appear in
L1 as small inlets remain in the frictional regime. Otherwis&;" is replaced byAd d / d t
andmhis replaced bypd

We compare these stability indicesand: ; as well as sinig-parameter indices
(like Hs) with the observed closure record in Section 4. Based on the assumptions used in
their derivation, these models are not applicable where littoral drift is not the dominant
supply of sediment to the inlet. Furthermore, althomglusion of additional parameters
(e.g. variable wave direction, sediment size) may improve the skill of similar indices, we
lack the data to properly evaluate these additional factors and further complexity in the
index formulation is unlikely to impravskill without adequate data resolution and
confidence. Here we rather show the ability of a relatively simple model to predict

closure events.
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4.4. Results

44.1. Temporal characteristics

From the closure record of the Russian River for 1973 t®,208 determine the
most important time scales of inlet variability. The record is decomposed into a signal by
treating he inlet condition shown in Figuee2 as a variable: assigning values of unity to
days when the inlet is closed and values of zerawapen. This signal is analyzed with a
Fast Fourier Transform (FFTgjving the result shown in Figuee4. The raw transform
is filtered in the frequency domain using-@p&int Daniell filter (Bloomfield, 2000) to
improve confidence. Three distinct spattregions are evident: (i) broad hifflequency
peak with maximum at 280 days, (ii) narrow seasonal peak at 365 days with additional
seasonal harmonic at 182 days, and (iii) interannual variability. Thefieighency peak
is not significant at the 95epcent level, but is noticeable because it is bordered by a
region of rapid decay in spectral density with higher frequencies. While more confidence
is needed to ascertain any potential meaning of a peak in this location, it seemingly
matches with springeap tidal variations (28 days) and decreasing variability at synoptic
time scales associated with winds (Largier et al., 1993) and waves. The seasonal peaks
are presumably driven by strong seasonal variability in river flow and waves (Behrens et
al., 2009) Both the peaks at 365 days and 182 days are significant at the 95 percent level.
Interannual variability is presumably also associated with interannual variability in

riverflow and waves. We investigate these assumptions in the remaining sections.
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Figure 4.4. FFT visualization of the 1973009 daily inlet condition. Data are smoothed
in the frequency domain to improve confidence and the 95 percent confidence interval is
indicated. The peaks at 365 and 182 days are statistically significant at this leve

Approximately 80 percent of inlet opening events after 1973 weraatumal, so
closure periods were almost always brief (Big¢) and the variability in inlet condition
can be assumed to be dominated by the timing of closure events. Thus, tha spectr
features in Figurd.4 are interpreted as the time scales of closure dynamics. Although
artificial breaches probably alter the duration of closure events heavily (see Section 5.3)
and provide offshore sediment deposits which can encourage subsegserd ei@nts
(Cooper, 1990), we assume that the closure record still reflects the interplay of the same
sediment transport processes that cause closure events in the natural state. Analysis of the
influence of breaches on subsequent closures is not whthiscbpe of the present work,

but will be addressed in a subsequent study. Sensor malfunctions of the water level gauge
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interrupt the closure record from 1932957, which prevented the possibility of using an

FFT on this period.

4.4.2. Highfrequency vaability

Mouth conditions vary on time scales of days to weeks in response to changes in
tides, waves and river flow. Although the effects of human intervention on mouth
conditions are also important at this scale, this is discussed in Section 5. Athigt hig
frequencies (time scales of 28 days or less), we study closure events by examining the
association between some of the forcing parameters(gg.Hs) and closure
occurrence. We use the period from 12988, since water level, inlet flow and veav
conditions were available for every day in this range. We use the models defined in
Section 3 to predict closure likelihood, which we quantify by introducing a parameter
called the "fiveday closure risk". We define this as the proportion of times thiatsarre
event occurs within five days after a certain condition is observed. For example, the five
day closure risk for a day witHs at the 20th percentile (0.19 m) is 0.26, which indicates
that one in four times that wavesk§= 0.19 m are observedcdsure event occurs
within five days. We choose a faday window as the mouth does not close
instantaneously it can take several days for sediment to accumulate. An analysis of
closure response shows that when wave and inlet conditions are condutlogute on
any given day within the period 192808, the risk of inlet closure within the next five
days is elevated above the average risk. After this time, the risk of closure occurring on

each day returns to the lotgrm average for the period.
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We also look at conditions immediately prior to closure ¢(dag closure risk),
although we recognize autocorrelation in tide and wave conditions (conditions may not
change much over intervening 4 days). The proportion of times that closure occurred
within ore day of each combination of wave and iletv parameters is illustrated in
Figure4.5 for 19992008. As expected, closures are more common for days with
relatively high waves and low inlet currents. For days With, maxabove 40 rfs* (8th
percentie) orHs below 0.3 m (25th percentile), there is very low probability of closure
within a day (less than 20 percent). Although closures occurred during most wave
conditions, the proportion of times that the inlet closed within one day increases
drasticaly as wave height increases. A similar increase occulmasaxdecreases
below 40 mis* (8th percentile). Conversely, high inlet currents severely limit the
potential for closure, evidenced by the fact that no closure events occurred within one day
of Qiiet, maxexceeding 58 ffs (25th percentile), irrespective of wave conditions. During
the majority of the study period, river flow comprised less than 20 percent of total inlet

flows.
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Figure 4.5. Proportion of days within one day of a closure evbased on the nearshore
wave height ls) and peak daily inlet flowQinet, may. This reflects data from the years
19992008, when a tide gage was operated within the estuary. Except during winter, the
majority of Qiniet, maxiS @ssociated with tides.
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Probability distribution functions (pdfs) are calculated for several variables. Two
sets of pdfs were constructed for each variable, one for all datapoints during 39
and another only for datapoints within five days prior to closure events during 1999
2008. Thee two sets are compared in Figdi@for nearshore wave height, period and
steepness (top row), and also for the tidal prism, inlet aspect ratio and peak daily inlet
flow (bottom row). For the three wave parameters tested, conditions priostoe
differ little from overall condition$ indicating that typical wave conditions are likely
sufficient to cause closure. In contrast, there are big differences for inlet flow parameters,

with the overall mean for each parameter being approximatelyleldhe mean prior to
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closure (strong flows preclude closure irrespective of wave height). The distribution for
the inlet aspect ratio L™) prior to closure is skewed to the left, indicating that the inlet
tends to become more sinuous before closueatsy as reported by Behrens et al. (2009).
This type of shape is less hydraulically efficient, suggesting that frictional losses often
play an important role in closure. Overall, these data indicate that hydraulic parameters

are the limiting factors forlasure at the tidal time scale, rather than sediment delivery

from waves.
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Figure 4.6. Probability distribution functions of wave parameters (upper row) and inlet
hydraulic parameters (bottom row). Solid line represents all data from the years 1999
2008 For the same period, dashed line only includes datapoints within five days prior to
a closure event.

The predictive ability of ; andt , and several other parameters are tested using
the fiveday closure risk. As discussed in Sectddd, the models mduce an index value,
which is calculated for each day using the available wave and hydraulic data. To compare

the different models directly, we sort their outputs by percentiles and compare this
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against the corresponding feelay closure risk. An ideal ndel would produce a step
response: for outputs exceeding a certain threshold percentile on a given day, the risk of
closure is 100 percent and below the threshold closure risk is zero. We compare the
models based on the extent to which they approachkiliis s

Fig. 4.7a shows that for lovilow conditions (typical of summer), the chance of
closure occurring within five days increases nonlinearly with increadesiirior the
largest 26percentile, closure will happen in 4 out of 5 cases. If days witlehiigws
are included, the risk of closure decreases for high waves, because high waves are
typically associated with high flows during storms. The hydraulic parameters shown in
Figure 4.7b, Quniet, max WL anddPE/dtyax all show strong inverse relatiships with
closure risk. The latter is true becal@g.: maxiS 0ften dominated by tidal flows at this
site. Our stability parameter (E49) has the best response to the closure risk. It produces
a highly nonlinear slope past its 70th percentildicating that sedimentation in the inlet
i ncreases significantly pastt(Eg49D)ami nt .
appears to have some predictive capacity, it only experiences a weak linear increase in
closure risk with higher percentiles (F#§7c) -- the highest closure risk associated with
this model is 0.3, compared with 0.8 far(Fig. 4.7d). Using bulk parameters (E4.11)
to define the sediment export rather than B@)(reduces the predictive ability of the
model slightly, from a peak closure risk of 0.8 to 0.6. Thidex can be fit against the
closure risk with a logarithmic curve toeate an empirical closure risk relation for the

Russian River.
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4.4.3. Seasonal variability

Annual variability dominates the spectrum (Hg}), as can be expected given the
marked seasonal cycles observed for rain and river flow, as well as wave energy (Fig.
4.8). But, while waveheight, river flow and inlet position exhibit predictable seasonal
cycles, the difference in phase of these cycles and the importance -@fdgjgancy
variability lead to a seasonal cycle in closures that shifts from year to year. To examine
the influene of each of these factors at this scale, we condense the data into a single
representative year by averaging conditions across each Julian dad;4&)g.this is
done for nearshore waves, river flow and the bulk estuary tide cphgéne key
differences apparent in this illustration are: (1) that river flow varies-Byo2ders of
magnitude while waves vary by one and tides vary by less than one, and (2) that waves
increase earlier than river flow in early fall. The second point is especially clear fro
September through November, leading to an imbalance between sediment supplied to the
inlet and the ability of the inlet to flush it out, which is seen as a substantial increase in
closure likelihood during these months (Fd@c). The dominant 368ay period in

Figure4.4is likely caused by the high risk of closure during these months.
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top plot represent inlet closure events. Inlet position is defined by the centerline of the
inlet. Although all parameters appear to have similar seasonal fluctuations, their phases
occasionally differ. For instance, this is visible for waves aret flow during the 2000

2001 wet season.

The seasonal change in wave steepness can help determine whether closure events
are caused by onshore bar movement (CST) or giaadlel! littoral drift (LST). Figure
4.9b compares nearshore wave steepnessasosal values of the Dean Number, as
defined by Dean and Dalrymple (2002). The Dean Number is a heuristic model
combining wave height and period with the settling velocity of sediment in the nearshore
zone. When wave steepness is larger than the Deanéfusdaiiment is generally not
transported onshore, meaning that the most likely source of sediment to the inlet is LST.

When the Dean Number is larger, sediment is most likely delivered in the form of bars
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approaching the inlet perpendicularly from offsh@bean and Dalrymple, 2002).
Ranasinghe and Pattiaratchi (1999b) demonstrated the usefulness of this parameter for
determining the mode of sediment delivery to Wilson Inlet in Australia. Settling velocity
was calculated after Jimenez and Madsen (200B)g ilse documenteDs grain size of

1.02 mm for Goat Rock Beach (US Army Corps of Engineers, 1965). Nearshore
wavelength, used to derive wave steepness, was estimated for a 10 m depth offshore of
the inlet from deepwater values, after Fenton and McKe@0)1Bigure4.9b indicates

that closures in late fall, winter and spring are likely the result of littoral drift, and that

both LST and CST are probable causes during summer and early fall.
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period that the data were available. Wave, river flow and inlet condition data are
averaged using the period from 198008, while tide range data reflect the period 1999
2008.
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Tides vary little through the year, thus in plotting seasonaigdsin: ; we
replace the tidal terms in the denominator of B)(with Q. While it would be more
accurate to refer to the inlet velocities resulting from the river flow (as these are closely
related to bed shear), this would require estimates of the ink sextional area, which
were unavailable. The seasonal variabilityginis thus taken as a surrogate for seasonal
variation in sediment export, since tides show little variation at this scale. We compare
and tke annual closure pattern in Figut®c: the two signals have a very strong
correlation ¢ = 0.64,p < 0.001) indicating that the model is a good descriptor of seasonal
variability at the Russian River despite the simplicity of our representation of sediment

export.

4.4.4. Interannual variabilig

Yearto-year changes in the frequency of closure of the mouth are shown in
Figure4.10, allowing comparison with yedo-year variability in river flow and climate
indices. A closure anomaly is calculated as the number of days closed in a year minus
thelong-term average of 47 days per year. Notable periods are seen during the drought
experienced in the late 1970s (specifically noting the 250 days of closure in 1977) and
during the wet years of the early 1980s, which are well known as a major El Nie. ph
In general, the inlet is closed more often in drier years than in wetter years, similar to
results found for the San Dieguito River in California (Elwany et al., 1998) and the
Murray River in Australia (Walker, 2003; Rustomji, 2007). There is nabietrelation

between annual statistics of waves and the aloanomaly. Consistent with Figsu#$s
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and4.6, wave conditions are less important for closure events than river flow conditions

at the Russian River.
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The relationship between river flow and days of closure depends not only on river
flows that are low enough to allow wave action to close the mouth but also on river flows
that are low enough to allowany days to pass before the estuary fills to the crest of the
wave built sandbar, resulting in overflow and mouth breaching. This second factor is
explored through plotting days closed against river flow rate during the closure (Figure
4.11). The qualitiive envelope to the right of the data can be explained with a mass
balance approach for the estuary after closure. For a given keahthe sandbar crest
above estuary water level, the time it takes for the ponding water to overflow over the
beach igover~ AH Q. While the mouth may open for other reasons, such as human
intervention, this expression provides an approximate curve that defines the maximum
time that the mouth may stay closed under given flow conditions. The expression may be
alteredto account for seepage through the sandbar obreaching overflowQysr SO that
tover~ AH (Qr T Qpar) * and the curve will be shifted to the right by amoQgpg.. Not
only does Figurd.11 help to explain the observed relation between the closamalg
and the river flow, but it exhibits a marked shift in the curve between earlier years (1931
1957) and later years (192809), suggesting a fundamental change in the water balance
and mouth management (actions that limit closures to a couple of shEétkdata points

down for typical spring and fall flows of 50 nts™).
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Figure 4.11. Duration of closure periods based on median flow during closure. Dashed
line illustrates the potential for an envelope of limiting conditions following the

expectatio thattover~ (Q i Qua) ™. The envelope is intended to illustrate a possible

limiting condition and is not validated. It is based on the assumption that barrier seepage
is nonzero, which will be tested in a subsequent study.

4.5. Discussion

4.5.1. Sability parameter and prediction skill

The success of our parameteishows the viability of a simple sediment balance
approach for predicting closure likelihood in a small inlet system. While this concept is
not new, its flexibility allows us to unifgome of the existing models which have worked
well in special cases. For example, when tides are the dominant source of flow variability
(i.e. whenQ; can be neglected) the model resembles those of Bruun and Gerritsen (1960)

and O6Brien ( 1roive6flow is theldeminarda source bf @ariability (when
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pdandAg d/dt) can be neglected) it resembles those of Elwany et al. (1998) and Walker
(2003), although these ignore the influence of waves.

