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Abstract

A study of the Duplin River, a shallow, sinuous, tidal creek wich connects the salt
marshes of Sapelo Island, on the central Georgia coast, witie waters of Doboy Sound and
the coastal Atlantic Ocean, was conducted to quantify the pysical processes which regulate
the ux and zonation of heat and salt throughout the creek syem.

Three water masses are identi ed with di ering temperatureand salinity regimes. Hourly
scale heat budgets are constructed for the upper (warmer) @dower (cooler) areas of the
Duplin River showing the diminishing importance of tidal adeection away from the mouth of
the creek along with the concomitant increase in the importece of both direct atmospheric
uxes and of interactions with the marsh and side creeks. Thieeat budget is re-examined on
daily averaged scales revealing the decreased importantaavective uxes relative to direct
atmospheric uxes on this scale but the constant importancef marsh/creek interactions
regardless of time scale or season.

Tidally averaged along channel salt uxes are calculated a@na contrast is drawn between
the lower and the upper Duplin. The main channel of the lower Oplin is bordered by
creekless marsh, marsh hammocks and hard upland and salt esare largely constrained
to the main channel with salinity in the lower Duplin closelytracking observed salt uxes.

The upper Duplin is isolated from the lower Duplin by a sinuos channel and is subject



to signi cant local fresh groundwater input. The upper Dupin acts as a reversing estuary
on a fortnightly time scale. Salt uxes are not constrained @ the main channel but show a
signi cant in uence of the marsh.

Vertical mixing is shown to be modulated on both M4 and fortrghtly frequencies with
turbulent stresses being generated near the bed and prop#éigg into the water column
on periods of max ood and ebb and being signi cantly greateon spring tide than on
neap. Horizontal mixing is driven by tidal dispersion, whik is modulated by the fortnightly
spring/neap cycle. Net export of salt from the lower Duplin$ shown to be due to residual
advection modi ed by upstream tidal pumping which, in the alsence of external forcing,
exhibits a pulsating character with net export taking placeor a short period on spring tide
followed by a longer period of net import of salt.

A box model is developed to explore subtidal inputs of groumdhter and salt into the
three water masses of the Duplin River. The results of this ndel are examined to draw
insights into the magnitude and spatial distribution of these processes and their e ect on
the Duplin River water masses.

Index words: estuary, salt marsh, tidal creek, tides, heat budget, saltux, reversing
estuary, groundwater, vertical mixing, turbulence, dispesion, tidal
pumping, Kx, Kz, marsh-creek interaction, box model, Duph River,
Sapelo Island, Georgia, U.S.
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Dedication

This dissertation is dedicated to my mother, Beverly Jane M€ay, whose love of nature and

of the ocean has served as a continuing inspiration. Rest ire&ce.

And the sea lends large, as the marsh: lo, out of his plenty theza
Pours fast: full soon the time of the ood tide must be:

Look how the grace of the sea doth go

About and about through the intricate channels that ow

Here and there,

Everywhere,

Till his waters have ooded the uttermost creeks and the lowying lanes,
And the marsh is meshed with a million veins,

That like as with rosy and silvery essences ow

In the rose-and-silver evening glow.

Farewell, my lord Sun!

The creeks over ow: a thousand rivulets run

"Twixt the roots of the sod; the blades of the marsh-grass sii
Passeth a hurrying sound of wings that westward whirr;

Passeth, and all is still; and the currents cease to run;

And the sea and the marsh are one.

| Sidney Lanier, "The Marshes of Glynn' (lines 79{94)
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Chapter 1

Introduction and Literature Review



1.1 Salt Marsh Tidal Creeks

Intertidal salt marshes are among the most productive and enomically valuable ecosystems
on the planet (Reimold et al., 1975). Through their regular ooding and draining by the
tides they interact with the coastal ocean to serve as both asrce and a sink of sediment,
capturing sediment from the mainland to build the marsh and porting sediment to build
barrier islands and o shore deposits (Childers and Day, 199; Cavatorta et al., 2003). They
serve both to x inorganic carbon from the atmosphere and toxgort inorganic and organic
carbon to the atmosphere and ocean (Wolaver and Spurrier, 8%, Cai et al., 2003; Wang
and Cai, 2004). They sequester inorganic nutrients such agrogen and phosphorus in their
sediment and export organic nutrients, derived from the mah vegetation, to the coastal
ocean (Childers and Day, 1990b; Teal and Howes, 2002). By alisng tidal energy they
serve as a vital barrier to dissipate storm surge and proteatoastal structures (Moeller
et al., 2001).

The primary linkage between the salt marsh and the coastal ean occurs through the
network of tidal creeks, which cut through the marsh and prade a direct conduit to the
neighboring sounds and to the coastal ocean. These creekevite ideal habitat for many
species of sh, shell sh, crabs, shrimp and other organisnduring some or all of their life
(Boesch and Turner, 1984; Minello et al., 2003). The qualitpf these creeks as habitat is
strongly regulated by the physical properties of the waterespecially the distribution and
variability of temperature and salinity, and by the rate at which nutrients and larvae are
mixed, dispersed and advected through the system and expedt to the coastal ocean.

The role of seasonal and annual scale temperature variatiam regulating the biological
productivity of salt marsh creeks has long been recognizeskg, for example, Pomeroy, 1959;
Vernberg, 1993), however recent work has begun to exploreesthole of smaller, short period
temperature variation in regulating biological productivty and activity. Perez-Domingues
and Holt (2001) have described how the relative magnitude aimall diurnal temperature

uctuations in seagrass beds, on the order of 1{3 C, aects the hardiness and survival



rate of red drum sh larvae while Newman et al. (2006) showeddw similar uctuations a ect
the growth and development rate of South African prawn larnva. Both Jorgensen (1990) and
Bernard et al. (1988) have shown how short term reductions itemperature due to local
weather or coastal upwelling can alter the behavior of esttiae Iter feeders or even lead to
signi cant mortality for creatures with a short larval period.

Most studies of the temperature cycle in coastal waters hawoncentrated on the shelf
and near shore regions examining them on seasonal or annuaid scales (see, for example,
Prandle and Lane, 1995; Na et al., 1999; Bignami and Hopking)02; Wilkin, 2006), though
recently Kaplan et al. (2003) examined the role of solar andimd forcing in generating large
diurnal uctuations in the temperature o the central and northern coast of Chile.

Several studies have been published describing the tempera cycle and distribution in
tidal creeks (see, for example, Ragotzkie and Bryson, 193%ackney et al., 1976; Schwing
and Kjerfve, 1980; Uncles and Stephens, 2001; Vaz et al., 23)(ut most have either been
conducted over short periods or else have focused on longriérends. Smith (1983) described
both high and low frequency temperature variations in a shiw lagoon during both summer
and winter conditions, while Hoguane et al. (1999) descrilethe diurnal and semi-diurnal
temperature variability in a mangrove swamp controlled by lie interactions between solar
heating, tidal advection of heat and bathymetry. Heat budges, with attempts to reconcile
the observed temperature variability with measured atmodperic and tidal heat uxes, are
rare in estuarine waters due to the di culty of constraining the uxes through the intertidal
areas. Smith (1981) and Smith and Kierspe (1981) observedetiineat budget in a shallow
estuary on the Texas Gulf coast showing that the di erence leeen latent and sensible heat
uxes closely matched observed changes in heat storage irotie waters.

The presence of extensive intertidal marshes and mud ats oareatly a ect the temper-
ature cycle in a tidal creek. Thin sheets of water are spreacti@ss the marsh at high tide,
where heat can be readily exchanged with the atmosphere aretsnent, only to return, less

water loss to evaporation, on ebb tide. Crabtree and Kjerfv€l978) investigated the radia-



tion balance over a South Carolina marsh vegetated witBpartina alterni ora , showing the
relation of net and re ected radiation with the amount of vegetation while Heilman et al.
(2000) showed the dependence of radiative heat uxes on thengent inundation of a similar
marsh in Texas. Harrison and Phzacklea (1985) showed how theeraction between tidal
and solar frequencies causes complex patterns in the stagagf heat in an intertidal mud at
in an estuary in Scotland. Vugts and Zimmerman (1985) obsezd similar patterns in mud
ats on the North Sea. Matsunaga and Kodama (2000) showed thenportance of transfer
between the sediment of a mud at and the overlying water to te local heat budget and
speculated that the large lateral heat gradient across theat could be a signi cant term in
the heat budget of the adjacent water.

Like temperature, the distribution and variation of salinty within a tidal creek acts to
strongly regulate local productivity (Hackney et al., 1976 Underwood et al., 1998; Islam
et al., 2006). Given the lack of surface freshwater runo it most tidal creeks, the distri-
bution of salt within the creek is tied primarily to the input of fresh groundwater, which
tends to dilute the salt and, by driving the mean out ow, to exort it from the creek, and
to the action of the tides which tend to pump salt into the crek (Lewis, 1997; Dyer, 1997).
Advective uxes in the creek channel are due to the residualxport of fresh groundwater,
which ows into the creek, changes in storage volume, tied tmeteorological forcing caused
by local and o shore winds, and runo due to precipitation.