EQ.49) performs better t ha#dlOjbeocausexiteBr i en (
latter uses the assumption thiag closure risk is proportional to inlet width (since more
wave energy arrives at the inlet throat for greater widths). The results indicate that the
opposite is actually true for smaller inlets, like the Russian Rigenaller widths lead to
substantidy greater risk of closure. This is reflected in the inlet aspect fatib™)
which is shown to decrease prior to closure (Bi§). This narrowing is likely a response
to the extensive migration often observed prior to closure events}8jgwhichcould
be a response to LST (e.g. Behrens et al., 2009). In systems where CST dominates, it may
be possible for the inlet width to have a different relation with the $bort closure risk.
Although we have includel, to scale the total volumetric LST florate, this parameter
may be difficult to estimate, since it may vary by a wide range. This inclusion was
intended as a scale value to account for the sediment availability (from adjacent beaches)
within an inletds | it ttotheanletwdtd dslused iathe wel | a
O6Brien (1976) model . However, future mode

The model is well suited for small systems because it emphasizes parameters
which are readily obtainable. Offshore wave data and satelliigeima&an be used to
characterize the sediment import component. Estimating the sediment export requires a
water level gage, river flow estimates and some knowledge of the basin hypsometry,
which can be estimated via a bathymetric survey or more coarsedysatellite imagery.

Since LST is a common form of sediment transport and since small inlet systems are so
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widespread, this approach is a useful alternative to more complex models (which cannot
be applied in many situations). Furthermore, it can bedurgfined where enough data

are present to better resolve the sediment import and export to the inlet throat.

45.2. Seasonality

In their entirety, the more than 60 years comprising the closure record are best
defined by a recurring seasonal pattern mediby short and longterm processes.
Closure events in the shagrm (< 28 days) appear sporadic but contribute to the
seasonal pattern by accumulating during the months of Sept@&nlember, when
differences in the seasonal patterns of waves andflove (Fig. 4.9) lead to heightened
sediment import to the inlet channel. Letegm (> one year) processes have a more
visible impact. Examination of theegrs 197677 and 19834 in Figure4.2 show that
droughts and floods can essentially amplify or nedglae seasonal pattern. For this
reason, continued climate change is expected to dramatically alter the shape of the
seasonal closure curve over time.

Other factors not discussed in detail here may also play a large role. Comparison
of daily values ofV L™ and Qiner, maxfor the years 1992008 shows that the two
parameters are closely related=(0.50,p < 0.001). This demonstrates the importance of
inlet migration and channel bending prior to closure. The data from2@38 generally
show thatW L™ decreases when migration becomes mi@guent, and inspection of
Figure4.8a shows that periods of closure are separated by periods of extensive inlet

migration. It is expected that this migration contributes to closure by increasing frictional
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losses irthe inlet channel, thereby decreasing flows. Migration is an expected byproduct

of LST and future studies should include it in any analyses of closure in similar systems.
45.3. Influences of local human activity and estuary management

Human influences oRussian River hydrology and on the estuary mouth have
been significant over the past century. The few data that exist from the late 1800s suggest
that a transition away from long, seasonal closures occurred prior to the record that
started in 1931 during 193121957 closure events are shorter and concentrated in fall and
spring seasons. Even more striking is the change between thd993hnd 1972009
records. During the earlier period, closures occurred on average every 134 days and
lasted an averagd &5 days, while during recent decades, closures occurred every 43
days and lasted 6 days on average. While a steady increase in extreme wave heights in
the East Pacific has been observed (Allan and Komar, 2006) in addition to an increase in
precipitationvariability in California (DWR, 2006), there is no evident change in climate
that could explain such a rapid change in closure statistics and attention should be given

to the effects of human activities and river/estuary management actions, which include:

1. Sedimentation caused by extensive logging, agriculture and road building,
2. Increase in dry season flows,
3. Attempts to maintain an open inlet through jetty construction and dredging,

4. Management of flood levels through artificial breaching.
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The effects of sdimentation are not examined here because the prevalence of nonpoint
sources and the lack of repeat bathymetric surveys iRRtepreclude any conclusive
analysis. Before dam construction, sediment loading to the estuary probably exceeded
export rates aa result of erosion in the watershed associated with extensive timber
harvesting, road building and agricultural and urban development within the watershed,
all of which have been common practices in northern California watersheds (Mount,
1995; Oppermantal., 2005).

Flows in the Russian River had historically been low or intermittent during the
summer months (Florsheim and Goodwin, 1993). Starting in 1908, Eel River flows were
diverted into the upper Russian River watershed, delaying the receding lihe of
seasonal hydrograph. The expansion of the diversions in 1922 increased typical summer
flows in the upper watershed from near zero-®#s* (SEC, 1996). River flow is now
maintained above a minimum value of 7&%(~2.5 nis?) based on biologida
constraints, but is typically managed at 1£§%(~4 nts™) during summer and fall.

While the summer flow may not prevent closures during-gkie conditions, larger

waves are less common in summer and the lengthening of the receding limb of the
seasnal hydrograph results in flows that are high enough to preclude closure during the
few highwave events that are typically observed in late spring &8). However, the
enhanced summer flows do shorten closure duration. When the inlet closes,dhg estu
fills from continued river inflows until it naturally breaches (Kraus et al., 2008), if not
artificially breached sooner. Flows are too high to allow a persistent closure, but as flows

decrease below 43" the duration rapidly tends toward infinitfig. 4.11) and closures
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may persist. For increasing flows the duration rapidly tends toward zero. The increase in
summer base flows in 1922 would lead to shorter closures, partly explaining the
shortening of closure eventuring the twentieth century.

Management of the estuary mouth is also important. A jetty was completed in
1941 to maintain a permanent opening for gravel barges to traverse the rivéri@ig.
Although the jetty constrained the inlet to the northern third of the beach, it did not
prevent closure events. The inlet was dredged several times during the 1960s, and plans
for a second jetty were made but later abandoned over environmental concerns (Magoon
et al., 2008). The ad hoc actions of local residents in manually breaching the mibeth in
earlier half of the century gave way to management by public agencies in the 1960s. At
present the Sonoma County Water Agency is the management authority and
approximately 80 percent of breaches occur through digging a trench across the beach
with heawy equipment (Schrad, 1992; Behrens et al., 2009). The primary reasons for this
practice are to prevent flooding of lelying residences and to allow passage of
anadromous fish species during spawning seasons (Goodwin and Cuffe, 1994). This
practice furthereduces the duration of closure events as the mouth is opened artificially
when the estuary water level reaches23 m above the NGVD29 datuimwvell below
the height at which breaching would happen naturally. As a result of this disparity, 36
percent dartificial breaches fail to keep the inlet open for more than five days, compared
with 17 percent for natural breaches.

The change in inlet closure pattern between 1B37 and 1972009 amounts to

a 67 percent reduction in the average time betweenrel@vents and a 60 percent
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reduction in the duration of closures. As a result the estuary is in constant flux, with water

column conditions shifting rapidly between an open estuary dominated by cold salty

ocean waters and a stratified lagoon.

Figure 4.12. Jenner jetty during construction and at the time of the present study. A
second jetty was planned, to allow permanent navigability of the inlet, but was never
built. Upper photograph courtesy of Russian River Historical Society.

45.4. Climate variality
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The clear interannual cycles in river flow and mouth closure &-16) can be
expected to be related to wkhown fluctuations in west coast climate. Specifically, the
El Nifio/Southern Oscillation (ENSO) phenomenon, with a cycle bi2ars, habeen
shown to have profound effects on precipitation, waves, upwelling, and fisheries
resources in the Western U.S. (Trenberth and Hurrell, 1994). ENSO cycles are
encompassed by the Pacific Decadal Oscillation (PDO), which has cycles lastiig 15
years Mantua and Hare, 2002). "Warm" PDO phases contain high densities of EI Nifio
events while "cool" phases tend to have more La Nifia events. Both ENSO and PDO are
coupled atmospherecean processes and are thus complex in nature. Their link to inlet
behavior § not well established, although it has been suggested before by Allan and
Komar (2006) and Behrens et al. (2009).

ENSO-correlated variability in river flow and wave forcing has been reported
previously for Northern California (Allen and Komar, 2006, Wialgf and Storlazzi,
2007). El Nifio events are associated with exceptionally high winter waves in California,
resulting from an intensified Aleutian Low pressure zone and a shift in North Pacific
storm tracks that causes storms to approach from a more afigde (Allan and Komar,
2006). These storms also contribute to generally wetter conditions, while La Nifia events
produce the opposite effect (Brown and Comrie, 2004). Further, Zoulas and Orme (2007)
showed a PDO influence on the net onshore/offshore meneof sediment, with
onshore movement associated with cool phases and the opposite occurring during warm
phases. Following Schwing et al (2002), we use the Northern Oscillation Index (NOI) to

represent ENSO variability adjacent to North America, in @sttio indices such as the



79

MEI (Wolter and Timlin, 1998) which represents a broader oceanic measure of the
signal. For PDO and NOI indices, we obtain annual values by averaging Obtatur
values to account for the lag between initial detection andideresfects in North
America.

Compared without lag, the NOI (Fid.10c) has no statistically significant link to
the closure record, even though it was negatively correlated with riverrflewd(65, p
<0.01) after 1977. Qualitatively, the NOI and clos signals appear to parallel each
other between 1973 and 1990, but otherwise there is no clear relation. Unfortunately,
there are not enough coincident years with available data for these signals to provide any
statistical proof of a relation. Compansof Figures4.10a and4.10d show that the PDO
regime shifts in 194415 and 197&/7 approximately match shifts in the closure record.
Inlet closure is more common during the warm phases before 1944 and after 1977 than
during the cold phase in between. Thsulting correlation between the two signals is
small { =0.25;p < 0.05), but may relate to the ties between PDO and northern California

precipitation or to the beach accretion/erosion cycle (e.g. Zoulas and Orme, 2007).

4.6. Conclusions

In this study we showed that a loAigrm record of inlet closure at a small inlet
site can be explained as a combined response to processes acting at the tidal, seasonal and
interannual time scales. We also showed that a proposed simple parametric model based
on a sednent balance in the inlet is a good indicator of the likelihood of closure in the

shortterm, and also reproduces the seasonal closure pattern with high accuracy. To our
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knowledge, this is the first time this type of model has been tested with an extietestiv
closure dataset. This model combines the strengths of similar models used in more
specialized cases. It is expected to work well for small inlets because it does not need to
satisfy all of the assumptions used in analytical models, it can be utbeorwithout

river discharge, and it is not scaled down from relations intended for larger inlets. This
should be tested at similar sites to determine whether it is broadly applicable. Additional
testing is also needed in systems where fluvial influénst&onger, possibly with a

sediment export term that combines tidal and fluvial influences.

At the tidal scale, closure is best described as the result of an imbalance between
short term wavariven sediment import and export from the scouring flowstitnathe
inlet resulting from both tides and river flow. Whereas waves were important for causing
closure, the limiting conditions for closure at the tidal scale tend to be the hydraulic
characteristics, such as the inlet flow rate, the inlet aspectwadtiband the tidal prism
volume.

At the seasonal scale, the closure pattern is defined by a peak likelihood of
closure in fall and a lesser peak in spring, while winter and summer have the lowest
likelihoods of closure. At this scale, the closure patieaimost exclusively controlled
by interactions between seasonal cycles in wave height and river flow. Analysis of the
Dean number showed that longshore transport LST is likely the dominant contributor of
sediment during closures at the Russian Riveregixduring the summer, when both LST

and CST may be active, but are probably too weak to cause closure.



81

At the interannual scale, closure is most strongly related to the interannual median
river flow, which can be partly explained by climate variabilRpO and NOI). The
combined set of inlet closure observations spanning the nineteenth and twentieth
centuries suggests a shift from lengthy,-deyson closure events to relatively short (<
two weeks) events concentrated in the fall and spring seasonshithappears to have
largely taken place between 1870 and 1931 and between 1957 and 1973. During the years
18701931 a humainduced increase in diseason base flows occurred while the years
19571931 coincided with the adoption of artificial inlet bthang by public agencies,
which were shown to be less effective at keeping the inlet open than natural (river
induced) breaches. Further study is needed to better understand how much effect these
events have had relative to simultaneous changes in wadigsexipitation in

California.

4.7. Uncertainty Anal ysis

4.7.1.Measurements

Values of the important wave and hydraulic parameters used toward
understanding and predicting closure events above are approximations limited by the
information available athie site. In some cases, a high amount of uncertainty is present
because of the difficulty in adequately measuring or approximating the parameters. It is
because of this that the models presented in this chapter are intended as scaling

approaches, meant fdlustrating the physics that lead to, and maintain, closure events.
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To provide a scale of the uncertainty in forcing parametersgsof the sample statistics

of the parameters presented in Figdre are given here in Table 4.2.

Table 4.2.Statisticalcharacteristicand uncertaintgf key forcing parameters

All Data
Mean  Std. Deviation uncertainty % of mean
H(m) 1.65 0.84 0.24 14.2
To(s) 11.75  2.67 0.26 2.2
Wave Steepness 0.017 0.012 0.0028 16.9
Prism(10fm’ 1.26 0.41 0.13 11
w Lt 0.54 0.87 0.05 10.0
Quiet, max(M’s?)  112.06  98.77 12.32 11

'Represents wave steepness at 10m depth

The uncertainty ofs is a combination of the measurement precision of the Pt.
Reyes buoyX.5 cm; Oceanographic Instruments, 2088d of the uncertaintysaociated
with the transformation matrix (22 cm). Wave periods are not predicted in the nearshore
zone, but typically vary little from offshore to nearshore unless the offshore bathymetry
causes swell waves to focus or spread far from the coast (Koma&), T9@ uncertainty
of wave steepness includes the uncertaintydnd of the nearshore wave length, as
predicted by Fenton and McKee (1990), which predicts nearshore wave lengths to within
1.7 percent of the real value.
The idal prismandQiet maxeStimatedhiaveerrors associatedith three main
sources:
1 Errors in vater levelmeasurements the estuarat the Jenner gage
1 Theassumption that the estuary water suria@ways flat(e.g. Friedrichs and

Aubrey, 1988)and
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1 Errors in the measuremeott bathymetry (EDS, 2009).

To estimate the uncertainty, we first determine the uncertainty in the water surface and
channel elevations, and then alter the stgigeage curve to see how mucikstbhifts the
estimate of the estuary volume (which is dikecelated to both tidal prism ar@net, may-
SCWA measurements of water level are limited by the gage height at
approximately-0.25m NGVD, so the lower limb of the tides is sometimes cuirothe
water level recordTo account for this, a cubic & interpolation was used in Matlab ©
to replacelte parts othe tidal curvebelow-0.25 m NGVD Predictions were compared
against water level measurements at Station Al (~ 1.8 km from the Jenner gage),
indicating onlysmall errors{ 2cm).During period of high winds or river flow,
curvature of the estuary water surfamaycause the lone Jenner gdagerovide abiased
perspective of the estuary water surfdesr the majority of the period 199809, this
was the only active gage in the estuditye brgest differences in estimated water level
between station&1 and B3 (Fig3.2)are~10 cm except during floodd astly, errorsn
the estimation of the estuary bathymetry were made by EDS (2008tompared boat
based deptBoundings with direct measementsf the channel elevation in ovad
locationsusing an RTK GPS setuppdicatingerrors of~5 cm.Combining these errors
gives a total uncertainty of ~ 17 cm. Shifting the known stage and storage vectors so that
they misalign by 17 cm giveshangs (i.e. uncertainty)n estuary volume afoughly 1.3

x 10 m°.
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The inlet aspect ratio, representeddk™ has a high amount of uncertainty
owing to the morphologic instability observed at the aiid the difficulty in accurately
assessing inlet widthnd length from grountlased photographg/hen scaled by a mean
value, errors in inlet width and length were both roughly 10 percent (Behrens et al.,

2009), so the uncertainty in the aspect ratio is assumed@OLEW L*).

4.7.2.Calculations

The uriltered spectrum of the daily closure record had a high amount of noise
within the seasonal and tidal frequencies. To remove noise and discern the dominant
frequencies more easily, the spectrum was modified witpaint Daniell filter, as
recommended bBloomfield (2000). The Daniell window of spamis defined as:

1

(m-l)’ i=lori=m

g =

N

(4.12)
= i otherwise
m- 1
whereg is thei™ weight of the filter. The modified spectrurﬁf), has the following

variance:

vaf&f)} =s(f)a of (4.13)

where s(f ) is the original (unfiltered) spectrum. Confidence intervals are constructed for

the modified spectrum by noting that the frequency diagram estimates are independent

and exponentially distributed. Because of this, the modified spectral diginican be
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assumed t o b édisripyed @rdmiedt2600)y Thesdegrees of freedom

are defined as:

3 (4.14)

and the 95% confehce interval is then given by:

vif) ¢s(f)e V(1)

c2(0.975) c2(0.025) (4.15)
where the denominatorsonthee f t and right side are?the 2.
distribution. The onfidence interval given on Figu#e5 is a representative interval for

the spectrum shown for reference. Peaks were checked for significance by comparing the

spectral densit;&f )against the confidence limit for each frequency.
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5. Salt Held Mechanics in a Shallow Bar-Built Estuary After
Inlet Closure

Dane K. Behrens John L. Largier, Fabian A. Bombardelli

5.1. Introduction

Intruding saltwater fronts cotigite an important feature of estuaries which is
responsible for introducing nutrienth water to the system, but which can also lead to
stratification and hypoxia (Cousins et al., 2010). The position of the salt front along the
estuary has significamstatistical relationships with many measures of marine resources,
such as larval fish survival and the abundance of planktivorous, piscivorous and-bottom
foraging fish (Jassby et al., 1995). The density difference in the vertical between the
intruding saklvater and the ambient brackish or fresh water also inhibits vertical mixing
and can lead to extensive oxygen depletion during periods with relatively weak currents,
such as neap tides (Nelson et al., 1994). The salt front position is often a resultlyf stea
or quasisteady circulation, which provides a balance of dense seawater intrusions with
seaward advection of relatively lighter water at the surface. Ftedational, vertically
sheared flow structure that results from this exchange has been stxigiesively in the
past (e.g. Fischer et al., 1979) and the understanding of the associated saltwater intrusions
have also advanced due to better and more extensive datasets of waterborne constituents

and turbulence in the estuarine environment (e.g. Maithset al., 2002). However, large
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estuaries appear to encompass the majority of the existing research. Large estuaries
experience consistent tidal influence and often have gradually varying bathymetry and
only partial stratification.

A wide array of estary types exist, many of which do not fit the classifications of
large systems. For example, small-bailt estuaries are relatively common throughout
the world (e.g. Roy et al., 2001; Cooper, 2001; Ranasinghe and Pattiaratchi, 2003), and
their bathymetryand tidal characteristics are less simple. This is a result of two common
traits of these systems: (1) Timet is intermittently closednd (2) the bathymetry is
often shallow and characterized by alternating pools and sills. Inlet closure events are
common in areas with Mediterranean climates, where river flows are sharply seasonal
and wave energy is high (e.g. Ranasinghe and Pattiaratchi, 2003). Many of these systems
remain closed from as little as days to as long as several years before the inletdrea
and restores tidal activity (Gale et al., 2006) and trapped tidal saltwater leads to sharp
vertical stratification.

An example of salt field evolitn in the RRE is given in Figurésl and 5.2,
which show the movement of the front from 7.4 km toul#5 km upstream of the inlet
during event E5, in October 2010. Parallel plots of temperature and dissolved oxygen
indicate the effects of this transition on estuarinathtiljuality. Compared with Figure
5.1, Figureb.2 shows a warmer epilimnion thrdwaut the entire estuary length and a
marked decrease in bottom water dissolved oxygen near the mouth, where the salt field
transitioned from relatively welnixed to sharply satratified. Examples from other

events are given in Appendix C.
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Figure 5.1.Salinity, temperature and dissolved oxygen observed at the onset of inlet
closure on 4 October 2010.
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Figure 5.2. Salinity, temperature and dissolved oxygen obseafet 8 days of closure,
on 120ctober 2010.

During inlet closure, wind suppliesost of the mixing energy to the estuary (e.g.
Gale et al., 2006), either through mixing of the epilimnion or excitation of internal seiche
modes which distribute the energy to the metalimnion and hypolimnion. When the extent
of this mixing varies along thlength of the estuary, it fuels gravdyiven currents

which dissipate any ensuing horizontal density gradients caused by diapycnal mixing of
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higher density water into the epilimnion (Imberger & Parker, 1985). However, it remains
unclear how the podill bathymetry in these systems influences the wdngen motions
and the associated redistribution of the trapped salt field. Although little is known about
salt front movement in this scenario, it is clear that the bottom waters tend to become
hypoxic fa the entire extent of the saltwater intrusion along the estuary (Becker et al.,
2009). This is of particular importance in the US Pacific Coast because the populations of
salmonids which often occupy the region's closed estuaries have been steadilygjeclin
in part due to habitat constraints (Hayes et al., 2008).

Aside from analogues studies in lakes and reservoirs, little research exists to
describe salt front mechanics in small-bailt coastal lagoons after closure. This is
partly because much ofdtexisting literature focuses on systems where stratification and
scalar fields are often observed or assumed to be spatially uniform (Gale et al., 2006;
Cousins et al., 2011). While this may be true of systems with simple bathymetry, many
systems along &éige continental margins have complex bathymetry (Cooper, 2001),
which can greatly influence the distribution of scalar fields. Also, while salt intrusion and
salt front dynamics have been studied during eépé conditions both in stratified
( O06 Ca letlalg rO@Mm Largier, 1991) and partiattyixed (Giddings, 2012) systems,
the forcing mechanisms are much different in these cases than after inlet closure. Scalar
field dynamics have also been studied in small lakes and reservoirs, but stratification in
these systems is controlled by temperature rather than salinity (and is thus weaker) and
the geometry is often much deeper (Okeley and Imberger, 2007; Vlasenko and Hutter,

2002) than that of small lagoons (Roy et al., 2001).
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In combination with the existg complexity of these systems, discrepancies in the
available research leave many questions about the mechanics of salt fronts after closure
in small coastal lagoon$he purpose of thishapteris to provide an understanding of the
conditions in which alt mobilizes upstream in these systems, which is of primary
concern for habitaimited aquatic species which rely on estuaries for much of their life
cycle. We also investigate the limiting conditions which prevent this mobilization and

draw broad conckions b link this with other systems.

5.2. Methods

5.2.1. Field Observations

This chapter relies on field observations during three closure events, E1
(SeptembeOctober 2009), E4 (September 2010) and E5 (October 28fétial
attention is given to #halongestuary set of CTD profiles, which illustrate the evolution
of the salt field during both tidal and closed conditions in the estliaeyADCP data
were also used extensively here, to characterize the flow fields and turbulence in the
estuary, asekcribed belowThe collectionof these dat& discussed in Chapter 3 aad
summary of thdoatbasedandmeasurementssed hereimare illustrated in Appendix B.

Since wind was not measured directly, we used a comparison of water levels
throughout the egtary as a qualitative proxy for wind speed and direction. Landward
winds are reflected in a landward tilt of the estuary surface, while seaward winds

correspond to the opposite. Analysis of the water levels at stations Al and B3 JFig.
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reveal that theeriodicity of these fluctuations matches the diurnal frequency of winds
measured at the Bodega Marine Laboratory (BML), eight miles away. We chose not to
estimate a representative shear velocity for the estuary from these measurements, since it

likely varies strongly along the estuaiynberger and Parker, 1985).

5.2.2. Analysis methods

The majority of the analysis focuses on the period from 25 September to 12
October 2010, when the ADCPs were operated in mode 12. This period includes closure
events E4nd E5 (Tabl&.1). We isolate the processes that drive the observed salt
intrusion during this period by examining the flow structure in detail at moorings A4 and
B3 using empirical orthogonal functions (EOFs). EOFs are a tool used to isolate
independensources of variance within a dataset (see Emery and Thomson, 2004 pg. 319
343). They are a purely statistical construct, and thus may not always provide a clear link
to the physical processes present in an estuarine setting. However, they often die correla
with physical processes, and have been shown to be useful for isolating oceanographic
and estuarine processes in the past (Giddings, 2010; Stacey et al., 2001). We employ this
method by condensing the ADCP data at both sites into matrices with columns
representing hourly vertical profiles of streamwise velocities. While others have used
EOFs with full, directional ADCP data (e.g. Stacey et al., 2001), we only use this
approach on the streamwise component of flow, which we obtain by rotating the flow at

each mooring site.
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The EOF method produces a set of orthogonal eigenvectors (variance modes)
which each describe a percentage of the total variance of the dataset. Since we perform
the analysis on data that have been rotated into -@&vagm components,eninterpret
the flow structures given by the variance modes as separate components of the observed
alongstream flow structures at moorings A4 and B3. Using simple analytical models, we
then compare the dominant modes against the flow structures tygaa#igd by internal
seiches or gravitational currents to determine whether these were important to the
observed salt intrusion.

Internal seiche modes are modeled using Long'sdamensional wave equation

(Wiegand and Chamberlain, 1987):

d*W aN?
— (%/—Vz-lgy —_o (5.1)

whereW is the amplitude of the vertical velocity of a parcel of wateis a characteristic
internal wave frequenc is the horizontal wave number defthask = ZhérélLls

the basin length anld is the BruntVaiséla buoyancy frequency, defined H$= -

( g/} ) (EQHKLGanordinary differential equation which we treat as an eigenvalue
problem and solve for using a finitedifferences scheen(LaZerte, 1980). This

approach has been used successfully in rotating (Anteandéinberger, 2001) and nen
rotating (LaZerte, 1980; Wiegand & Chamberlain, 1987; Munnich et al., 1992) systems.
Values ofN? estimated from the CTD casts are used as areoms representing the
stratification present in the water column. The eigenvectors obtained from solving
equation (1) represent the vector of vertical displacenwhgiven by each vertical

wave mode present in the basin. Using the continuity equdliese are transferred to
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vectors of alongstream velocity components given by each wave mode (Munnich et al.,
1992). This method also produces a set of eigenvatyashich are characteristic
oscillation frequencies associated with each seiche predigtdds method. These are
used to find the characteristic internal wave peridjaging the identityy = .2 "/ T
We obtain the flow structure associated with a gravitational current using the

relation from Officer (1976):

_ g’ W s sy,
U(Z)_48rAZ lJX(1 972 - 82%); (52)

where} is densityx is the alongstream direction4; is the eddy viscosity arglis the
normalized depth. This method requires the assumption that the pressure gradient and
stress divergence (friction) are the only important terms in the momentum budget and
that the system is in steady state.

We use the higffrequency ADCP data to estimate Reynolds stresses in the water
column using the variance method (Stacey et al., 1999)albhebeam velocity
measurements taken at 12 Hz were averaged to give data at 1 s intervals, giving a total of
M = 600 datapoints for each burst. The choice of entgnute interval is based on a
compromise between the need for a statistically statissmple and statistical
reliability (Simpson et al., 2005) which increases Wit (Williams and Simpson,

2004). Turbulent velocity fluctuations are separated from the mean flow during each
burst interval using Reynolds decomposition and the alteagn tubulent velocity
fluctuations are then used to calculate the alangl crossstream Reynoldstresses

(Stacey et al., 1999):
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Lo o Gw=_P2-b7

r 4singcosqg’

P S

Yy o = Da-bs (5.3)
r 4sing cosq

where subscripts denote the beam numberdam@0°is the angle that each beam makes
with the vertical. The burstveraged velocity components at each depth bin were also
used to provide an hourly record of mean currents at each locat@tha use this to

obtain the rate of total kinetic enerGyKE) production:

p=r, Wy W (5.4)

Wz >z

Instrument tilt and alonfgpeam velocity variarecan be used to estimate the noise floor
for estimates after William and Simpson (2004).