The action of tides in the creek causes a net tidal dispersivex which was described
by Fischer et al. (1979). This dispersive ux is generally d®mmposed into terms referred
to as tidal pumping, tidal trapping and shear dispersion tans. Tidal pumping is the along
channel dispersion of salt due to correlations between thiglally varying depth, velocity and
salinity in the creek. It generally results in a net in ux of slt, which varies strongly with
the spring/neap cycle. Tidal trapping refers to the along cannel dispersion of salt caused
by the temporary diversion of water into small side creeks @nembayments, and onto the

intertidal marsh areas, on ood, which then mixes back into gotentially dissimilar water



mass in the main channel on ebb, causing an e ective along chreel dispersion of salt. This
term is highly variable with tidal height and the spring/negp cycle and can result in either
a net in ux or out ux of salt. Shear dispersion refers to the rt along channel dispersion
of salt caused by vertical or lateral shear in the ow acting o a vertical or lateral salinity
gradient respectively. This term has components tied to bbttidal ows and the residual
ows due to the estuarine circulation.

Neglecting tidal trapping, which is highly dependent on bdtymetry and thus di cult to
calculate, the tidal dispersive terms due to tidal pumping ad shear dispersion are generally
guanti ed through a process of decomposition. Building onhe work by Taylor (1953) and
Taylor (1954), Bowden (1965) was the rst to consider the alng channel dispersion of salt
related to the action of strati cation on shear in both the mean and the tidally varying
ow. Hansen (1965) proposed a decomposition which expredsthne estuarine salt ux in
terms of vertical and lateral variability in ow and properties; Fischer (1972) proposed a
decomposition which allowed the vertical and lateral shegrrocesses to be separated, but
which did not account for tidal variations in depth, which can be important in shallow
estuaries with large tidal ranges. Kjerfve (1986) modi ed ie work of Hansen (1965) and
Bowden (1965) to account for tidal variations of depth in a shllow estuary.

Measuring these uxes can be a di cult task. The measurementf the residual advection
is complicated when the net discharge is low and unknown, daggenerally is in a tidal creek,
as it is the result of the small di erence between two much lgrer quantities (ood and
ebb tidal velocities) making this measurement particulayl sensitive to errors related to
instrument bias and placement (Lane et al., 1997; Simpson at., 2001). Despite the fact
that lateral variability can be of the same order of magnitué as vertical variability (Dyer,
1974), most salt ux measurements neglect the lateral termsut of concern for the logistical
problems of sampling for lateral variability, concentratng only on the center channel salt
uxes. This simpli cation can be justi ed in areas where a rgular channel geometry and

small scale reduce the lateral variability in ow and salt. Rattray and Dworski (1980) showed



that for many cases, lateral variability is indeed small copared to vertical variability. The
presence of secondary ows due to curvature in the channel yBr, 1974; Chant, 2002) and
density driven ows (Turrell et al., 1996), caused by the uneen distribution of salt due to
Coriolis or bathymetric e ects, can further complicate isges by introducing localized lateral
ows which may be signi cant to the local salt ux. When theseareas of curvature or density
gradients occur with a separation distance less than or edua, the tidal excursion distance,
locally enhanced salt uxes and mixing can occur (Geyer anddhell, 1992).

The classical salt budget techniques are formulated assumgithat the estuary is in quasi-
steady state and that upstream salt uxes generally balancgownstream export (Dyer, 1997),
but this is often not the case as changes in freshwater ushinstorage volume and oceanic
forcing can radically alter this balance. Much current inteest is focused on understanding
salt uxes in these unsteady estuaries. Bowen and Geyer (Z)0Ohave reported that during
low out ow conditions in the Hudson River, salt entered the stuary primarily in monthly
pulses tied to the apogean neap tide causing the salt conteat the lower tidal prism to
uctuate by 10% as the salinity increased rapidly and then reovered. Banas et al. (2004)
reported on a highly unsteady estuary in Washington State ahderived a modi cation to
the classic estuarine classi cation scheme of Hansen andtiRay (1965) by introducing an
‘unsteadiness' parameter accounting for the highly vari#éd oceanic and river forcing.

When steady state can be assumed, some progress has been nteward crafting a
theoretical framework for estimating salt uxes and tidal dspersion from basic geometry and
ow. MacCready (2004) developed a method using a rst orderrdinary di erential equation
to describe sectionally averaged salinity distributionsni simple estuarine geometries which
encompasses and extends the small body of earlier work onuasine prediction (see Hansen
and Rattray, 1965; Chatwin, 1976).

Vertical mixing has long been appreciated as an important atrol on the ux of dissolved
or suspended substances (such as sediment, salt, nutrieatsd larvae) and uid properties

(such as temperature) through the estuarine environment tiough its action on strati ca-



tion (see, for example, Pritchard, 1952, 1954; Hansen and tRay, 1965). Increased mixing
decreases strati cation and thus decreases the magnitudé shear dispersion. Unlike on the
larger horizontal scales in an estuary, where tidal dispave forces dominate mixing, on the
smaller vertical length scale, where vertical velocity isery low, turbulence, the highly irreg-

ular and di usive small scale uctuations of the velocity eld, is the primary physical driver

of vertical mixing (Tennekes and Lumley, 1999).

In a sheared ow, bounded at the bottom by the bed and the top byhe atmosphere,
turbulence is primarily generated by tidal friction at the bottom boundary. Wind stress on
the top boundary, surface stress as water heats and cools doeatmospheric e ects, thus
changing its buoyancy, and internally generated turbulerec caused by shear through the
water column are also contributors. This mixing is opposedybstrati cation, which serves
to damp and dissipate the mixing stresses. Where mixing isgarous, strati cation will be
low or non-existent, and dissolved substances and uid prepties will mix freely through
the water column. Where mixing is low, and strati cation is high, these substances and
properties will not move as freely through the water column.

In a tidal creek, with its low freshwater input, strati cati on is mainly due to the inter-
action of tidal ows with the along channel salinity gradiert. This causes an intermittent
strati cation referred to as strain induced periodic strat cation or SIPS (Simpson et al.,
1990, 2005). With stress in the water column primarily beinggenerated through bottom
boundary friction, except at times near slack water when théower levels caused by inter-
nally generated turbulence dominate (Abraham, 1980), andith strati cation often variable
between ood and ebb tide, vertical mixing generally showsddal periodicity. The fortnightly
spring/neap cycle, with its attendant modulation of tidal velocities, also exerts a strong con-
trol on vertical mixing (see, for example, Peters, 1997; Chaet al., 2002; Simpson et al.,
2005; Chant et al., 2007).

It is often di cult to measure turbulent processes due to thewide range of length and time

scales they span, from microscopic uctuations which takedctions of a second, to eddy sizes



of greater than a meter with a correspondingly longer time ate (Kantha and Clayson, 2000).
With the development of four beam, high frequency acousticdppler current pro lers in the
1990s, it became possible to expand upon the work of Lohrmaraé (1990), who used a single
beam pulse-to-pulse coherent SONAR to measure turbulent atuations, and techniques were
developed to estimate the vertical pro le of the Reynolds sess, uw , throughout
the water column (see, for example, Stacey et al., 1999; Ludahueck, 1999). Since then,
many studies of estuarine and shallow water ocean turbulemdiave been undertaken with
an aim of understanding the relationship between tidal andpsing/neap forcing on vertical
mixing, strati cation and horizontal transport in shallow coastal waters (see, for example,

Lueck et al., 1997; Stacey et al., 1998; Rippeth et al., 2002003; Simpson et al., 2005)

1.2 The Georgia Coast and the Duplin River study area

The Georgia coast is characterized by shallow continentahalf waters bordered by a col-
lection of barrier islands (see Figure 1.1). A network of sods, creeks and the Intracoastal
Waterway interlace the coast, allowing water to circulate btween the various river systems,
which supply the coast with freshwater out ow. Connecting ke islands to the mainland are
intertidal salt marshes, which are drained by a network of tlal creeks of varying sizes, from
hundreds of meters across to less than one meter.

The study site chosen for this research is a small tidal cregkthe marsh on Sapelo Island,
on the central Georgia coast, known as the Duplin River. Runing, as it does, through the
marshes of the Sapelo Island National Estuarine Researchdeeve (SINERR), and bordering
the University of Georgia Marine Institute (UGAMI), the Dup lin has been reported on many
times over the years (see, for example, Ragotzkie and Brysd®55; Kjerfve, 1973; Imberger
et al., 1983).

The Duplin winds through extensive intertidal marshes, coposed mainly of mud ats
vegetated primarily with Spartina alterni ora and drained by a complex dendritic network

of side creeks and channels of varying sizes. The main chdnokthe Duplin River runs
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Figure 1.1: A map of the Georgia coast with the Duplin River stdy area highlighted as an
infrared photograph.
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approximately 13 km from its mouth at the connection with Doloy Sound to its head in the
marsh. Based on the measured tidal excursion in the lower Diup of approximately 4 km,
it is believed to have three tidal prisms (Ragotzkie and Bryan, 1955).

The mean depth along the thalweg is approximately 6.5 metethough there are several
deeper holes in regions of curvature or near large side creekides are predominantly semi-
diurnal and vary from 1 to 3 m on neap and spring tide respectly. Figure 1.2 shows bottom
bathymetry measured by the R/V Gannet's echosounder as it &aversed the creek during the
ooding tide so as to gain access to the major creek channelEdal ows exhibit the ebb
dominance of velocity which is a common characteristic of it class of salt marsh estuary
(Dronkers, 1986; Dyer, 1997; Blanton et al., 2002), which @&ue to interactions between the
main channel and the intertidal areas causing frictional ditortion of the tide.

The lower reaches of the Duplin border Doboy Sound and enjogsy communication with
the waters of the sound and thus the coastal Atlantic Ocean.ese lower Duplin waters are
generally cool and salty and tend to be vertically and latetly well mixed at most times.
Intermittent periods of short-lived strati cation have been observed and are believed to be
related to changes in groundwater input, meteorological foing and the in uence of the
Altamaha River input into Doboy Sound through the Intracoasal Waterway. There is a
strong along channel salinity gradient between the saltiewaters of Doboy Sound and the
fresher waters of the upper and middle Duplin, presumably inenced by fresh groundwater
discharge in that region. The channel in the lower reacheses Figure 1.1) is generally
straight, wide and of regular cross- section and cuts throhgan area of generally creekless
marsh bordered by hard upland and marsh hammocks (isolatedeas of upland surrounded
by marsh).

By contrast, the upper Duplin is isolated from the lower Dugh and Doboy Sound, by
the sinuous nature of its winding channel (see Figure 1.1) hE& channel of the upper Duplin
is much narrower than the lower Duplin and is bordered by mahswith an extensive network

of small side creeks on the western side and by Moses hammooll &apelo Island on the
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Figure 1.2: Bathymetry of the Duplin River study area as meased by the R/V Gannet's
echosounder during a ooding tide.
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eastern side. These upper Duplin waters are generally fresithan those of the lower Duplin,
re ecting the groundwater (and occasional surface waterhput into this region. The water
is well mixed both vertically and laterally and shows only adw and variable along channel

salinity gradient.

1.3 Objectives

Despite many years of study of their biological and biogeoemical properties, the physical
processes, which regulate shallow tidal creeks, are stibqrly understood. In large part this
is due to the diculty inherent in maintaining long term measurement stations in these
shallow, turbid areas of high biological productivity, wih the attendant problem of bio-
fouling of sensors. Measurements are further complicateg¢ the poorly understood nature
of what are believed to be signi cant linkages between the eek channels and the intertidal
marsh (Peterson and Howarth, 1987). However, any hope to uaigtand the biological and
biogeochemical dynamics of this class of creek must necedsaequire an understanding
of the physical processes which control the mixing, disp@&sa and transport of salt, heat,
sediment, dissolved nutrients and larvae through the creekystem and which control the
export of the same to the coastal ocean. This study is desight answer questions in three
broad areas of concern.

The rst question concerns the structure of the water massem the Duplin and the
zonation of temperature through the creek system. The tempasture and salinity of the
creek waters are regulated by the input of salt and heat from @oy Sound, atmospheric
uxes, advection and dispersion through the main channel,ilditing nature of groundwater
input and by linkages with the intertidal marsh, which can seve both as a source and a sink
of salt and heat. As most of these processes are also the reutg which many nutrients and
larvae enter the Duplin, it is reasonable to expect that thewill show a similar spatial and
temporal distribution. Hanson and Snyder (1980) showed thaylucose, derived from plant

matter both in the main channel of the Duplin and in the marsh Bowed a similar zonation
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to that observed for heat and salt in the Duplin. Thus the rst objective is to determine the
water mass structure of the Duplin as well as the relative imgrtance of residual and tidal
advection, tidal dispersion, shear, groundwater, and lidges with the marsh to de ning that
water mass structure.

The second question concerns the nature of mixing in the ckeé/ertical mixing, driven
largely by bottom boundary stress, either allows or destr@yvertical strati cation in the
Duplin depending on its intensity. The saltier water, whichenters the Duplin on ood, is
denser than the fresher water already in the creek. Due to thithe Duplin water's natural
tendency would be to form a layer toward the bottom creating atrati ed system. If it does
not, it is the result of vigorous vertical mixing which overomes this stratifying tendency.
Similarly, substances may enter the Duplin from the sedimémnd, in the absence of vertical
mixing, would be expected to only slowly diuse through the wter column. The same
vertical mixing which reduces salinity strati cation also mixes nutrients, as well as passively
oating larvae, through the water column. The interaction between residual advection and
tidal dispersion in the creek channel controls how dissolyeand suspended substances and
uid properties move from the upper to the lower Duplin and then are exported to Doboy
Sound and the coastal ocean. As tidal creeks are the primargrauits through which the
highly biologically productive intertidal marshes exportsediment, carbon and nutrients to the
coastal ocean (see, for example, Wolaver and Spurrier, 1983ilders and Day, 1990a,b; Cai
et al., 2003; Wang and Cai, 2004), an understanding of the tgraral dynamics of salt import
and export, especially on the spring/neap scale, will infanr a much greater understanding
of the role of tidal creeks in in uencing the characteristis of the coastal ocean.

The nal question concerns the linkages between the creekarmel and the intertidal
marsh. A large volume of water, in the form of a sheet, moves tonthe intertidal marsh
with each ood tide and drains on each ebb. The volume of wateanvolved is controlled by
the tidal range, largely determined by the spring/neap cye, and the mean water depth,

in uenced by local winds as water is forced into or out of thereek or transported into and
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out by coastal up- or downwelling favorable winds. While onhie marsh, the water can change
temperature and salinity and then bring that new heat and salcontent back into the main
channel on ebb, thus a ecting the properties of the main charel. Similarly it can pick up
sediment and nutrients, which it will also bring back into tre main channel. By attempting
to understand the relative importance of linkages with the rarsh on the physical properties
of the main channel of the Duplin, a better understanding wilalso be developed of the
relative freedom with which marsh generated nutrients areansferred to the main channel.
The goal of this study then is to develop a better understandg of the physical processes
of mixing, dispersion and advection, which control the physal properties of temperature and
salinity in the main channel of the Duplin. With this knowledge it will be possible to better
understand the way in which these same physical processesiémce the ux of biological

and biogeochemical substances through the same system amto ithe coastal ocean.

1.4 Overwiew of the Dissertation

This dissertation reports on the results of a series of expeents that were conducted in
the Duplin River from 2003 to 2005 as part of the Georgia CoasdtEcosystems - Long Term
Ecological Research program. These experiments were desi) both to measure the tidal
transport in the upper and lower Duplin and to measure the sgil and temporal changes in
heat and salt content along the Duplin River. This informaton is then used to estimate the
importance of mixing and of marsh interactions to maintaimg the physical characteristics of
the Duplin, concentrating on variability on tidal, meteordogical event and fortnightly time
scales. Two of the chapters are papers, which have been eithecepted or submitted for
publication in scienti ¢ journals while the others serve totie those two together.

Chapter two reports on Lagrangian observations of ow usin@ series of drifter exper-
iments in 2005 and 2006. The nature of the ow in the upper andlver Duplin as well as

export from the lower Duplin to Doboy Sound and the coastal Aantic Ocean is observed
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from the drifter tracks. In addition, surveying of the current over a tidal period will show
cross sectional characteristics.

Chapter three, which is currently in press forContinental Shelf Researchexamines the
heat budget of the Duplin River in order to explore the mechaems which regulate the
temperature of the water in the main channel of the creek. Datfrom several days of intensive
temperature and salinity surveys along the axis of the Duplion a spring and neap tide in
August of 2003, allow the Duplin to be characterized by watanass. Month long temperature
and ow moorings allow the temporal variability in the local heat budget to be explored for
the upper and the lower Duplin. The in uence of the marsh on th local heat budget is
explored as a function of the ease of communication betweemetchannel and the marsh.
The tidally varying heat budget for the lower Duplin is compaed to a tidally averaged heat
budget constructed from a three month long measurement ofrtgerature and ow at the
same location from March through May of 2004, establishindhé importance of the marsh
to local properties regardless of season or timescale.