Since we will show that the RRE is highly stratified in the vertical, and since
winds are variable at the site, upwelling may have an influence on the estuagjidalt f

We parameterize upwelling with the WedderbMumber (Shintani et al., 2010):

g-h12
W = 55
u’l (53)
whereg @ the reducedrgvity, defined ag 6 = ) lfs ipthg depth of the

epilimnion, u. is the shear velocity in the epilimnion imposed by windslargthe

unbroken length of the pycnocline. We apply the methodology of Shintani et al. (2010),
which corrects Eq.5(5) for the effects of pycnocline curvature. They find thatibr

values below a critical value of 8/9, the interface at the upwind end of the basin upwells

to the water surface.
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Water losses through the closed beach berm may also alter the salt fieldetiut dir
measurements in the beach are lacking. Setup of ponded flows behind the beach enforces
a head difference between the lagoon and the ocean, presumably causing some saline
water to advect out of the system via seepage through the porous beach. Esbmades
water mass balance applied to water level and flow data from the RRE during the years
2000-2009 show total water loss rates increasing linearly with head difference, up to
values 24 nts™ at head differences of two meters between the lagoon aad.obee
CTD measurements suggest that the total salt mass of the estuary does decrease during
closure, which is entirely accounted for in the pool closest to the mouth. However, at the
shortterm (daily) time scale, salt movement upstream was generahy fimube larger
than the total losses from the system, so we will not discuss this process further herein.
However, future work will incorporate this process in more detail, when in situ

measurements in the beach are available.

5.3. Results

5.3.1. Saltfield evolution

The inlet at the mouth of the RRE is often morphologically unstable, leading to
inconsistent tidal interaction between the ocean and estuary. This in turn leads to
extensive amounts of trapped saline water and prolonged periods of satfipation
throughout much of the estuary. During tidal conditions, the mixing induced by the dense

inflows usually left much of the outer estuary salty and unstratified. When tides became
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absent from the estuary during closure, all areas with trapfidgesame sharply

stratified, with peak density gradients on the order of 10kganoss the metalimnion.
Figure5.3 gives a comparison between tidal and closed conditions, using CTD data on 19
July and 28 September 2010. Areas with trapped salt dispéapersistent threlayer
stratification, with a 23m thick epilimnion, a 3m thick pycnocline and a saline lower

layer whose thickness depended on the local depth.
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Figure 5.3. Longitudinal salinity map of the RRE during representatiop) tidal ard
(bottom) closed conditions. Measurent station locations from FiguBe2 are indicated.
Bottom edge represents the aleegjuary thalweg profile.

Field measurements during tidal conditions show that the salt front enters the
estuary during flood tideral inundates the deep areas (pools) between sills as it moves

upstream. The addition of salt in each pool raises the elevation of the local metalimnion
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and the salt wedge advances further upstream when this reaches the elevation of the
immediate upstreanills During ebb, some of this salt is eroded by outgoing currents at
the surface, leaving the upper few meters of the water column relatively fresh. However,
the jagged bathymetry of the RRE traps much of the incoming salt. Most of the tidal
scale changes salinity occured in the upper3m of the water columnthe portion
above the height of local sills. As shown for similar-bailt estuaries (e.g. O'Callaghan
et al., 2007), the excursion length of the intruding saltwater into the RRE depended on the
springneap cycle. The leading edge of the salt front creates a strong local density
gradient that is typically located in the transition zone between the inner and outer estuary
(~4-6 km upstream of the inlet; Fi$.3). During spring tides, salt was sotinees
observed to move as far as 9.5 km upstream of the inlet.

The process of inlet closure is initiated when wdvgen sediment delivery to
the inlet throat exceeds the amount of sediment exported by currents. This lasts as little as
a single tidal cyd or as long as several weeks at the RRE (Behrens et al., 2009). We
found that the inlet channel aggrades in response to the excess sediment delivery, which
is analogous to increasing the height of a weir, and results in the inlet blocking part of the
incoming tides. During these times the water level records reveal a shortening of the
flood tide relative to the ebb, and CTD surveys show an export of salt from the upper
water column and an overall sharpening of the pycnocline. For all six closure events tha
we studied, the final stage of inlet closure (full inlet blockage) culminated with a high
tide or high wave event, leaving an ensuing surge of salt water that either remained in the

outer estuary or propagated upstream, depending on the elevatioroofeéhestuary
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pycnocline relative to local sills. After the onset of closure, oceanic waves continued to
aggrade the beach and occasionally carried additional loads of salt into the estuary.

After the inlet is fully closed, freshwater inflows are trappetiind the beach and
contribute to the water mass of the epilimnion. The width of the epilimnion varied in our
observations from-1.5 m at the onset of closure to as much as 4 m at the end. Each time
that the inlet reopened (whether manually or naturalgpid currents acted to destroy the
head difference between the estuary and the ocean set up by the blocked freshwater
flows. These currents flushed most of the trapped salt out of the estuary, at which point
ensuing tidal motions imported new loads alfree water. Occasionally, remnants of salt
water remained in the deepest pools, and some appeared to have residence times of at
least a year.

We found that the salt field evolved in two distinct phases after the onset of
closure: (1) rapid initial relaxatin of the outer estuary pycnocline immediately after full
blockage was achieved and (2) slower nightly fluxes of salt above the pycnocline into the
inner estuary after the first phase was complédeth phases are visible in Figusel,
during E5. The fist phase usually occured within the first 24 hours of closure and
resulted in the outer estuary pycnocline reaching a level resting position. During this
time, the epilimnion was usually relatively thin, since freshwater inflows had not had
much time to acumulate behind the newly blocked inlet. Winds also tended to be higher
during this period, since closure events tend to coincide with storms (Behrens et al.,
2009). As a result, this phase was often marked bycréaral values of the Wedderburn

Numberand upwelling of the density interface at the mouth, which is visible uré&ig
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5.4b. If the strong winds relaxed at night, the rapid drop of the interface at the mouth
caused a surge of salt water to move upstream. Sonde measurements at the surface show
that the amplitude of this disturbance diminishes rapidly with distance from the mouth
and does not advance farther than station B1 @3). As time advanced, the deepening
epilimnion resulted in higher (less critical) Wedderburn values and fewer ebserv
upwellingandreleasing events. Despite this, the estuary typically maintained a small
longitudinal salt gradient in the epilimnion between the outermeStd&u) and

innermost (~0 psu) boundaries, which was augmented during winds. During the second
phase of salt movement, this upper salt gradient diminished in small bursts during periods
when diurnal winds became negligible (typically at night). These loads gradually filled
each successive pool in the inner estuary, leading to a slow but substdigiabreion

of the salt field for longer events. In most events, the first phase increased the range of
salt and stratification in the estuary from about 5.3 to as far as 7.4 km upstream of the
inlet while the second phase pushed this range as far akm@am the inlet.

Image subtraction of thevb-dimensional maps used in Figusd emphasizes the
mobility of the salt front and its reliance on the pycnocline as a means for transporting
salt upstream. Fige5.5 shows that the outer estuary lost thajority of its salt within
one meter above the interface, while the majority of the gain in the inner estuarybwas 1
m below it. Horizontally, the change is centered around the sill locabddmfrom the
inlet. To better understand this motion we vigeathe alongstream salinity irthe welt
mixed epilimnion. Figuré.6 shows that this upper salinity varies smoothly along the

estuary during E5, which was the case for all closure events. Near the beginning of each
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event, the observed decrease in avergglimnion salinity moving upstream was usually
nonlinear, sometimes coinciding with the observed upwelling events during strong winds
(e.g. Fig.5.4b). Over time, the epilimnion salinity at the mouth declined and the -along
stream shape became linear Fagure5.6 shows for4.5 Oct and 12 Oct 2010. The slope

of this line declines over time, but strong wind events and wave overwash occasionally

augment it.
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Figure 5.4. Sequential salinity maps of RRE during closure E5. The approximate
boundary betweeré inner and outer estuary (F&2) is at 5 km from the inlet. The
first stage of salt redistribution is clearly visible for distances less than 8 km from the
inlet. The second stage is visible 8 km and farther upstream.
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Figure 5.5. Image subtractionf RRE salinity field between the last day of closure E5
(12 October 2010) and the day prior to closure (3 October 2010).

In addition to the measurements described above, vertical salinity profiles were
also taken at points across the channel at ardagtoind low channel curvature (sites
A4, A5, respectively). We found that for typical closure conditions at the site, the cross
channel variations in salinity at each elevation (not shown) were negligible, suggesting
that lateral transfer of both salt ambmentum are likely minor. However, since cross
channel CTD measurements were taken on an opportunistic (not continuous) basis, there
are no observations of cresBannel distribution of salinity structure during the passing

of any known flow structuresuch as internal seiches or gravitational currents.
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Figure 5.6. Along-estuary salinity gradient in the epilimnion during E5. Salinity values
represent averages from the centerline of the metalimnion to the water surface.

The ending salt field is remaakly similar among all events. The only event
which ended without stratification present as far as the upstream boundary was E3, but
this event was anomalous because it began after several days of perched overflow
conditions in which the inlet exported nias the estuary salt without allowing tides to
enter. Other than this, all events transitioned to closure directly from a tidal state, and
ended with nearly uniform stratification. The dissolved oxygen declined uniformly
beneath the pycnocline, with thadl amount seemingly depending on the duration of
closure. By the end of E1, the longest observed event, most of the hypolimnion had

dissolved oxygen levels below 2 iy
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5.3.2. Flow structure

During tidal conditions, the estuary flow structure wasninated by semidiurnal
tidal motions. In lieu of these during closure, the flow structure experienced mostly
diurnal fluctuations which mirrored those of w81 This is illustrated in Figurés7, 5.8
for events E1, E4 and E5. Landward winds during ftexraoon and negligible or weak
seaward winds at night led to an oscillating flow structure which was isolated within the
epilimnion at site B3 and extended to the lower edge of the metalimnion at site A4. Water
level observations indicate a diurnal landavélt of the estuary surface that peaks during
the late afternoon. At night the surface is either approximately flat or has a smaller
seaward tilt. The fulcrum of the displacement occurs between the inner and outer estuary,
at approximately &m upstreanof the inlet (Fig.3.2). The highest surface displacements
observed between stations Al and B3 ¢r§ tend to occur when winds at BML exceed
10ms?, although it is unclear to what extent the local topography and diurnal sea/land
breezes influence thedal wind field.

The shape and location of the pycnocline exerts a strong influence on the
magnitude and striiere of the observed flows. Figubed examines this in detail on 28
September 2010, at which time the pycnocline (Bigp) created a 4krong contiguous
lower layer in the outer estuary, but isolated the lower water column at each pool
upstream by resting at or below the elevation of the local sills. The peak landward surface
tilt measured between 14:00 h and18:00 h was met with a similarsvaded velocity

profile above the pycnocline at A4 and B3. Flows near the surface were directed
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upstream while a weaker return flow was located atop the density interface. As the tilt
declined during the evening, the shear at the surface declined attéstnsl an
upstrearrdirected flow developed below the pycnocline at A4, while flows at the
upstream site were quiescent below this level. By the morning of 29 September, the flow
structure at both sites featured an upstream directed current in the albpditine

pycnocline. At site A4, a current with roughly equal magnitude but opposite direction
existed in the lower half of the pycnocline, but there were no visible currents at the same
elevation at B3. These features were consistent aspectsflovitgructure during

closure.
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Figure 5.7. (top) Difference in water level between stations B3 and Al (aonttom)
time-series of alongtream component of velocities measured from upviecthg
ADCP at site B3 during closure E1.
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Figure 5.8. (top) Difference in water level between stations B3 and Al anddenies of
alongstream component of velocities measured from upMacihg ADCP at site B3
during closuregmiddle) E4 and(bottom) E5.
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Figure 5.9. Response of alorgtream velocities attsis A4 (lower left) and B3 (lower

right) to wind (upper) on 28 September 2010, during closure event E4. Difference in
water levels between sites B3 and Al are used as a proxy for wind. Horizontal gray band
represents the pycnocline location. Velocitiesmrsitive in the upstream direction. The
increase in wind during the middle of the day, shown in the upper plot, was a typical
daily occurrence during the measurement period.

5.3.3. EOF analysis

Despite the consistent response to afternoon winds, theap@Bach confirms

that the flow structure at night is directed by different processes at each site. We applied
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the approach discussed in Section 2. Using the set of A4 and B3 velocity profiles during
closure events E1, E4 and E5, we found that eachastésown set of major variance
modes which were invariant with time. The first two variance modes at each site contain
the majority of the total variance and exhibit a dominarh@dr periodicity which

matches that of BML winds and the estuary wateellescords. Although some of the
remaining variance modes (mode 3 and higher) had similar frequencies, none contain
more than 20 percent of the variance at either giet age not discussed here. Figures

5.10a, c illustrate a representative set of restdisnd during E4.

(a) Site A4 (b) Site A4

2

——Mode 1 (49%)
A T Mode 2 (27%)

(c) Site B3

Elevation, (m NAVD88)

——Mode 1 (36%)

-------------- 0.2
4| —Mode 2 (31%) Mode 1
) —— Mode 2
' ‘ ' -0.4
Normalized alongstream velocity 27 28 29 30

September 2010 Day

Figure 5.10.Eigenvectors of alongtream velocity from EOF analysis at sites A4 and B3
(left) and time series of first two variance modes (right). Horizontal gray band represents
the pycnocline location.

The first variance mode atsiA4 and the second at site B3 are associated with

surface wind stress. The shapes of their velocity profiles are highly correlated with each
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other £ =0.97,N = 8,p < 0.0001) and both profiles are comprised of a structure with
landward flow near the siace and seaward flow at the pycnocline elevation, similar to
those calculated analytically by Matheiu et al. (2002). This mode accounts for 48.9
percent of the total variance at A4 and 31.2 percent at B3. The time series of these modes
(Figs.5.10b, d) ndicates a diurnal pattern which matches the time series of water level
measuremenfts both modes are strongly positive when strong landward winds are active.
The lower fraction of the total variance explained by this mode at B3 suggests that wind
stressesre indeed lower in the inner estuary.

The second variance mode at A4 and the first at B3 have different behavior than
those described above. In the outer estuary, the second mode accounts for 27.1 percent of
the total variance. The dominant feature ag grofile is two opposing currents of equal
magnitude centered on the middle of the pycnocline. In the inner estuary, the first
variance mode accounts for 35.8 percent of the total variance, and its profile is composed
of a single upstreasdirected flow sructure resting on top of the pycnocline and weak
seaward flow at the surface. The time series of these modes are quite different from
eachother: At site A4 the time series has the same shape as for the variance mode tied to
winds, but lags by about siobrs. At B3 the time series of the first variance mode
generally opposes the signal of the second mode (associated with winds), suggesting that
it has a strong inverse relation compared with wind speed. It is positive at night, in the
small window when wids are negligible or directed towards the ocean G-d)).