Chapter four examines the salt budget in the Duplin River, aocentrating on the upper
and lower Duplin at the same moorings used for the heat budget chapter two. Instanta-
neous along channel salt uxes are decomposed to separate tlontributions due to residual
transport and tidal dispersion; the physical meaning of thevarious tidal correlation terms
is then explored and correlated to observed changes in theygical properties of the water.
The upper Duplin is shown to act as a reversing estuary on a farghtly time scale, due to
the interplay between tidal energy and fresh groundwater gcharge into the middle region
of the creek. The concentration and dilution of salt due to eporation and precipitation is
shown to be small. The salinity of the lower Duplin is shown tbe largely controlled by direct
along channel advection and dispersion of salt tied to grodwater export, o shore forcing
and tidal pumping. In the upper Duplin, the salinity is shownnot to be controlled by along

channel salt uxes but is hypothesized to be more closely tieto along channel dispersive
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transport due to tidal trapping and to the ux of salt across the lateral boundaries, both of
which are tied to interactions with the intertidal marsh.

Chapter ve then combines salt ux measurements taken in théower Duplin, in October
of 2005, along with high frequency acoustic measurementstioé ow to explore the vertical
and along channel horizontal mixing mechanisms. Tidal anaftnightly variations in turbu-
lent stresses and vertical mixing are explored as is the farghtly variation of the residual
and tidal salt ux tied to changes in tidal energy and groundvater input. Parallels are drawn
to examine the export of carbon, nutrients and larvae to theaastal ocean.

The nal chapter then ties this all together into an overall theme addressing fortnightly
variability and the importance of poorly constrained marshprocesses to the physical pro-
cesses which regulate water properties and transport mecisms. Future research is sug-

gested which will allow a more thorough investigation of tree marsh/creek interactions.
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2.1 Introduction

Salt marsh creeks and estuaries are de ned by their tides. €hwice daily rise and fall of the
tide oods and drains the intertidal marsh allowing it to exdhange heat, salt, sediment and
nutrients with the main channel. The tides create currents wich advect these properties and
substances, as well as suspended larvae, through the crelelinmel, alternately augmenting
and opposing the mean advection caused by fresh water exp@mnd eventually driving export
to the coastal ocean. Stress generated by tidal currents amg over the bottom causes vertical
mixing, which controls the distribution of substances thragh the water column. Acting on
longitudinal salinity and temperature gradients, tidal curents cause regular uctuations in
the properties, which strongly regulate productivity in etuarine waters. Secondary ows
generated by tidal currents owing through a curved or irreglar channel can cause cross-
channel variations in ow or uid properties. When averagedover long periods, small tidal
asymmetries, due to correlations between tidally varyingepth, current and scalar properties,
can result in signi cant dispersive uxes along the axis oftie creek or estuary.

Most studies of estuarine transport and dispersion emphasi subtidal, long term aver-
aged processes as these are often the dominant drivers daguiestuarine structure and
circulation. However it is also important to understand tidal transport and velocity as these
a ect the environment in which biological organisms exist ad drive the movement of water
borne substances and changes in water properties. The puspoof this study is to examine
tidal transport and dispersion in the upper and lower sectits of the Duplin River and to
investigate tidal export to the coastal ocean as well as to vastigate cross- channel vari-
ability in along channel tidal velocity in a straight sided region of the upper Duplin. Section
2.2 will describe the custom built Lagrangian surface driérs used to investigate tidal ows
at the creek surface. Section 2.3 will describe the driftexperiments while Section 2.4 will
present the results of the cross-channel velocity surveysinally, section 2.5 will discuss the

importance of these results to understanding tidal process in the Duplin River.
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2.2 Dirifters

Horizontal transport and dispersion/di usion is di cultt o measure using Eulerian moorings,
involving assumptions about uniformity of ow and integration of point measured velocities
(Winant, 1983; Dame et al., 1986; Winant and de Velasco, 2003.agrangian techniques,
involving groups of drifting oats (Tseng, 2002; Stocker ad Imberger, 2003; Johnson et al.,
2003; Austin and Atkinson, 2004) or dye patches (Elliott etla, 1997; Vallino and Hopkinson,
1998), allow researchers to follow the ow and directly mease advective transport and
apparent horizontal dispersion and, in the case of dye stua$i, vertical and horizontal eddy
di usion.

Drifters have a long history of use in the open ocean (Davis9d1), but have found
limited use in coastal and estuarine environments, due to ¢hhigh cost and large size of
drifters designed for the open ocean, as well as the shalloature of these waters and the
tendency of the drifters to ground on beaches, mud ats and nnsh areas. Recently, however,
some progress has been made in modifying open ocean driftersvork in shallow water
environments (Davis, 1983; List et al., 1990; George and lgaer, 1996; Johnson et al., 2003;
Austin and Atkinson, 2004). Early attempts to develop smalland inexpensive drifters have
resulted in drifters which are either visually tracked (Johson et al., 2003) and thus subject to
loss or are limited by battery life and radio range (Austin ad Atkinson, 2004). However the
recent introduction of inexpensive commercially availabl Global Positioning System (GPS)
satellite receiver combined with General Mobile Radio Speam (GMRS) radio transmitter
units with PC connections, such as the Garmin Rino 130, and ¢heasing of FCC rules
to allow high powered data transmissions on GMRS frequensi¢Federal Communication
Commission, 2005), makes it possible to develop small ancexpensive drifters capable of
internally logging their position and transmitting it back at regular intervals to a remote

base station for real time tracking.
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2.2.1 Design and Construction

A set of six Davis style surface drifters was designed and @bructed based on the earlier work
of Austin and Atkinson (2004), with upgraded electronics, @movable wings (for improved
storage capability and transport e ciency) and an upgradedsoftware suite for real time
tracking. The drifters (see Figure 2.1) were constructed afchedule 4 PVC plumbing pipe
material, 4 inch inside diameter (ID), with a main body lengh of 30 inches. One end is
tted with a standard plumbing end cap and the other with a scew-in clean out tting.
Inside of each is 6 ounces of lead shing weights, for ballagopped by a length of closed
cell foam otation and a Garmin RINO 130 GPS receiver/GMRS tansmitter encased in
a sealed plastic bag, with the antenna above the waterline ithe relieved handle area of
the clean out plug end cap. Arrayed around the outside of thease are four screw-in wings
constructed of 1/2 inch ID PVC tubing spanned by Plexiglas skets. A GMRS receiver unit
is connected via an RS-232 cable to a Windows laptop runninbe shareware Ozi- Explorer
mapping software which displays a periodically updated plaf each drifter's location on a
hydrographic chart of the region. The drifters oat in the suface layer of the water column
with approximately 5 cm exposed above the waterline to allowadio transmissions. GMRS
frequencies work via line of sight and the units have a transssion range of approximately

1 km with this antenna height.

2.2.2 Theory

Following the methods described by Okubo and Ebbesmeyer @), a group of at least
four drifters were deployed and tracked continuously; thergater the number of drifters the
smaller the standard error of the measurement. From the rewted drifter paths the centroid
of a group of N drifters at timei is given as,

N N

Xi

Xij Yi

1 1
— — Y (2.1)
N, N, !



Figure 2.1: Davis style surface drifter deployed in the Dupl River
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wherex andy are the along and cross channel coordinates respectivelyelvariance in the

drifter position is then

2 LNX., X ; LNy. yi 2 (2.2)
"N 1, N1, T
with the total variance,
N (2.3)

given as the average of the along and cross-channel variamssuming that they are inde-
pendent in this class of a narrow channel.

The time rate of change of these variances gives the relatigespersion coe cients (K)
1d % 1d
2 dt

d 2
Kyti =2 Kt 1d7

K, t;
X 2 dt 2 dt

(2.4)

where a negativeK implies convergenceK is the along channel dispersion coe cient and
Ky the cross channel dispersion coe cient an& the average of the along and cross-channel

dispersion coe cients.

2.3 Drifter Experiments

A series of drifter experiments was run in the upper and lowduplin and Doboy Sound on a
spring and neap tide in September and October of 2005 and agai July of 2006 for a total
of eight deployments. While afternoon thunderstorms genally terminated the experiments
prematurely, one entire ebb/ ood cycle was captured in the pper Duplin on 1 October
2005, shortly before spring tide. That was the only entire dial cycle captured for all of the
deployments and was a result of the sheltered nature of thos&ters. Several partial tidal
cycles were observed in the lower Duplin and Doboy Sound anlll showed similar behavior.
Presented here are the results of a deployment in the lower plin on ebb and ood tide on
30 September 2005 as well as one upper Duplin deployment on ditéer 2005, both shortly

before spring tide.
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2.3.1 Lower Duplin Experiments

Five drifters were deployed from the research vessel Saltyabg at 0700 EDT, at slack
water, near the junction of Barn Creek with the Duplin River. This was approximately 3
km from the mouth of the Duplin, which has an estimated tidal gcursion distance of 4
km (Ragotzkie and Bryson, 1955), and the location was chosench that the drifters would
enter Doboy Sound before the end of the ebb. The drifters sy together as a coherent
group and followed the path of the thalweg through the lower Dplin. They showed no
apparent dispersion, either cross-channel or along chahrend generally arrayed themselves
in a straight line along the channel and followed very simifatracks. Their tracks are shown
in Figure 2.2(a). The drifters grounded and fouled in the mah at the channel edge several
times during the experiment and we were forced to retrieve &m and relocate them in the
center of the channel.