We tested for signs of internal wave influence at the outer estuary site because of

its depth, wind exposure and long uninterrupted metalimnion. Internal waves (seiches)
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are standing waves whi@rtt to compress, expand or vertically displace isopycnals and
can dominate systems with relatively strong stratification or small frictional losses
(Antenucci and Imberger, 2001). For simplicity, we only consider seiches having nodes
at the basin edgesdhzontal mode one, or H1). Horizontal and vertical mode one
seiches (hereafter AV1IH10 in accordance wi
metalimnion composes a small fraction of the total depth (e.g. Monismith, 1985). These
have the appearanceaafrface waves, but act on the density interface and have lower
celerity, owing to the smaller difference in density across the pycnocline rather than the
water surface. In contrast, V2H1 and V3H1 modes act to contract or expand the
pycnocline and becomelagively important only when the metalimnion is roughly the
same size as the upper and lower layers (as is the case in the RRE) (Monismith, 1985).
Multiple modes may be present concurrently, so the profile of adtnegm currents
influenced by seiches cdre complex.

We again use data from 28 September 2010, since the density and current
structure on this date are prototypical of closure conditions at the RRE. We chose the
total uninterrupted distance of the metalimnion in the outer estuary (3.8 kne) lasgith
scaleL (after Shintani et al. 2010, k and¥ are estimated as described in Section 2.
Solving Eqg. 6.1) numerically in Matlab© provided internal wave perio@lsdf 5.5, 15,
and 25 hours for wave modes VINBH1, respectively. The derived alostream flow
profiles of these modes (Fi§.11) provide strong evidence for the existence of a V3H1
seiche in the outer estuary. The velocity profile for the second variance mode at A4 is

strongly correlatedr(= 0.90,N = 10,p < .001) with the profile predicted for a V3H1
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seiche. The predicted 2®ur oscilation period is also very similar to the ~24 hour
diurnal period of the variance mode.

Neither variance mode at site B4 shows any resemblance to the predicted seiche
current profiles, which suggests that these mechanisms play a negligible role in
advanang the salt front in the inner estuary. This evidence is compounded by the lack of
any lag between the time series of this mode and that of the second mode at the outer
estuary site. If a V3H1 seiche were indeed to translate along the pycnocline fdmthe 5
distance between sites A4 and B3, its celerity ®2LT" = 0.084 ms would require a
travel time of over 16 hours. No such lag was observed in the ADCP or sonde data. Also,
while the CTD casts provided some anecdotal evidence of V1H1 or V2H1 seiches
existing near the mouth (e.g. Fig4b), additional measurements show that these do not
translate into the inner estuary. This may be a result of the shallow sill depths located 2
km and 4 km from the mouth (e.g. Fig4) which typically exceed the cigal minimum
depth required to cause these types of waves to transfer their energy to higher modes or to

turbulent mixing (Horn et al., 2001).
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Figure 5.11. Comparison of EOF modes against predicted flow structures. Upper plot
compares alongtream veloity vector given for predicted seiche modes against EOF
mode 2 at site A4. Lower plot compares gravitational current profile against EOF mode 1
at site B3. Horizontal gray band represents the pycnocline location. At the outer estuary
site (A4), the predied V3HL1 seiche is strongly correlated with the second EOF mode
(shown). At the inner estuary site (B3), the first EOF mode more closely matches a

gravitational current, but there are too few available data points to provide statistical
certainty.

Since bng wave influence in the inner estuary is doubtful, we investigate
buoyancy driving as the primary source of variability in the measured inner estuary
currents. This type of forcing is manifested in gravitational currents, which, like seiches,
are also coomon features in basins with longitudinal density gradients and are commonly

associated with subtidal motion of tracers in tidal estuaries (e.g. Bombardelli et al., 2009;
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MacCready and Geyer, 2010). Solving E®2) with a horizontal density gradient

measired on 28 September 2010 indeed provides a current profile that compares
favorably with the first variance mode at the inner estuary site $Ai@b). However,

since the velocity structure at B3 was confined to the upf3em2ters of the water

column, here were not enough data with the 0.5 m velocity bins to provide a statistically

significant correlation.

5.3.4. Salt front advance in the inner estuary

We investigated the role of buoyancy driving further, using concepts derived from
existing laboratoy experiments with similar forcing conditions, keeping in mind
potential scale effects. Except during upwelling at the mouth, the epilimnion behind the
salt front resembles the tanks used in many of the classical laboratory experiments used
for understanithg gravitational circulation (e.g. Simpson and Britter, 1979). These tests
usually consisted of a flddottomed rectangular chamber with a vertical partition in the
center separating two water bodies of different density. When the partition is removed
(lock-exchange problem), the pressure gradient between the water bodies fuels a
buoyancydriven current which leads to eventual vertical stratification. Linden and
Simpson (1986) showed that when turbulence is introduced, the gravity current dissipates
and tke water column mixes vertically, although the horizontal density gradient remains.
The gradient still dissipates with time due to turbulent stirring and relatively weak
buoyancydriven circulation, but it is clear from this study that gravitational citara

during times of weak turbulence is a much more efficient mechanism for distributing the
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density than the stirring that ensues when turbulence is stronger. They also found that the
dispersion of salt along the tank was well described by relatingibtdk horizontal
Richardson Number which they defined as:

(5.6)

DO

whereq is theroot mean squared (r.m.s.) turbulent velocity fluctuation present in the
water columnh is the tank depth argl @& defined above. ARitrends towards infinity,
gravity-driven currents dominate, whereas when it trends toward zero, turbulence
prevents fontogenesis and dissipates any existing currents. A subsequent study by
Linden and Simpson (1988) showed that alternating periods of turbulent and quiescent
conditions allowed frontogenesis to occur: the gravitational current formed again each
time turbulexce subsided and was dissipated each time it was reintroduced.

We estimated @rom the vertically averaged salt field in the epilimnion, using
the peak density gradient measured between any adjacent stations to define the density
gradientqgp} This is basd on the observation of Linden and Simpson (1986) that the local
gradient has more influence on the strength of the gravitational circulation than the total
endto-end density difference in the tank. Lastly, we obtained an estimagé dsing an
ensemb#d mean of the turbulent velocity fluctuations from all four ADCP beams within
the epilimnion.

We applied this concept to the RRE by examining the epilimnion as an analogy to
the described experimental tank. Here, the relatively flat metalimnion actsrash
tank floor on which currents driven by the persistent salinity gradient in the epilimnion

transport salt upstream (e.g. Fi§sl) between intermittent periods of turbulence
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production. A key difference is that bathymetric traps lie ahead of lihieasd in the

natural setting, constraining its motion by inundating negatively buoyant advancing salt
water (Fig.5.4). To study this further, we derive a representative measure of inundation

capacity using measures of the estuary bathymetry and déekityt ooking upstream

from the mouth of the estuary, if we define the front positignas the first location

where the middle of the pycnocline intersects the bathymetry and the pycnocline center
elevation &) as an ensemble mean of the centerlireagions measured at each CTD

cast location behing, we can estimate the available inundation volume ahead (farther

upstream) of the salt front as
V. =N N 0 ldxdydz (5.7)

for which
r(x,y,z)<r,

wherex, y andz are the along, across and vertical dimensions in the estugryand
representative measure of the salt front dgneghich we take as an average of the

density behinc and abovez. Using Figire 5.3b for illustration of these conceptsjs
approximately 0.5 m NAVD88 when measurements were taken on 28 September 2010,
andx; is located approximately 7.5 km upstreafiihe inlet. Thereforey, at this time

accounts for all of the estuary volume more than 7.5 km upstream of the inlet and below
an elevation of 0.5 m NAVD88, which is comparatively small by inspection of conditions
on 19 July 2010 (Figh.3a). Eq (7) regires the assumption thatis a virtual ceiling for
inundation in each pool, which seems reasonable based on the observations, which show

a common pycnocline elevation)(between the mouth ang(e.g. Fig.5.4). }¢is an
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important parameter becausenreants of saline tidal water having higher density than the
salt front may remain in parts of the inner estuary from tidal motions prior to closure,
effectively limiting the available inundation space. We postulate the existence of a
variableC, denoted athe dimensionless capacity and defined as a raNQ ahd the

total water volume of the estuawswary Which is easily derived using the bathymetry

and mean water levdtig. 12 provides a visual example xf z andC, within the context

of the first and second phases of salt field evolution after closure, which are described

above.
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Figure 5.12.Conceptual drawing of the first (1a,b) and second (2a,b) phases of salt field
redistribution after closuréd andC are a representative depth of the iemiion and the
dimensionless inundation capacity, respectivBgrker shading represents higher

salinity water.The Wedderburn number is sometimes supercritical in the first phase
(leading to strong upwelling) and subcritical afterwards, due to champpih,H.
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We compardRi against the time series of the first variance mode at site B3 (which
we have associated with buoyancy driving) during events E4 and E5, when the ADCPs
were operated in mode 12. We also examine separate influences individuallly treeme
buoyancy forcing (vig Yand turbulent kinetic energy productid?)(To estimateri
continuously we linearly interpolate valuesgofusing the assumption that the salt field
is slowly varying. The validity of thiassumption is confirmed by Fige5.6 and the time
series of sonde measurements.

Fig. 5.13d shows that the time series of the variance mode associated with
buoyancy driving indeed varies in concert with Ri¢ime series (Fig5.13c). Although
not perfect, the correlation between the parameters (= 0.46,p < 0.0001N =353 is
strong enough to conclude that gravitational circulation is an important driver of the
observed salt migration. The time seriefRo{Fig. 5.13c) is largely controlled by the
diurnal pattern in turbulengaroduction (Fig5.13b). Large values d? associated with
winds forceRitowards zero during the daytime. WHhexlecays at night, the buoyancy
forcing contributes to the magnitudeR®if For example, the initially high values @fon
4-5 October match threlatively high nighttime values &fi. Wind stress associated with
reverse (seaward) winds at night may also contribute to salt front movement, as indicated
by negative phases of EOF variance mode 2 @i@®d) which are at times coincident
with the paitive phases of the mode 1 series. However, nightly winds can presumably

impede the salt front advance if they generate enoughbléunte to dissipate the front.



(m NAVDSS)

(=)

wn

g (107 kgm™)

(=)

40,000

20,000

(a)

Estuary Water Level

L
S = N W s W

Salt Mass (106 kg)

Il | | | 1 1 1 1 1 1 | | 1 Il | | 1 |
T T T T T
.....e... g’
L — P ‘\d\ i
S | i ©
T T T T T T T T T T T T T T T T T T
Ri = <g'h/q‘7>
T T T T T T T T T T T T T T T T T T
(d) Site B3: Variance Mode 1 |
| 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1
T T T T T T T T lA T T T T T T T T T
- (e) & —A— Capacity: sites B3-B6
- N - o Salt Mass: sites B3-B6 -
L —0
B g . R
= B A S A
Il 1 1 1 1 1 1 Il L 1 1 1 1 ! L I 1
25-Sep  27-Sep 29-Sep  1-Oct 3-Oct 5-Oct 7-Oct 9-Oct  11-Oct
2010 Day

121

P (Nm2s™)

Figure 5.13. (a) Estuary water level from 25 Septemibet2 October 2010, compared
with time series ofb) reduced gravity and TKE productioft) horizontal Richardson
Number (brackets denote vertical average in the epilimn{dhjhe primary variance
mode at site B3 an@) total salt mass and inundation capacity from site8B3The
first variance mode at site B3 is most likely tied to gravitational circulation.
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We also compare these measures against the total salt mass measured between site
B3 and the upstream boundary. This was estimated using the bathymetry and the salinity
valuesmeasured from the CTD profiles at stationsB® The salt mass (Fi$.13e) is
well described by the combinationRf andC, although neither can describe it
individually. Despite the limited amount of daRi,appears to be a good indicator of
periods vhen the salt front is mobile. This is visible during two bursts in salt mass in the
inner estuary from 228 September and® October. In contrasg acts as a constraint
on the salt front movement. The salt mass asymptotes toward a peak v@lue as
appro&hes zero at the end of both closure events. Salt may be added to the inner estuary
whenC is low, but it is limited to the elevations above the local sills where it can be
redistributed freely by the diurnal winds, so its residence time is extremelgdimit
compared with salt trapped in the pools below the pycnocline. Higher frequency data and
a larger number of monitored closure events would improve confidence in these

measures.

5.4.Discussion

5.4.1. Processes driving salt front excursion

The densedine inflows and strong horizontal density gradients set up by tidal
currents provide the initial potential for salt intrusion into the inner estuary after inlet
closure. The initial response leads to an internal wave propagating upstream, which

seems textend the prexisting tidal salt front to as far as 7.4 km from the inlet, but not
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further. The relatively slower second phase of salt migration (slower nightly pulses of salt
moving upstream along the pycnocline) is likely a response to buoyancy dnivtimeg
epilimnion, fueled by the persistent presence of salt in the upper water column near the
mouth. Time series @ @Fig. 5.13b) suggest that persistent diurnal winds and a

difference in wind exposure between the inner and outer estuary maintsieliada

density gradient in the epilimnion, so that the second phase continues indefinitely.
Pycnocline upwelling events at the mouth contribute to this baseline when the epilimnion
is thin or if winds are exceptionally strong (Exp). Even if a criticaWedderburn

Number is not achieved, Okely and Imberger (2007) have shown that diapycnal mixing
may occur as a result of upwelling bringing the interface closer to theshizared

currents at the surface, thereby increasing the likelihood that a critachégt

Richardson Number (e.g. Monismith, 2010) is achieved. The combination of the two salt
migration phases resulted in the salt front advancing to the farthest upstream extent of the
estuary during five of the six closure events that were studied.

The EOF analysis provided strong evidence that a V3H1 seiche dominates the
outer estuary flow field at night, but there was no evidence that this influenced flows in
the inner estuary. This type of mode is not commonly studied, but has been observed in
similar systems (Vidal and Casamitjana, 2008). Propagation of this predicted seiche
mode into the inner estuary is limited by its weak celerity (0.08% ommpared with the
length of the estuary and frequent of winds, which are expected to arrest any remnants of
this current before it reaches the inner estuary (Linden and Simpson, 1988). Since much

of the salt front advance occurs in the inner estuary, internal waves thus do not appear to
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have much influence. This may not be the case in similar systems ifrfasies (e.g.
V1H1) are present.