The drifters exited the Duplin and entered Doboy Sound appromately 3-1/2 hours after
the start of ebb tide. On reaching the foam line, which de neshe edge of the in uence of
the Duplin on ebb, the drifters converged into a group, hesited, and then crossed the foam
line, turned left and proceeded down the axis of Doboy SounA.little less than 4-1/2 hours
after the start of the ebb tide the drifters were nearing the rauth of Doboy Sound, and thus
the Atlantic Ocean, and a decision was made to terminate thexperiment.

Figure 2.2(b) shows the dispersion coe cients calculateddm the drifter tracks during
the experiment. While in the Duplin channel the along and crgs channel dispersion coe -
cients are close to zero at all times except when the driftevgere being relocated after fouling
in the marsh. On nearing the mouth of the Duplin the drifters bow some along channel dis-
persion before converging again at the foam line, which markhe end of the in uence of
the Duplin. After entering Doboy sound the drifters show mag pronounced dispersion (and
convergence) along channel and slightly more cross chantf@ugh the value remains small,
compared to the horizontal scale, and the drifters stay in aofierent formation at all times.

It is apparent, both from direct observation of drifter behaior and calculations of dispersion
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Figure 2.2: (a) Drifter tracks on the ebb tide of 30 Septembe2005 in the lower Duplin
and Doboy Sound and (b) along channelKy), cross channelK) and total (K) dispersion
coe cients calculated from the drifter tracks.
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coe cients, that there is essentially no along or cross charel dispersion in the Duplin or
Doboy Sound on a tidal time scale. Transport is almost purelgdvective. Later deployments,
which repeated this experiments on both spring and neap tidghowed very similar behavior
and similarly low values for K.

After recovery, the drifters were checked and then redepleg (less one which was slightly
damaged during recovery) inside of the mouth of the Duplin aund 1300 EDT to capture
the ooding tide. These tracks are shown as the thin red lines Figure 2.3. In order to
avoid ferry and barge tra c the drifters were released appreimately 700 m inside of the
mouth of the Duplin. The drifters were deployed in a group sp@ed along and across the
channel in a square formation approximately 100 m on each sidThey quickly converged
into a group lined up along the axis of the creek, and stayed gether in an approximately
50 m long line, showing essentially no along or cross-chahdespersion and behaving very
similar to their behavior on ebb. The drifters fouled in the marsh several times and had
to be repositioned out into the channel. At approximately 5 burs after the start of the
ood the drifters had reached the vicinity of Pumpkin Hammo& and ood velocities had
decreased such that drifter movement was minimal. Some desgion was noted in this area
as local wind generated currents began to overwhelm the tid@ws. The drifters continued
for another hour until they reached the midpoint of Pumpkin Fammock around slack water.
The total distance of travel was just over 4 km, thus appearip to con rm the generally
accepted tidal excursion distance in the lower Duplin of 4 kmas stated by Ragotzkie and
Bryson (1955). As this experiment, and all subsequent drét experiments in the Duplin,
showed essentially no tidal scale dispersion, no furthergté of K will be presented.

Follow-up ood tide experiments were conducted to look at tern ow from Doboy
Sound into the Duplin River. The approximate location of thefoam line which divides the
in uence of the Duplin and Doboy on ebb is indicated by the thtk blue line on Figure 2.3.
On several occasions drifters were deployed both inside aodtside of that line during the

slack before ood. In all cases none of the drifters entereti¢ Duplin but instead ooded up
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Figure 2.3: Drifter tracks on the ood tide of 30 September 2W6 in the lower Duplin (thin
red lines) along with the approximate location of the dividag line between the Duplin and
Doboy Sound waters (thick blue line) and the general track afirifters released outside of

the mouth of the Duplin on ood (thick red lines)
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Doboy sound ending up in Old Teakettle Creek, New Teakettler€ek or Mary's Creek; their
general track is indicated by the thick red lines. It is hypohesized that the water, which
enters the Duplin on ood, comes from the shoaling region jusouth of the creek mouth

where the drifters could not be deployed.

2.3.2 Upper Duplin Experiment

On the following day, 1 October 2005, the ve drifters were da#oyed in the right fork of
the upper Duplin, downstream of Flume Dock, shortly after tle beginning of ebb at 0800
EDT. Their tracks are shown in Figure 2.4. While in the right brk, the drifters stayed in
a coherent group showing no along or cross-channel dispensbut only tidal advection. On
entering the main channel of the upper Duplin they began to td in the marsh at the creek
edge and had to be repeatedly relocated into the creek chahrtéis is evident in Figure 2.4.
By six hours after the start of the ebb, at slack water, the dfters had traveled less than
1 km but it is not known if this truly represents the tidal excusion distance here or if it
is related more to the amount of time the drifters spent fould in the marsh and thus not
moving. During slack water one drifter was lost as it disap@@ed from view and ceased to
respond to requests for its position. It has never been re@red.

As the tide turned to ood, the remaining four drifters movedback into the upper Duplin.
Three drifters returned to the right fork where they shortlybecame thoroughly fouled in the
marsh requiring the boat to be grounded and the drifters resered. The fourth drifter
entered the left fork where it proceeded until entering a sntisside channel whereupon it was
recovered to prevent it from entering an unnavigable area dfie marsh. Due to the amount
of time the drifters spent fouled in the marsh and the frequary with which they had to be
relocated calculation oK from the drifter tracks is nearly meaningless as any real glisrsion
will be overwhelmed by the e ect of relocating the drifters.

Due to the tendency of the drifters to foul in the marsh no futher deployments were

carried out in the upper Duplin and none at all in the more sinaus middle Duplin region.



Figure 2.4: Drifter tracks for a complete tide on 1 October ZIb in the upper Duplin
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2.3.3 GPS Accuracy

Global Positioning System location xes do have some inhareerror associated with them
tied to the number and strength of the satellite signals receed, atmospheric e ects which
can delay the timing signal and the use, or lack thereof, of @rential GPS (DGPS) or
Wide Area Augmentation System (WAAS) technologies to impree accuracy. Many GPS
receivers log statistics related to uctuations in calculted position to give an estimate of
position accuracy. The Garmin RINO series does not log thismformation so there is no
way to estimate the true position accuracy during the deployents. However the systems
indicated that six satellites were xed with 80% or better sjnal strength at the start of each
deployment and WAAS was active thus, according to informadin provided by Garmin, each
unit should have achieved an average accuracy of 2 m or bettés the primary sources of
error, satellite signal strength and atmospheric e ects, @are the same for every receiver unit,
errors in position should have been uniform for all receiv@r In this case the error in the
variance calculated from Equation (2.2) is minimal.

To test this, a group of four di erent, but identical, Garmin RINO 130 units was placed
outdoors on 5 July 2008 in a three meter spread square and setlbg position every 30 s
for six hours. Each unit showed a similar satellite x to whatwas achieved with the drifters,
reading six satellites at 80% or better signal strength. Thenean standard deviation of
the logged position uctuations was 1.6 m and the position @tuations for each unit were
strongly correlated with the uctuations of the other units. The calculated distance of each
unit from the centroid of the group was nearly constant, shoiwg a mean RMS uctuation
of less than 0.2 m, indicating that each unit was a ected by @ors in the same way and thus
showed similar bias in position.

Due to this, the errors in the calculatedK values will be very small. The exact values
cannot be calculated as the units did not log error informatin during the deployment and

those values will be a ected by satellite position and atmgsheric conditions.
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2.4 Cross-channel Surveys

As part of the DUPLEX experiment in August of 2003, the R/V Gamet made a pair of
13 hour tidal surveys on 14 August and 19 August, shortly aftea spring tide and shortly
before a neap tide respectively, in the upper Duplin. An RD Istruments (RDI) acoustic
Doppler current pro ler (ADCP) was mounted downward lookirg on a towed sled and pinged
continuously, providing ow pro les during the entire survey period. A typical track is shown
in Figure 2.5 with the three cross channel survey legs higghted as Z1, Z2 and Z3. From the
raw ADCP data each cross-channel transect was isolated anidet ow pro les were binned
into 5 m wide bins spanning the width of the transect. The chamel varies between 10 and 15
meters wide resulting in two to three bins for each transectith the region near the bank,
where the boat turned, neglected. The 5 m bin width was choséa give a su cient number
of proles in each bin to get a valid average velocity for the in. All proles in each bin
were averaged, decomposed into their along and cross-cheincomponents and then depth
averaged to get the mean velocity in the bin as a function ofrtie.