The sills present in the estuary appaimpede the first phase of salt advance
and aid the second. The largmplitude seiche which appears to be released at the time
of closure is limited in its advance upstream bysiieheights: The wave amplitude is
usually of the same scale as the epilimnion thickness, so that the shallow depths over sills
in the outer and midestuary probably achieve the critical breaking depth (Vlasenko and
Hutter, 2002). This is corroborated the decay in amplitude of the wave observed from
sondes near the surface. Also, $iills appeato physically block the pycnocline@ km
from the inlet, which would prevent the wave from propagating into the inner estuary. In
contrast, bathymetric trajigrmed by the naturally occurring pools at channel bends
arrest migrating salt in pools whenever the front reaches a location where the local
pycnocline is blocked by upstream bathymetry. This trapped salt has an indefinitely long
residence time, since mds do not appear to be strong enough to erode it out.
Additionally, this salt acts as a platform for subsequent loads. The narrow, dé&®yon
structure of the RRE, which may contribute to its alternating-pitiddathymetry, is a
common feature of bamilt estuaries along active continental margins, where steep
gradients are typical (e.g. Cooper, 2001). Many of the bathymetric and topographic
features that contribute to the salt field evolution in this case are expected to be present in

similar settingsespecially in Mediterranean climates.

5.4.2. Limiting factors
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The most important limiters of the salt front advance are turbulence, bathymetry
and the vertical structure of the density field. Turbulent mixing during daytime winds
creates a verticaljpomogeneous epilimnion throughout the estuary (&),
presumably destroying any fronts formed during prior calm periods (e.g. Linden and
Simpson, 1988). Also, the wirgheared profile that arises creates a return (seaward) flow
at the pycnocline elevatn which acts to transport any salt not already trapped in pools
towards the mouth. The elevation of the pycnoclmeapd the volumetric size of the
pools ahead of the salt front limit its advance by constraining the amount of space
available for inunddon with mobilized saltwater. The front must inundate each pool
until the pycnocline is high enough to allow it to pass over the immediate upstream sill. If
not enough epilimnetic salt water is available to do this, the front is arrested until
additionalmixing events at the mouth provide more. If no space is available, salt added to
the inner estuary rests above the pycnocline, and is subject to removal by tfsheand
profile during the day. The importance of this space availability is demonstrated by
strong negative relation shown betwé&eand the salt mass upstream of site B3 (Fig.
5.13).

In many similar systems, riverflow may also be an important limiting factor. In
some cases, such as the San Francisco Bay Delta Estuary, the locationpithe 2
isohaline is statistically tied to freshwater inflows (Monismith et al., 2002). During
closure at this site, freshwater inflows typically contribute less than figé which
results in currents of less than one €hso their effects would be minahin this case.

Depending on the internal hydraulics, stronger inflows could lead to a bidirectional flow
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over sills that would still allow salt front advancement, or they could arrest the front and

prevent its advance (e.gargier, 1992.

5.4.3. The Rapproach and future considerations

The EOF and horizontal Richardson Number approaches suggest that
gravitational circulation is present but cannot confirm its importance relative to other
mechanisms. The latter method seems particularly useful assamaed when
frontogenesis would allow this type of current to form. Comparisd®i wfith the first
variance mode at site B3 suggests that buoyaniexen currents appeared whenwas
O(10" or higher, although this is probably a rudimentary measurss @win. Where
computationallyexpensive numerical modeling is not feasible, a combinatiéti afdC
may provide a useful set of diagnostic tools for predicting evolution of the salt
distribution in similar systems. However, because of the differencemdiexposure
and bathymetry along the estuary it is clear that both internal waves and gravitational
circulation (and perhaps other processes that we have not discussed) are important to the
overall transition. Thus, a unifying theory explaining salt @aiign after closure in bar
built estuaries is difficult to formulate. Future study in this area should make use of
multiple nearby device arrays to estimate the momentum budget, which could increase
confidence in the measures that we have discussed liebetier isolate the suite of

driving mechanisms (e.g. Giddings et al., 2012).
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5.5. Uncertainty Analysis

5.5.1. Measurements

Measurement uncertainties are divided here among flow measurements and boat
based tracer measurements. The standard deviatiansingle (mode 12) velocity
measurement was 2.01 cih[®lanADCP v2.06, Teledyne RD Instruments (2009)] for
the ADCP configuration described above. Ensemble averaging gives a standard error

smaller than the standard deviation:

se= % (5.8)

whereseis the standard error amds the number of measurements within an ensemble.
For 16minute ensembles of 1 Hz measuremeses, 8 x 10" m s™.

The instrument noise level was calculated after Stacey et al. (1999) and Williams
and SimpsonZ004). Instrument noise is a lower bound on the certainty of any given
stress estimate (Nidzieko, 2006), and is calculated by comparing the standard deviation of
the Reynolds against the alestgeam mean of the stress. The variance of the stress is
definad by Williams and Simpson (2004) as:

2M sin® 2g

(5.9)

9r
Sk=

whereb; andh, are velocity fluctuations on opposite beaivss the sample size (600),

and
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X (5.10)
g, =1+23 r(Ln)

n=2
IS a correction factor which accounts for autocorrelation éetwneasured velocities at

different time stepg. in this case is the correlation of the series of measurements with
itself shifted byn time steps. The upper limiKj is usually on the order of 20 s (Stacey et

al., 1999). We foundy; ~ 2, which gave a standard error of § = 0.032Pa for

turbulent Reynolds stresses and a noise floor of 2.2°xrif2. The noise floor was
about 14 percent of the mean stress magnitude.

CTD measurements were accurate to 0.005 °C for tempeeatdii@ 0005 S/m for
conductivity. This gives uncertainties of 0.002 psu for salinity 0.002 épndensity.

Pressure measurements gave depth measurements acculano ~

5.5.2.Calculations

EOF Method

In Section 5.3.3, we showed that a charastierset of variance modes dominate the flow
structure in the outer and inner @ty using flow data at sites A4 and B3, respectively.

We used this to show thgtavitational circulation dominates the flow structure in the

inner estuary and that diurnallgrced vertical mode 3 internal waves dominate the
structure in the outer estuary. To test the significance of the variance modes that were
used to make this assessment, we use the Rule N approach, which is described in detail

by Preisendorfer (1988).



129

Rule N is a methodbr testing the significance of the variance modes calculated
using data against those generated by random numlsian¥e modes are estimated for
alarge number of uncorrelategnthetic datasets of the same size as the original data
matix used in the EOF analysi§he synthetic datasets are composed of normally
distributed randommumbers generated from Monte CasimulationsFor example, the
present study used the EOF approach on matrices ofsioe@m flow velocities
measured by ADPs, where the matrix rowspresented elevation and matrix columns
represented discrete points in time. The number of columns (time steps) was taken as
100, and there were between 9 and 11 rows (depending on measurement station). To use
the Rule N approdx; 100 matrices are formea this caseeach having 100 columns and
either 9 or 11 rows, and every cell value is a pseaddom number generated by
Matlab®© from a normal distribution.

The EOF analysis is performed on each of these 100 synthetic dapasetsing
a set of variance modes for each dataset. Ordering the variance modes by magnitude
(percent of variance explained) and adding a 95 percent confidence inteegattgv
dashed line shown in Figukel4. This is compared against the variance esod
calculated from ADCP data at sites A4 and B3. Variance mtug exceed this dashed
curve are considered significant at the 95 percent confidence level (Preisendorfer, 1988).
In this case, this confirms that the first two variance modes at statioasd®B3 are

significant, while the third mode at Station A4 is marginal.
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Figure 5.14. The percentage of the total variance captured by the first 8 variance modes
for (left) Station A4 andright) Station B3. In both plots the 95 percent significaneelle
obtained from a Monte Carlo (Rule N) simulation (Preisendorfer, 1988) are given.

SaltFront Movement

Here we calculate the uncertaintiaghe terms presented in Figusd.3, which
were used to infer the processes controlling evolution of théeddliduring closure.
For depth measurements, we consider device error and fluctuations in both density and
water level below the measurement intervals. Hourly water levels were obtained at
station B3 from pressure measurements taken ahtinate interals. To get water
levels, hydrostatic conditions were assumed:

p=rgh (5.11)
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wherep is the hydrostatic pressure, amé the depth in the water column above the
sensor. The standard deviation of density in the upper water column i3 &2 Kor a
maximum observed depth of ~3 m (the depth of the pressure sensor), this gives a
maximum error of 0.3 cm due to hourly density fluctuations. The standard deviation of
the tweminute time series of water level is 2.5 cm. Both of these estincat@hined
with the reported 1 cm maximum error reported for the pressure loggeragivisd
uncertainty of 3.8 cm.

Uncertainty in the production of turbulent kinetic energy was found using the
methodology of Williams and Simpson (2004), which requastgmation of the standard

error of the Reynolds stresses (obtained above) and of the velocity shear:

varéky” 8: s? = gs{Vadbz(nﬂ) B bl(n+l) - b2(n-1) + bl(n-l)]}
chz+ ° 4M (Dz2)? sin* g

(5.12)

gs is calculated in the same wayg@dut represents autocorrelation among velocity

shear measurements. We fougd~ 2 and s ; = 0.003. The uncertainty in turbulent

energy production is then found from:
R 2 =2
SZ=UwW's2+30 s2+s52s2 (5.13)
chz+

We used the value of shear near the top of the water column rather thahaitahe
since the stratification limits the kinetic energy near the ADCP. Similar studies are

usually conducted in an unstratified water column and examine the value 0.75 m above

the ADCP face. We found that $ =1.453 10 *Wmi®, which represents roughl 4
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percent of the mean value Bimeasured in the upper water column at Heron Rookery
throughout the deployment period.

Buoyancy driving was represented withtneasured from CTD profiles at
roughly daily intervals. To account for hourly fluctuationg #tandard error @f @as
estimated using the hourly SCWA sonde measurements in the outer estuary, at stations
Al and A4. Hourly variations between these two sites are assumed to be representative of
others in the estuary. Both sondes are located ingiimeion, about 1 m below the
surface, where salinity and density are weiked in the vertical. The standard error for
the periods of inlet closure discussed herein is 2.3%M.6? or about 10 percent of the
mean value off dor the entire dataset.

Uncertainty can be attributed to our estimat®dfy assuming a worstase
scenario (maximum uncertainty of all variables) with the uncertaintigségf andh.
Using the uncertainties for aliee terms, as calculated abavé=q. 5.6, gives an
uncetainty of roughly 0.22 foRi.

Uncertainty in the total estuary salt mass and salt inundation cap@cayg(
assumed to be dominated by several factors: (1) pycnocine tilt during CTD profiles, (2)
errors in estuary water surface estimates, and (3argssection uniformity. The first
refers to measurements taken when shear in the water column discplaces the density
interface, artificially inflating or deflating the salinity profile used to estimate total salt
mass. Errors in water surface estimatesld/gause the salinity profile to misalign with
the elevation profile. Lastly, our use of 12 CTD profiles to characterize the total salt mass

in the estuary requires the assumption that each section of the estuary has a homogeneous
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salt field in the horizotal (x andy) directions. Instrument precision and bathymetry
resolution are assumed to have only a minor influence.

The uncertainty due to pycnocline tilting was found by applying a tilt of 1 m,
which is approximately the maximum observed, which onlyged during BML winds
higher than 10 m& The salinity and elevation vectors at each of the 12 CTD profile sites
were displaced by 1m and the total estuary salt mass veadcrdated as described
above. This produced errors of ~6 percent of the estadirynass, which can be
considered a maximum error, since winds were typically smaller thanst0\ne
estimated the uncertainty due to errors in water surface elevation measurement by
performing the same task with a displacement of 4 cm, the appro@matdound for
water surface measurements. The error in this case is ~ 1.5 percent of the total salt mass.
Lastly, the uncertainty in salt mass introduced by sectioning the estuary into 12 parts
(rather than an infinite amount) was estimated by findiegtotal estuary salt mass using
1, 2, 4, 6 and 12 representative sections. The total salt mass asymptoted toward a constant
value with increasing amounts of sections. The uncertainty was approximated as the
difference between salt mass estimates usingl6l2 representative sections. This was ~
2.5 percent of the total salt mass, giving a total error from all sources of roughly 8 percent

percent of the estuary salt mass.
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6. The Effects of Several Inlet Management Practices on
Water Column Sability in a n Intermittently Cdosed Bar-
Built Estuary

Dane K. Behrens Fabian A. Bombardelli and John L. Largier

6.1. Introduction

As discussed in Chapters 2 andlgrp sakstratification, salt retention and
salinelayer hypoxia are common features of-bailt estuarieswith the RRE providing
a good exampléNhen closure occurs, a number of management options exist, which are
constrained by the habitat requirements of estuarine species and by water quality
concerns, flooding concerns, and other issues (sea&@igpBoth the vertical structure
of the salt field and its extent into the estuary are important limiters of habitat space for
aguatic species. In the vertical, the density gradient between fresher upper and saltier
lower layers inhibits vertical exchge of oxygen, contributing to the hypoxia often
observed in bottom waters (Borsuk et 2001). The interface (metalimnion/pycnocline)
separating the epilimnion and hypolimnion creates a habitat constraint on species that
cannot survive in the lowwxygenconditions(Figs. 5.22). In the horizontal, the leading
edge of the salt front, sometimes measured as the first location having a minimum
salinity, is statistically tied to survival of many pelagic and benthic organisms (Jassby et

al,, 2005).
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When the ittet closes, entinuing freshwater inflows pond behind the beach, and
the resulting hydrostatic pressure gradient that forms between the estuary and the ocean
may either (1) eventually balance with seepage and other water losses, (2) destroy the
barrier ancerode a new inlet (Kraus et,£008), or (3) create a small sugdal
spillover channel that is too weak to erode a new inlet. These conditions are summarized
in Figure6.1. These represent the three most clear management options available. As
discusgd in Chapter 2, the first is common in rural areas with few stakeholders, while the
second is more common where flooding is more of a concern and where agricultural and
municipal development are present along the estuary margins. The third is less common,
but is currently being adopted as a management approach in the RRE (NMFS, 2008)

Even though the perched overflow and closed states prevent tides and the
turbulence that they generate from entering the estuary, the existhsgratfication
may still crange, as the salt field is not necessarily stationary during any of these
management state€ljapter . Since inflows are typically low in these types of systems,
wind usually supplies the majority of the kinetic energy to the lagoon (Gale 20@6),
which may alter the salinity field by directly mixing the epilimnion or by exciting internal

wave modes which transfer the energy to the lower layers (Vidal and Casanzifa8an
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Figure 6.1. Summary of the typical inlet states observed at the RuBsieen Estuary.

From left to right, the states afleft) the inlet after closurégmiddle) the inlet during
perched overflow antight) the inlet during open, fully tidal conditions. The modeling
effort herein focuses on the closed and perched overflmesstPhotographs are courtesy
of Elinor Twohy.