Figure 2.6 shows plots of the depth averaged axial velocity ieach lateral bin of each
transect through an entire tide. A pronounced tidal asymmey is seen as a short, strong
ebb tide (positive value), followed by a longer, weaker oogeriod. This is due to frictional
distortion of the tide, caused by interactions between thehallow main channel and the
intertidal areas, which can be expressed by the relationghbetween the M2 and M4 tidal
constituents (Dyer, 1997), and which is a common charactstic of this class of salt marsh
estuary (Dronkers, 1986; Blanton et al., 2002). Neap tide laxities are lower than spring
tide velocities and velocities are attenuated further up i@ the Duplin as frictional e ects
dissipate the tidal energy. There is apparently some croskannel variability in ow at the Z1
transect likely tied to the pronounced curvature of the chanel at this location with higher
velocities located on the outer edge of the bend. This varidity is signi cantly reduced at
the Z2 transect, where there is less curvature, and there apars to be no cross-channel

variability of ow at Z3, where the channel runs nearly straght.
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2.5 Discussion and Conclusions

Results have been presented showing tidal scale transportdadispersion in the upper and
lower Duplin River and Doboy Sound. Tidal transport in the suface waters is apparently
purely advective and there is little to no dispersion on thestime scales. The estimated lower
Duplin tidal excursion distance of 4 km has been con rmed foa ooding spring tide. Ebb
tides are stronger, though of a shorter duration, than ood ides with the result that much
of the water of the lower tidal prism is exported to the coastaAtlantic Ocean on ebb to
be replaced with water from Doboy Sound. There is likely to béttle return ow. Tidal
transport measurements in the upper Duplin are complicately interference with the marsh
in the narrow creek channel but as in the lower Duplin, littleto no tidal scale dispersion
is apparent using surface drifters, and ow here appears toebpurely advective. The tidal
excursion distance cannot be properly measured using swéadrifters owing to interference
from the marsh.

The scale of the Duplin River is such that the Coriolis e ect Bver comes into play and
cross-channel variability of ow is caused primarily by cuvature in the channel. The waters
of the Duplin are, as will be shown, generally well mixed foia$t both vertically and laterally
with the result that the Duplin can, in regions of low curvatue, be regarded as sectionally

homogeneous (Dyer, 1997).
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Abstract

An experimental study of temperature cycles and the heat byt in the Duplin River,
a tidal creek bordered by extensive intertidal salt marshesvas carried out in late summer of
2003 and spring of 2004 near Sapelo Island on the central Ggarcoast in the southeastern
U.S. Three water masses are identi ed with di ering temperture and salinity regimes, the
characteristics of which are dictated by channel morpholggtidal communication with the
neighboring sound, ground water hydrology, the extent of tal intertidal salt marshes and
side channels, and the spring-neap tidal cycle (which conis both energetic mixing and,
presumably, ground water input). For the rst experiment, heat budgets are constructed for
the upper (warmer) and lower (cooler) areas of the Duplin Rer showing the diminishing
importance of tidal advection away from the mouth of the crdealong with the concomitant
increase in the importance of both direct atmospheric uxesnd of interactions with the
marsh and side creeks. The second experiment, in the spring2004, reexamines the heat
budget on seasonal and daily averaged scales revealing tleeréased importance of advec-
tive uxes relative to direct atmospheric uxes on this scaé but the constant importance
of marsh/creek interactions regardless of time scale or sea. Short period temperature
uctuations, which a ect larval development, are examinedand analogies are drawn to use

heat to understand the marsh as a source of sediment, carbomdaother nutrients.
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3.1 Introduction

Salt marsh ecosystems are among the most productive on thapet (Reimold et al., 1975)
and their associated tidal creeks and channels provide iddaabitat for many species of
sh and shell sh during some or all of their life (Boesch and Wrner, 1984; Minello et al.,

2003). With both primary productivity in the intertidal mar sh region (Dai and Wiegert,

1996) and secondary productivity in the tidal creeks, whicldrain the marsh and serve as
important conduits for nutrients (Odum and de la Cruz, 1967 Spurrier and Kjerfve, 1988)
and larvae (Roegner, 2000), regulated by water temperatufgernberg, 1993) it is important

to understand the various factors which in uence this tempeature.

Temperatures in the tidal creeks are regulated by an interéion between atmospheric heat
uxes at the water surface (Wallace and Hobbes, 1977), thedal advection and dispersion
of heat through the creek channel, and the interactions be&en the main channel and the
marsh and side creeks. Curvature in the main channel or irrelgrities in bathymetry can
give rise to cross channel shear which locally modi es theaslg channel dispersion of heat
(Rattray and Dworski, 1980). When the creek cuts through aies of intertidal marshes and
mud ats, which are themselves often cut by small side creekalong channel dispersive uxes
due to tidal trapping (Fischer et al., 1979) can become imptant. Atmospheric heat uxes
in the shallow side channels cause greater heating and coglthan in the main channel and
this heat can be advected into and out of the main channel ondal frequencies. Similarly
atmospheric heat uxes in the intertidal areas serve to warnor cool the sediment when the
marsh is drained. This sediment then exchanges heat with theverlying water when the
marsh is ooded, which is also a ected by atmospheric in uenes, causing this water to mix
into the main channel when the marsh again drains (Hackney etl., 1976). The resultant
main channel temperature then exists as a complex signal whishows variability on diel,
semi-diurnal and higher tidal harmonic and seasonal scales

Most studies on the e ect of changes in water temperature inseuarine and coastal

environments generally concentrate on either long term ssanal temperature trends (see,
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for example, Uncles et al., 2000; Uncles and Stephens, 200d.)arge temperature variations
tied to seasonal upwelling events, both of which a ect biolgical productivity in generally
understood ways. However recent work shows that small dieha tidal frequency variations
and meteorological event scale temperature uctuations aralso important to biological
productivity and activity. While the larvae and fully developed organisms found in coastal
and estuarine environments are generally tolerant of a laegtemperature range, small, 2-6
C, uctuations in water temperature on tidal and diel scaleshave been shown to a ect the
rate of development of prawn larvae (Newman et al., 2006) antle hardiness of sh larvae
(Perez-Domingues and Holt, 2001). The internal circadiarhythm of adult zebra sh has been
shown to be regulated by similar diel temperature cycles (ldri et al., 2005) in a way which
expresses itself at a cellular level in their RNA. Larger shibterm temperature uctuations
on a meteorological event time scale, such as is caused byarst event or upwelling favorable
winds, can change the chemical and sediment load in the wateolumn by a ecting lIter
feeder behavior with the e ect persisting days past the endfdhe event (Jorgensen, 1990).
In the case of organisms with short larval periods, short ter cooling events tied to coastal
upwelling can severely disrupt their development and leadtsigni cant mortality (Bernard
et al., 1988).

Descriptive studies of temperature cycles and vertical andngitudinal temperature dis-
tributions in tidal creeks are not uncommon (see, for examg@] Ragotzkie and Bryson, 1955;
Ayers, 1965; Hackney et al., 1976; Schwing and Kjerfve, 198Bmith, 1983; Uncles and
Stephens, 2001; Vaz et al., 2005). The temperature cycle ihalow and highly advective
ows has been studied in rivers (Evans et al., 1998) and the ect of sills and constrictions
on the balance between tidal advective and solar heating hdmeen studied in mangrove
swamps (Hoguane et al., 1999). The heating of water overlginntertidal marshes and mud
ats has been studied as a function of solar and atmospheriggut (see, for example, Crabtree
and Kjerfve, 1978; Hughes et al., 2001), amount of inundatiqHeilman et al., 2000), and the

interaction between tidal inundation of the intertidal regon and diurnal solar heating cycles



48

(see, for example, Harrison and Phzacklea, 1985; Vugts andnmerman, 1985). However
studies which tie together all of these inputs for shallow,imuous marsh creeks have been
lacking in the literature.

The study site presented here is the Duplin River which is adal creek located on
Sapelo Island on the central Georgia coast (see Figure 3.1)ieh has been previously studied
and reported on (see, for example, Ragotzkie and Bryson, BXjerfve, 1973; Imberger
et al., 1983). The Duplin winds through extensive intertidamarshes characterized by mud
ats vegetated with Spartina alterni ora and cut by a network of side creeks and channels
of varying sizes. The greatest extent of both marsh and siddénannels is in the northern
(upper) reaches of the Duplin while the southern (lower) reshes are bordered by more
upland marsh, large marsh hammocks and creekless marsh as b& seen in Figure 3.1.
With no source of freshwater input aside from precipitatiorand its associated runo and
an unmeasured groundwater input (Ragotzkie and Bryson, 19bit is more properly a tidal
creek but its geomorphology is suggestive of a river with ansious main channel and a
network of dendritic feeder creeks. It is approximately 13rk long with a mean depth on the
thalweg of approximately ve meters but with several deepenoles associated with curvature
or feeder creeks. Tidal range varies between two and three ters over a spring/neap cycle
and there is signi cant tidal salinity variation in the lower reaches of the Duplin as water
from Doboy Sound (in uenced by the Altamaha River) is advead in (Kjerfve, 1973). The
upper reaches are generally well mixed, both vertically anglong channel, and are isolated
from the sound by the sinuous nature of the channel. Tempemates in the upper region of
the Duplin are warmer than in the lower region and increase ¥eard the head. The maximum
tidal excursion in the lower reaches is approximately 4 km anthe creek is thought to have
three tidal prisms (Ragotzkie and Bryson, 1955).

While previous studies in the Duplin have concentrated on lidrographic measurements
of transport and horizontal mixing, the objective of the wok presented here is to examine

the heat budget in the Duplin and to quantify the e ect on wate column temperature of
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Figure 3.1: The Sapelo Island, GA study area highlighting naing locations in the Duplin
River and showing the o shore data buoy, NDBC 41006, at the Giys Reef National Marine
Sanctuary.
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the neighboring sound, the channel morphology and the exteof intertidal salt marshes
and marsh creeks. The data presented here is based on two mieg@experiments, designated
DUPLEX | and Il, during late summer 2003, over a 43 day deployent, and spring 2004,
over a 79 day deployment, as will be described in Section 3Section 3.2 details the various
terms considered in constructing a heat budget for these vt along with their relative
importance. Section 3.4 describes the two temperature reggs of the upper and lower Duplin
River and examines the relative importance of direct, tidahnd marsh heating on both hourly
and daily averaged/seasonal scales. Finally Section 3.5@marizes the ndings and discusses

implications for understanding the importance of marsh preesses to a tidal creek.

3.2 Heat Budget Equation

The heat budget in estuarine waters is a balance between hesbrage in the water column,
advective heat uxes, atmospheric heat uxes and heat excimges with the boundaries
(Smith, 1983). Following the methods of Stevenson and Niflg€1983), the vertically inte-

grated heat content over the whole water column is,

0
h% hvy, T, vTdz ::
@h ‘% Q. (3.1)
T T h — V p h w h —_—
2 @t Co

where molecular di usion is neglectedh is the time varying water depth, T, 1 h %T dz
andv, 1h %v dz are depth averaged temperature and horizontal current resptively,
T T Taandv Vv v, are deviations from the depth averaged quantitiesy is the
vertical current and @@x; @y is the horizontal gradient. Our coordinate system
adheres to the estuarine convention with the origin at the raa of the Duplin wherex is the
along channel direction which is positive toward the mouthQouth), y is the cross-channel
direction, positive to the left of x (East), and z the vertical, which is positive up. The
subscript 0 indicates a quantity at the surface and the subgpt h indicates a quantity at

the bottom. The vertical heat ux through the water surface s Qo, the vertical heat ux
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through the sediment at the bottom isQ ,, is the water density andC, is the speci ¢ heat
of sea water, both calculated as a function of temperature drsalinity.

Examining the terms of Equation (3.1) in order; on the left had side the rst term,
h@7T @i represents the rate of change of the depth integrated staya of heat in the water
column and is our primary measured variable in the heat budgerhe second term,hv, T,
represents the depth integrated horizontal advective ux bheat past the mooring and is
expected to be a major term in the heat budget. The third term, %VT dz , represents
the horizontal divergence of heat due to depth correlationbetween the vertical velocity
and temperature proles. The fourth term, T, T, @h@t vy, h wy, represents
the entrainment of heat across the bottom boundary of the stam. The right hand side
expresses the exchange at the boundaries wh&)g is exchange between the water and the
atmosphere andQ  is exchange between the water and the sediment.

The heat entrainment term may be simpli ed by noting that the no-slip boundary con-
dition at the creek bed requires that the horizontal currentat the bed, v ,, must be zero
and the impermeable boundary condition at the bed requirehat the normal velocity at the
bed,w ,, must be zero as well.

The atmospheric ux, Qq, may be decomposed into uxes caused by incoming solar
(shortwave) radiation (Qsw), Net outgoing long wave radiation Qy, ), latent heat exchange
due to evaporation or condensation@,y ), sensible heat exchange at the surfac®{,) and
heat exchange due to precipitation Q4 ) (Hsu, 1988). These terms which comprise the net
atmospheric heating and cooling termQg, are di cult to measure directly but they may be
computed from standard meteorological measurements usiaghnumber of bulk formulas as
implemented in the MATLAB Air-Sea Toolbox (www.sea-mat.whoi.edu) developed by Bob
Beardsley and Rich Pawlowicz (see Appendix A for details omé algorithms used).

Heat exchange with the sedimentQ) ,,, has been shown to be important in rivers (Evans
et al., 1998) where it accounted for approximately 15% of thebserved energy exchange in a

detailed study of the River Blithe, Sta ordshire, UK. That study found that the majority of
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the measured bed heat ux was caused by short wave radiatiorepetrating the water column
to the river bed which overwhelmed long wave radiation fromhe river bed, heat conduction,
vertical convection and advection and frictional heating tathe river bed as heat ux terms.
Since the high turbidity and generally brown water color of he Duplin act to prevent short
wave radiation from reaching the sediment, thus eliminatig the dominant potential heating
component of this term, we have chosen to neglect it in our callations.

We can now write a simpli ed heat budget equation as,

@ 0 @h
h—I hv, T; thdz Ta Tn @t (CQ_op;

ot (3.2)

and test the relative importance of each term. For computatinal purposes seawater density
is calculated using the 1983 UNESCO formulation for the searface and the speci ¢ heat
of sea water from the method of Millero et al. (1973), both asnplemented in the MATLAB

Air-Sea Toolbox.

3.3 Experimental Program

The rst Duplin experiment (DUPLEX I), conducted from August 11 through September
23, 2003, involved physical, chemical and biological ocemmaphers from the University of
Georgia and the Skidaway Institute of Oceanography and wasesigned to be an intensive
study of processes in the Duplin during its most productiveime. The physical oceanographic
measurements described herein are summarized in Figure.3.1

Two long term, multi-year, moorings of Seabird Microcat coductivity- temperature-
depth (CTD) instruments are maintained in Doboy Sound, at Commodore Island, and in
the upper Duplin, at Flume Dock, at the stations designated GE-6 and 10 respectively,
as part of the Georgia Coastal Ecosystems - Long Term Ecologi Research (GCE-LTER)
project. Data are logged every fteen minutes and the instmnents are rigorously maintained

to limit biofouling.



53

Two Sontek acoustic Doppler pro lers (ADPs) were deployedrobottom mount moorings,
along with Seabird Microcats at the surface and bottom, at stions labeled DUPOL1 (at the
mouth) and 03 (in the upper reaches). The surface Microcatsene, however, not deployed
until August 21 (YD 233), ten days after the bottom deploymets. Bottom mounted Micro-
cats were deployed at the stations DUPO2 (in the lower Dupljnand 04 and 05 (both in the
upper Duplin). The Microcats sampled every 12 minutes and hADPs pinged continuously
and logged averaged velocity pro les every 12 minutes.

Two thirteen hour anchor stations were occupied by the R/V Sannah, near DUPO1
and 02, on the spring tide of August 14-15 and the neap tide ofu§just 19-20, with hourly
water column pro les taken with a Seabird 25 CTD pro ler. During the rst day of each of
these anchor stations the R/V Gannet surveyed along the axisf the Duplin at both high
and low water taking water column pro les with a Seabird 19 CD pro ler at the stations
marked with an asterisk on Figure 3.1. On the second day the R/Gannet completed a
13 hour survey of the upper Duplin taking water column pro ls with the Seabird 19 CTD
pro ler at those stations marked with an asterisk on Figure 3 which lie between stations
DUPO2 and 04.