Export of estuary waters through the perched overflow channel or through the
porous beach may also contribute to the {tamgn salinity conditions, but there are few
existing studies to demonstrate the impoce of these factors. While several studies
confirm the existence of a perched overflow state (Hayes, @08B; Crane and
Solomon 2010; Stretch and Parkingd006), it remains uncertain how a small outflow
channel could affect the salt content susture at the basiwide scale. The same is true
of barrier seepage during closure, although a wealth of studies (e.g. Cable et al., 1997),
point to its extreme variability, and in some cases (e.&ielges 2008), its effect on
scalar transport from lagns to the ocean.

Though it is well understood that stratificatidominates scalar transport in-bar
built estuariegBorsuket al., 2001; Cousins et al., 2010), the distribution of scalar fields

throughout the lagoon is rarely studied when a perchedlowerhannel is present.
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Studies addressing this behavior thus far have focused on the physics of the beach
channel system (Stretch and Parkinson, 2006) or the estuary habitat that it provides for
anadromous fish (Hayes et al., 2008; Perissinoto et dlQ)28s a result, little is known
about the differences in water column stability that results from the presence or lack of an
overflow channel in an alreaebjosed system, even though this has strong implications
for the residence time and dissolved oxygentent of bottom waters.

The purpose of thi€hapters to determine how much water column stability
would vary in the RRE as a responsemplementation of two of the threeanagement
actionsdescribed aboveeithertheinlet is left closed or altereth have a suprtdal
perched overflow channel following the onset of inlet closure. We also wish to determine
how varying wind and beach porosity contribute to the consequences of these states. We
achieve these goals with a tdamensional (2D) numericahodel of a real system, and
compare its results with existing field data at the site. The results of this study are
expected to have important implications for management in these systems, since the
habitat requirements of myriad aquatic species arettjiried to the salt field as well as

to the temperature and dissolved oxygen fieldstviare often controlled by it.

6.2. Methods

6.2.1. Field Observations

Since this chapter focuses on typical estuazoraitions during extended closure

and perchedverflow, it relies heavily obhoatbased salinity measurements taken during
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events E1 (SeépmberOctober2009) and B (Jul 2010) for comparison with model

results. These are described along with the methods of field data collection in Chapter 3,
and map®f the estuary salt field during these periods are provided in App@ndix

Special attention is given to the conditions in the 5 km veixplosed reach closest to the
mouth(Fig. 6.2). This is because the recdmathymetric survey (EDS009) indicates

thatthe outer basin contains the majority of the estuary volUine.majority of the

changes in estuary salt structure and raasthus assumed to take place in this region.

Model inputs draw on empirical estimates of beach berm seepage. These flows
are disassed in Appendix A, which shows thhettotal water losses from the system are
significant during closure. Data froh®992009 show a strong empirical relation
between the estuancean head difference and water losses, suggesting that seepage
losses aref primary importance, presumably through the sandy beach. Peak losses rise
from 0-0.5 m's* at a headlifference of 0.5 m to 1.78.75 nis* when the head
difference approaches two meters.

Winds were also a necessary model input, but since no diredtm@asurements
were taken in the estuary, winds were assessed qualitatively by examining gradients in
alongestuary water level, obtained from the pressure transducers placed in the estuary.
Records at the nearby Bodega Marine Laboratory (BML) and presgasurements in
the estuary show a dominant diurnal signal with relatively strong landward winds during

the day and negligible or seawatilected winds at night.
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Figure 6.2. (top) Arial view of Russian River Estuary, showing bdaised CTD
measuremes sites an@bottom) side view using the estuary thalweg profile to mark the
channel bottom. The approximate boundary between the inner and outer estuary
(pictured) represents the departure between the relative deep and wind exposed outer
estuary and theelatively shallow and wind shielded inner estuary.

6.2.2. Theoretical Model

The theoretical model is based on the Reyn@dsraged NavieiStokes (RANS)

eqguations for mass and momentum for an incompressible flow, as follows:

e (6.1)

—1=0

HX;

B o 1 Rp, o AW g (6.2)
HX; ro KX r KX

whereu; is the velocity component in theh direction { varies from 1 to 3, and the

Einstein convention has been employédy,the time coordinates is the spatial
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coordinate in the-th direction,p is the pressurgy is the reference densitg are the
body accelerations in theth direction (including gravitational forces per unit mass), and
{J are the shear stresses, including the stresses coming from purely viscous origin and
turbulence, and the shear stressewall volumes (Flow Science, 2013M denotes
sources/sinks of momentunrth direction. In the analysis, the Boussinesq assumption has
been adopted, whereby the density is only considered in the gravitational terms
(CushmarRoisin, 1994; Bombardelliteal., 2009). This approximation is valid in most
estuarine flows, usually when temperature differences are smaller than 20° C. In the
Russian River Estuary, the density differences are driven mainly by salinity, since the
differences in temperature areatar than 5° C and, thus, relatively min&ee
Appendix B).

Another equation is solved for the transport of density (see Bombardelli et al.,
2009; Kundu and Cohen, 2008) as follows:

w+u(fﬂ)=

W " (6.3)
Mt HX; %

O?B@mo
x[s
-O:0O0O

whereDj; is a tensor adding the eddy di$ivity (due to turbulence) and the diffusion due
to molecular origin, of salt, i . e notthet he
mass conservation equation; rather, it is a simplified version of the energy equation
(Kundu and Cohen, 200®age 128).

For the porous portion of the domain, i.e., the beach, the theoretical model

assumes a momentum loss via a dileg law, as follows:

SMi =- K ui (64)
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whereK depends on the soil porosifihe code allows the user to defideasa function
of the Reynolds Number and porosity. We choose the simplest model embedded in the
code, withK = a wherea is an empirical coefficient set by the usgo. solve foru; in
porous media, the code uses a Darcian approach (Bear, 1988).
The effect ofwind is included via a momentum loss at the cells located near the

free surface, as follows:
SM (free surfacecells) = C,, UW /(r V; @) (6.5)

whereC, is a wind drag coefficientJW is the wind velocity in the-th direction,Vg is
the volume fraction at the volume of tfiee surface of sizé zThe value of the drag
coefficient was obtained via calibratioas discussed in Appendix B.

Free surface boundaries and fluid interfaces are treated using the Wafiriugd
(VOF) technique (Hirt & Nichols, 1981). fie free surface is not ordyprioriunknown in
3D computations, but it also acsa boundary for the problemvhere adequate
boundary conditions need to be specified

For the present study, we close the RANS equations with the use of the
Smagorinsky1963)model. Eddies below a length $&d_, defined by the product of the
sizes of the volume are treated by approximating their effect using a local eddy viscosity

that is dependent on the fluid velocity strain rate:

e =(cL) Jeye (6.6)

wherec is a constant between 0.1 and @gZs the strain rate tensor aaflisthe eddy

viscosity.
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Since we resolve the entire-kin extent of the estuary, we choose a mesh which
captures the largest eddi€3({ m)) and resolves the majority of the turbulent energy
with the Smagorinsky sugrid-scale (SGS) model. Although Smagorinsky closure is
used, this use is of courseta formally Large Eddy Simulation (LES); it is a simulation
rooted in a RANS framework, with a closure of LES. In some literature, methods
referred to as a Coherent Struet@apturing (CSC) or Very Large Eddy Simulation
(VLES) models (llicak et al. 2007) can be found; in this stamdyturbulent fluctuations

are obtained, a feature which is typical of RANS solutions, not of LES.

6.2.3. Numerical Model

Simulations were pesfmed using FLOWBD 9.2.5 (Flow Science, Inc., Santa Fe,
New Mexico)- a computational fluid dynamics (CFD) code that solves the-three
dimensional (3D) transient flow equations by a finitdume/finite differences method.
The grid is rectangular and staggd, which means that velocities are evaluated at the
faces of the volumes, facilitating the imposition of boundary conditions. Although not
originally devised for estuarine problems, the model possesses features that are useful for
the simulation of sttéied flows in natural basins (Bombardelli and Garcia, 2001), river
and estuarine circulation (Rodriguez et al., 2004; Abad et al., 2008), gravity currents
(Bombardelli et al., 2009), and mixing, and allows for accurate treatment of turbulence,
water suréce elevations and solid boundaries (Hirt and Nichols 1981; Hirt and Sicilian

1985).
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In FLOW-3D, the objects are built in independent fashion with respect to the
mesh.The code employs tHeractionalAreaVolume-ObstacleRepresentation
(FAVOR) tednique (Hrt & Sicilian, 1985) which allows for the definition of solid
boundaries within the grid. FAVOBompugs fractions of areas and volumes open to
flow in partially blocked volumes, for thgeterminatiorof fluxesnearbythose
boundaries. In this way, theqress of defining boundaries and obstacles is independent
from thegrid generationOnce the geometry has been defined, the computational mesh is
constructedeparatel, facilitating densification in zones of the domain of particular
interest.

We have chsen to model a unividth 2D planar representation of the estuary,
emphasizing variation in the andz directions, and neglecting lateral variability. This is
because the canydike shape of the estuary leaves a narrow and relatingbriant
channelwidth (Fig. 6.2), so we assume that variation in the lateral direction is relatively
minor compared with variation in the vertical and alstiggam directions (e.g. Fischer et
al., 1979). While LES requires a fully 3D grid to resolve turbulent eddiesfulith
accuracy (Sagaut, 2005), several studies have shown that a 2D approach captures much
of the planar components of flows associated with eddies, as long as the mesh is fine
enough to properly resolve flow boundaries (e.g. Smith and Foster, 2005)ygehft
modeling approach has been used before with some success, both at small (Smith and

Foster 2005) and large scales (Laatar eR@D2).

6.2.4. Grid and Boundary Conditions
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The modeled planar estuary includes a porous beach at the seaward @eft) sid
the domainftig. 61), a rigid bottom boundary representing the channel thalweg, and a
free surface with an open air boundary at the vertical extent of the domain, and an
upstream (right) boundary with variable freshwater inflows. The beach thaateptre
ocean from the estuary at the downstream boundary is given a uniform width of 300 m
and we assume isotropic porosity. The thalweg profile characterizing the estuary bottom
was estimated from a raster of the estuary bathymetry. To fully resolsalthe
stratification, our mesh prioritizes the vertical resolution of the density field, with grid
cells that are 0.1 m long in the vertical direction and 100 m long in the horizontal. We
found that improvements in accuracy imparted from using a finexdwsl resolution
were relatively minor compared with the high computational cost.

A constant freshwatef ~ 998 kgn) inflow rate of 0.012 s’ is enforced at the
upstream boundary, which represents a typicakegson flow of 2.4 fa’divided by the
~200 m width of the channel at this boundary. A constant sea elevation of 0.25 NGVD is
enforced at the ocagboundary, which represents a typical ldagn average value of the
mean sea level (MSL) measured by the National Oceanic and Atmospheric
Administration (NOAA) at Pt. Reyesitp://tidesandcurrents.noaa.gov/station_info.shtmi
?stn=9415020).

At the beactboundary, variable beach width and soil permeability were taken
into account by calibrating the seepage drag coeffigémiEq. (6.5) with field data from
26 Septembeir 5 October 2009Appendix B. The total seepage rate through the beach

was adjustedo that seepage losses balanced with freshwater inflows to match the
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observed water level changes during this time. At the same time, the vertical profile of
permeability was adjusted to allow for the correct prediction of vertical salinity profiles
near he mouth Appendix B. For the present study, we assume that these estimates of
the average beach permeability and its vertical profile are reasonable for use with other
closure events.

To model closure events, the top of the beach is positioned mudar ltigim the
initial estuary water level, allowing the water level to increase behind the beach as
freshwater inflows are trapped. For perched overflow, the top of the beach is placed 0.1
m below the height of the estuary water level at the initial ting si®wing the estuary
waters to spill over the beach freely.

The vertical boundary (the estuary free surface) is forced with a diurnal wind
stress represented in three stages: aWwigd case, a lowvind case and a case with
nonexistent wind. We userapeating 24hour sinusoidal signal with landward winds that
peak at 15:00 h during the day and relatively weaker seaward winds that peak at 3:00 h in
the early morning (Fig6.3).

The initial salinity field was constructed from observations at the begjrof a
typical closure event that began on 4 October 2010 6B3¢. At the initial time step, the
estuary is already stratified in the vertical and most of the estuary salt is concentrated in
the outer estuary. The analysis focuses on sites in theestitery, since this contains the
majority of the volume, salt and habitat space in the estuary. We neglect the effects of
temperature and consider density as being controlled exclusively by salinity, since we

found that salt had a much greater influeanehe density field.
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Figure 6.3. Summary oftop) wind forcing conditions used in the model runs and
(bottom) the initial salinity profile enforced at the initial time step. The wind signal is
repeated diurnally for the twaveek model duration. The irall density field mirrors the
salt field.

6.2.5. Validation

Full details of the model validation are providadAppendix B,wherethe model
is testedn a number of canonical situations and also compared against observations in
the RRE from 26 Septembter 5 October 2009, duringjosure event E1T@ble 3.2. The
model was found to be an excellent descriptor of pycnocline upwelling, verically
sheared flow structure and density field evolution when compared with the field data,
despite the 2D approximatiofhe grid resolution and our choice of a VLES turbulence
model provides limitations to resolving the viscous boundary layer, but this is mitigated

by the relative depth of the estuary: With the present specifications, the model fits the
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law-of-the-wall profile (Pope 2000) for all depth values except within ten percent of the
total depth from the boundary. The estuary bathymetry and density structure typically
relegates this to the hypolimnion, which is well below both the surface and the density
interfacefor most of the outer estuarggpendix Q, so we assume that its effect is

minimal.

6.2.6. Model Simulations

Twelve total scenarios were modeled, which are intended to explore the
differences between closure and overflow for different beach seepagerahd
conditions (Tableé.1). Runs consist of tday management periods, all starting from the
same initial condition, with the estuary water level resting at a typical higher high water
(HHW) tide level of 0.25 m NGVD88. As time passes, the hydrodynanhidese two
management choices are expected to diverge, since the estuary will fill during closure and
remain the same level during overflow. The forcing conditions used here are intended to
reflect typical conditions both at the RRE and at similarthalt estuaries in semiarid
climates (e.g. Coope2001; Roy et a).2001). In the remaining sections we focus on the
current structure, evolution in salinity field, water column stability and total salt mass in

the estuary during the model runs.
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Table 6.1. Summary of model runs.

Run wind Inlet Beach
la High Closed Non-porous
1b High Closed Porous
1c High Perched Non-porous
1d High Perched Porous
2a Low Closed Non-porous
2b Low Closed Porous
2c Low Perched Non-porous
2d Low Perched Porous
3a None Closed Non-porous
3b None Closed Porous
3c None Perched Non-porous
4c None Perched Porous

6.3. Results

6.3.1. Current structure and residual circulation

The stratified salt field used as an initial condition had a strong effect on the
current structure in the lagoon. For all model runs, the majority of the shear and kinetic
energy resulting from combined wind and river forcing was confined to the upper one
meter of the water column (Fi§.4). The river currents (~10ms™) were additivavith
wind currents (~1® ms?) at night, but were otherwise overpowered by landward winds
during daytime. These winds caused the pycnocline to upwell at the mouth and to
downwell approximately -4 km upstream, forcing the interface to interact withriiel
bathymetry at both sites at a 24 hour interval. Since the system is mostly enclosed, the net
currents enforced by the combined wind and river inputs also produced a return flow at
depth, with the sharp pycnocline often acting as the dividing bouhaamneen the bi

directional flows (Fig6.5).
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To examine differences between the closure and overflow cases in detail, we
obtained residual flow profiles for both after first Rdimensionalizing elevations by
scaling with the total depth, after Giddinggsal. (2012). At a site in the middle of the
outer estuary (A4; Figs.2), the residual profiles have similar features during both inlet
states (Fig6.5), but currents were clearly amplified when an overflow channel was
present. The high wind scenaria®guced a classical residual wistieared profile with
landward flows at the surface and return flows beneath it, similar to the profile discussed
by Mathieu et al. (2002). For the le\and newind scenarios this profile increasingly
reverted to a typicaiverflow-dominated profile with surface flows toward the inlet and a
weaker return flow in the pycnocline. Residual surface flows were approximately 0.5 cm
s* faster with an overflow channel than with a closed beach, while upsttieacted
return flowsjust above the pycnocline were about 0.2nfaster. The flows were not

strongly influenced by the inclusion of beach seepage.
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Figure 6.4. (top) Vertical density profiles after 12 days at site A4 during the closed and
overflow cases with higlvind anda porous beach, compared with the initial density
profile. Alongstream current velocities are also shown at site A4 for thevhiigth and
porous beach simulations with (middle) a closed beach and (bottom) a porous overflow
channel. Positive values areatited upstream. The dashed line represents the vertical
location of the mean density, which is the center of the pycnocline.
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Because of its effect on the current structure, the presence of an overflow channel
also dramatically increased the residual salt transport in the outer estuary when compared
with inlet closure. Fjure 6.4 shows that for overflow, the pycnocline at A4 was close
enough to the surface to be subjected to the relatively fast surface currents for the entire
simulation period, while during closure, trapped freshwater inflows lifted thisdhighr
regionaway from the pycnocline with time. As a result the peak salt transport rates for
overflow were markedly stronger than for closure in the vicinity of the pycnocline,
indicated in Figire 6.5c¢ for the high wind case. The structure is also mosttiirectioral
for overflow and mostly directed toward the mouth during closure. For thealogvne

wind cases, the differences in transport near the pycnocline became much smaller.

6.3.2. Salt field evolution

The net transports shown in Big 6.5¢ corresponded toasinwide salt
redistribution, which we trace using image subtraction with thex2iplane)
interpolated salt field (Fig$.6-6.7) in the outer estuary. For runs with a closed inlet and
a nonporous beachHig. 6.6ac), increasing amounts of salt werecumulated above the
pycnocline near the mouth for increasing wind speed. This was partially balanced by a
return flow at the pycnocline elevation that transported salt upstream, although the
overall net transport was toward the mouth, reflecting thdtreskigure 6.5c. When no
wind is applied, the riverflovdominated residual currents gave similar results, although

their effects were much weaker (F&6c).
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While the coloration of Figre 6.6af indicates that much of the salt accumulated
at the mout arrives from upstream, the loss of salt below 0 m NAVD88 shows that
vertical diffusion at the basin edges during upwelling may also be an important source
(e.g. Imberger and Ive1993). For decreasing amounts of wind, this change in salinity at
the edge diminished. When a porous beach was used (6188, the salt carried to the
mouth was exported through the beach, made visible by a net decrease in the salt
throughout the outer estuary and by a lowering of the pycnocline. This export increased

for higher winds, with the highest amounts of salt lost in the basin nearest to the mouth.
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For the model runs with perched overflow, horizontal transfer of salt in the
vicinity of the pycnocline was much stronger than for closure. There was almost no
visible difference between the porous and nonporous beach cases, but salt movement was
strong for both, and there is again a positive relation between the strength of wind forcing
and the amount of horizontal transfer. Again, the basin nearest the mouth was the region
where much of the salt was lost, corresponding to observations of stronger upwelling than
during closure. The coloration of the higlind cases in Figre 6.7af looks similar to the
result of modeled closure without seepage.(6igac) but with amplified effects:
Salinity increased by about 6 psu at the mouth and decreased by roughly 8 psu upstream,

compared with changes of 3 a®lpsu observed during the equivalelasure case.

6.3.3. Water Column Stability

The difference in salt redistribution between closure and overflow cases also
translated to changes in the water column stability, which affecteddongpotential for
mixing to occur. Without thermal influeas, this stability is solely the result of the
buoyant freshwater inflows, salt export from seepage and overflow and changes to the
strength of stratification (e.g. Simpson et 4890). We examine sites at the basin edge
(Al) and in open water (A4) usirngo stability measures, the Brunt Vaisala frequency
(Fischer et a).1979) and the potential energy anomaly (Simpson €380). The

former is defined as:

N2

g w
. (6.7)

Wz
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where all variables are defined as above. The potemt@gy anomly is defined as:

f= % A (£ r)gzdz (6.8)
- 1 9
E= ™ N, rdz (6.9)

Eq.(6.7) provides a measure of the strength of stratification whilg&8) represents the
total mixing energy required to make the vertical density distribution homogeimethies
water column. We estimaté? for all cells in the vertical direction, using forward
difference operators to represent the derivative if&d). For analysis, we use the peak
value measured in the pycnocline, as this represents the limitingioarfdit scalar
transfer between vertical layers (Borsuk et2001).

Fig. 6.8 shows that peak® values are strongly tied to wind speed both at the
basin edge and in open water. When a closed inlet wasNfse@s generally smaller for
stronger windstegardless of whether seepage was present. However, most of the change
occurred within the first week, witk? varying between 0.1%sand 0.14 § near the
mouth and between 0.08 and 0.14 $§ in open water, followed by a period where it
remained relavely constant. The addition of a porous boundary constrained the
trajectories of\? to a smaller range, but otherwise did not alter the stetadg nature of

the outcome after two weeks.
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Figure 6.8. Time series of peak N2 valuesq@f 0.3 km from tl inlet and (eh) 2.4 km

from the inlet. Line weights correspond to tRehigh-wind, (--) low wind and (:) no

wind cases. Peak N2 values were generally located at the center of the pycnocline. Values
shown here represent a lgyass filter of the raw N24rhe series at each site, using a
rectangular filter width of approximately two days. This was used to extract the diurnal
variability.

In contrast, changes t were much larger when an overflow channel was
present (Figs6.8c,d,g,h). For this cad¢ increased for all wind speeds, both at the
mouth and upstream. At the upstream site, stronger winds corresponded to a faster
increase in peaki?, while near the mouth, the opposite was true, with higher winds
causing a slower growth. This may be relatechtogrior result showing that as winds
increase, salt accumulates in the epilimnion near the mouth and is stripped away from the
rest of the basin (Fig.7). Unlike with closure, the addition of seepage had an
insignificant impact on strength of stratifigan for the perched overflow cases.

In contrast td\?, we found that (Fig. 6.9) was mostly controlled by the total
estuary depth. Trapping of inflows behind the beach during closure led to higher growths

oft during the tweweek period, despite the fatiat stratification was stronger for
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perched overflow. During closure,increased by 260 Jm* throughout the estuary,
compared with 8.0 Jm® when an overflow channel was present. The spread 6f the
trajectories differed by location and also by thlet state: For perched overflow,
approached a steady value near the end of theveei simulation whereas it showed no
signs of stabilizing by this time during closure. The inclusion of beach seepage lowered
the growth of to 20-30 Jm*during closue, but had no noticeable impact during

overflow. The sole consistent result across all model runs was that stronger winds led to

slower growth rates of at all sites.
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Figure 6.9. Time series of potential energy anomaly (Simpson et al. 1990) medaured
d) 0.3 km from the inlet an¢e-h) 2.4 km from the inlet. Line weights correspond to the
(-) highrwind, (--) low wind and (:) no wind cases. Values shown here represent a low
pass filter of the raw time series at each site, using a rectangular filidth of
approximately two days. This was used to extract the diurnal variability.

6.3.4. Total Salt Mass
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We use the time series of the total salt mass in the estisyq provide a
means of forecasting the future water column stability, since gk imain source of the
vertical density difference here. We estim@Mas the sum of the products of the cell
volume and cell salinity for the entire domain.

With the inlet closedSMdecayed by a rate that accelerated with time, whereas
the presencef@n overflow channel limited salt export, leadingSigltime series that
trended toward constant values (FddLOb,c). Stronger winds increased the export for
both cases. For closure, of the original salt mas4) 84, 82 and 79 percent remained
after 14 days for the no low- and highwind scenarios, respectively. The effect was
similar for overflow, but with a much wider range: without seep&iéreached values
of 94, 90 and 81 percent 8, after 14 days for the rplow- and highwind cases,
respetively. Adding seepage to the perched overflow simulations lowered thé&fihal
values by approximately two percent3i¥h. For the low and newind cases, having a
closed beach consistently led to faster export of salt from the estuary than with an
overfow. However, during the first 12 days of the simulation when high winds were
used,SMdecreased more quickly with an overflow channel. After this time, the
difference in the trajectories makes it clear that export during closure would begin to

outpace it(Fig. 6.10a,b).
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6.4. Discussion

6.4.1. ShortTerm Water Column Stability

For the prototypical initial conditions used here, full mixing is impossible within a
few weeks whether or not a perched overflow channel is present. This can be explained

within the context btypical initial conditions and their effect dhe Gradient Richardson

Number:
2
Rig = N 2
AMU O NI
4 o
chz+

Many studies have demonstrated the ties betgeand turbulence, with most showing
that turbulence is largely dissipated and ineffectuavéotical mixing wherRig < 0.25
(Monismith, 2010). Peak values Kf were above 0.1%for all model runs (Fig6.8), a
constraint made possible by the inflow of fresh water into the surface layer and by the
trapped tidal water having salinity of ~20 psuresponse to wind forcing¥ profiles are
maximal near the surface, having peak values of roughly?.Ttss translated to peak
values smaller than 0.0F sear the peak density gradient during closure and even less
during overflow. In both casethis provideRig values above 10, far insufficient to
weaken the peak salinity gradient. Thus, a thinner upper layer or much lower salinity
difference would be needed for the available wind energy to break up this gradient. In

shallower systems, shearthé channel sides and bottom could make mixing easier by



163

subjecting the pycnocline to regions of high shear (Fischer et al., 1979), so this scaling is
assumed to be relevant only for systems with deep basins similar to the RRE.

Even if the surface wind €ss is unable to fully mix the water column, any
currents that reach the upper pycnocline have the effect of stripping salt away from the
middle of the basin and accumulating it at the edges ¢F¢6.7) in the short term.

Figure 6.7 makes it clear thahis displacement is strongest for a shallower epilimnion

and for sharper stratification, which was earlier shown by Nunes Vaz et al. (1989).
Neither of these were present for the closure scenario since inflows were generally larger
than seepage lossedpaling the estuary water level to rise and to displace the applied
wind energy away from the pycnocline (F&4b). This is the probable cause for p&&k
values becoming stable and invariant after the first week of the simulations (Fig
6.8a,b,e,f).

Thedifference in water column stability between the mouth and stations farther
upstream (Fig6.2) can be attributed to upwelling at the mouth during afternoon winds.
Okeley and Imberger (2007) found that upwelling aids vertical diffusion of denser water
simply by exposing it to the faster currents near the surface. This was the case here even
during partial upwelling. Closer examination of the results indicates that the size of the
region with weakened stratification depends on the strength of upwellihg basin
edge and the amount of salt displaced toward it from elsewhere in the estuary. Here it
was limited to within 1 km of the beach (F&#§6-6.7). Though the majority of the RRE

volume is distant from this region, it is foreseeable that differestdped basins could
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experience basiwide destratification from this process if their volume is concentrated

next to an upvind boundary.

6.4.2. Salt Export and Lond erm Stability

Even within a two week period, the results make it clear that the choiokebf i
management after closure can dramatically influence water column stability in the long
term. Even though the results are partly a reflection of initial conditions, they can also be
explained with a simple twiayer mass balance approach that takesactount the
dominant salt transfer mechanisms. This provides a means for extending the stability
analysis by forecasting the amount of salt remaining in the estuary after some time in the
future, based on the forcing conditions present. For a simplaregupasin with
idealized twelayer vertical stratification (Figs.11), the total salt mass export rate can be

described as the sum of the rate of changes of salt mass in each layer:

dSM _ dSM, _ dsM,
dt  dt dt

(6.11)

Where the subscripts 1 and 2 corresptnthe upper and lower layers,
respectively. Each layer has an associated deptn(lh,) and salinity § andS;) which
may both vary in time (Figs.11). We assume that both layers are instantaneously mixed
and that the stratification and bathymetrgyant freshwater inflows from entering the
lower layer. If we assume that no wave overwash or tides intrude into the estuary, that
upstream inflows are fresh and that there are no other sources of salt within the estuary,

the net change in salt mass will hegative with time.
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Figure 6.11. Schematic of the inlet duringop) inlet closure andgbottom) perched

overflow, indicating the main components of the salt mass balgride the head

difference between the estuary and mean ocean level adjacent to thedbgdoh.
displacement of the pycnocline at the upwind (left) boundary. All terms are based on unit
widths, corresponding to thezxplanar modeling approach.

Due toincreased flow path length, seepage flows should decrease with depth into
the beach, so that the amount of salt exported 8dnshould generally be lower than
for SMy, unless the base of an overflow channel extends into the lower layer. Wind
induced upwHting of the interface alters the decaySih by exposing the bottom layer
to higher elevations of the beach (Cable et al., 1997). When an overflow channel is

present, upwelling also allows direct export of 8, near the surface. The degee of





































































































































































































































































































































































































































