Meteorological data were measured at two locations duringhis study. The Campbell
Scienti ¢ automatic weather station at Marsh Landing has ben active since February of 2002
and conforms to LTER level two climate data standards, whictare described athttp://
intranet.lternet.edu/committees/climate/climstan/ . The station auto-harvests data
every fteen minutes and records wind speed and direction dt0 m, air temperature, relative
humidity, barometric pressure, total solar radiation and pecipitation, quantities that are
used in estimating the atmospheric heat ux terms. The Natioal Oceanic and Atmospheric
Administration (NOAA) maintains the National Data Buoy Center (NDBC) 41008 buoy
which is moored approximately 32 km o shore of Sapelo Island the Gray's Reef National
Marine Sanctuary (31.40 N, 81.87 W). This three meter discusuoy logs meteorological and

hydrological measurements every ten minutes including wdrspeed and direction, taken 5 m
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Figure 3.2: Daily mean Altamaha River discharge for the year2003 and 2004 as measured
at the USGS gaging station at Doctorstown, GA. The times of ta DUPLEX | (2003) and
DUPLEX Il (2004) experiments are highlighted.

above sea level, which were used to quantify the estuarinesp®nse to coastal meteorological
forcing as the Marsh Landing station was somewhat protectétbm the coastal environment.
A follow up study, designated DUPLEX II, was conducted from Mrch 11 through May
27, 2004. Its purpose was to measure properties in the loweuhn, around the DUPO1
mooring, during the spring warming and when Altamaha River dcharge is generally max-
imal, a ecting the salinity and temperature of Doboy Sound a fresh water moves through
the Intracoastal Waterway. As it happened river discharge wring this study was greatly
reduced due to an ongoing drought and was on par with that durg the previous study
(see Figure 3.2). This study uses data from a bottom mount maag at DUPO1 with an
RDI ADCP programmed for 300 s, 2 Hz burst sampling every thigt minutes with Seabird

Microcat CTDs at the surface and bottom sampling every 15 mirnes.
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Daily averaged meteorological measurements were obtainfdm the Marsh Landing
weather station and ow and CTD data were 40 hour low pass Iteed in order to study
seasonal scale sub-tidal variations. During the period fnmo April 8 through May 14, 2004 no
air temperature or humidity data was available from the wedter station due to instrument
failure. The gap in the temperature record was lled with ddiy mean air temperature data
from the National Weather Service co-op observer on Sapelsldnd (Station ID: 097808).
No similar backup data was available for humidity so this gaas lled using a linear
interpolation of the available data.

The Marsh Landing weather station is located immediately gedcent to the DUPO1
mooring site and as such its measurements may be taken as esamtative of conditions at
that mooring. The station is located approximately 10 km fran the upper Duplin mooring
and that distance can result in some di erences in conditia However Smith (1985) showed
that for distances on this scale, accumulated errors in raation measurement become small
over periods greater than three weeks and that the main soerof error, di erences in wind
speed (see Appendix A and Figure A.2), becomes small when thimd is reasonably constant
and there is no signi cant fetch at the remote site. Given thathese conditions are met we

believe that the Marsh Landing weather data is suitable for &th of our mooring sites.

3.4 Results

The Duplin was essentially vertically well mixed for tempeature for nearly the entire period
of interest in the rst Duplin experiment (DUPLEX [) with the exception of weak strati ca-
tion only during the rst two days of the measurements. AfterYD 235 there was intermittent
weak strati cation for less than half an hour during slack hgh and low water with this struc-
ture being destroyed once tidal ows recommenced. Becaudes temperature anomaly only
occurred at slack water, when velocities were near zero tlugh the entire water column,v

and T were out of phase and thus the third term on the left hand sidefd3.2), the heat

divergence term, was very small. Similarly the fourth termthe heat entrainment term, was
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also small since the surface to bottom temperature di eremcwas out of phase with@h@t
as strati cation only occurred at slack water when@h@t O.

Though the temperature pro le at the DUPO1 mooring is unknow during the period of
our experiment hourly temperature pro les were taken in thdower Duplin near the mooring
site through one complete tidal cycle on the spring tide of Agust 14 and the neap tide of
August 19 immediately before the beginning of the experimerThese pro les showed low,
but measurable, temperature strati cation, strongest on lhe earlier spring tide, around times
of slack high and low water with a pro le which varied betweerbeing linear to being well
mixed with an anomaly near the surface. Faced with a lack of rasurements of this pro le
during our period of interest we have chosen to model the wateolumn as two equal layers.
While this is likely not physically correct it provides an uger bound to the heat divergence
term as more realistic pro les result in a smaller value thusllowing us to state that the
divergence term must be equal to or lower than our calculatio Figure 3.3 shows an estimate
of the divergence term, separated into along (x) and cross)(ghannel components (upper
plot), during DUPLEX | made by assuming a two layer water colmn with properties of the
layers given by the surface and bottom temperature sensorschaveraged velocities through
the layer. The horizontal gradient is estimated by the rate awhich the term is advected
past the mooring by the depth averaged velocity@@x;y 1l usva @@L

The heat entrainment term shown in the lower plot of Figure 3 is calculated by mul-
tiplying the bottom temperature anomaly by the time rate of t©iange of the water column
depth. Both the heat divergence and entrainment terms are d¢ast two orders of magnitude
less (as will be shown) than the next smallest term in (3.2) ahgive the appearance of
random noise. As such we will neglect both of them.

With these results, (3.2) may be rewritten, after dividing trough by water depth, to

express the heat budget in a shallow and vertically well migeestuary as

@T U@I V@I Qo .
@t “@x °“@y cph’

(3.3)
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whereu, and v, are the along and cross channel components of the depth awgd velocity
V, vector.

Lateral heat uxes, expressed as the advective termy@7T @ymay result from the inter-
action between lateral temperature gradients in the main @nnel with secondary ows due
to density gradients (Turrell et al., 1996) and curvature (Gant, 2002) as well as ow on and
o the marsh, and through the side creeks, with an associateéémperature gradient a ected
by heating and cooling in the adjacent salt marsh. These uxemay be a signi cant factor
in the local heat budget. The lateral heat uxes can not be d&ctly measured with the given
instrument con guration but they may be estimated from the residual needed to close (3.3)

after atmospheric and along channel advective uxes have & accounted for.

3.4.1 Duplin River Water Masses

During the rst spring and neap tides of the DUPLEX | experiment (August 14-15 (YD
226-227) and 19-20 (YD 231-232), 2003 respectively) exteresCTD pro les were taken
along the axis of the Duplin and at anchor stations (see Figar3.1 for locations identi ed
as ). Also seven time series moorings of Microcat CTD instrumé&n (some of which were
bottom mounted only) were in place (see Figure 3.1 for locaths marked as |, and
). Temperature-salinity diagrams (see Figure 3.4) were cstucted using these data and
separated into upper and lower Duplin to show the structure fahe water masses and their
mixing characteristics as a ected by the spring/neap cycle
Three distinct water masses are apparent in the Duplin. Theoer Duplin water at the
bottom right of each T-S diagram is characteristically coolnd salty and is in uenced by
Doboy Sound water advected in on the ood tide and upper/midte Duplin water mixed
down on ebb tide. Upper Duplin water, in the top left of each TS diagram, is warm and
fresher re ecting the inuence both of greater heating in te shallow upper waters and
dilution, presumably due to ground water input into those wéers. The middle region, in the

vicinity of the vertex in the diagrams, is cool and fresh andr®ws high variability through the
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Figure 3.4: Temperature-salinity diagrams for the Duplin Rrer and Doboy Sound at spring
and neap tide at the start of the DUPLEX | experiment.
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spring/neap cycle indicating the changing nature of the mixg between the water masses,
being a time dependent interaction between tidal energy amnground water pumping. On the
spring tide the Doboy Sound water mass (shown in green in theper pane of Figure 3.4)
shows a bifurcated pattern as Doboy Sound was warming duririge two days of the spring
tide survey (see the upper pane of Figure 3.5). The lack of arslar pattern on the neap tide
survey indicates that this warming trend had abated.

From these diagrams, two characteristic regions are idergd for further investigation:
the lower Duplin, which is characterized by easy communidan with Doboy Sound and
limited tidal creek exchange with the upland marsh; and the pper Duplin, which is isolated
from Doboy Sound and the lower Duplin by a winding and sinuousiain channel and which
is characterized by extensive intertidal marshes and creekThese masses are sampled by

the DUPO1 and 03 moorings respectively (indicated as on Figure 3.1).

3.4.2 Tidal and Diel Variability (DUPLEX 1)

Figure 3.5 shows a time series of temperature and mean (40 htaw pass Itered) depth at
CGESG6 in Doboy Sound, DUPOL1 in the lower Duplin and DUPO3 in theipper Duplin. It is of
note that while the DUPLEX | experiment started on YD 226 the ecords for DUPO1 and 03
do not begin until YD 233 when the surface Microcats were dapled at these stations. Our
heat budget analysis is thus limited to the fully instrumened time period after YD 233. All
temperature measurements presented for DUPO1 and 03 are ttepveragedT,, calculated
as a direct average of the surface and bottom Microcat readjs.

At all three moorings the water temperature can be seen to badreasing until near YD
248 (September 5) when temperatures drop approximately vedegrees and stay low, with
reduced tidal and diel variability, until both temperature and variability begin to increase
again at all moorings near YD 255. Simultaneously, the meanater depth at all three

moorings increases approximately half a meter and stays hidor most of the rest of the
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Figure 3.5: Depth averaged water temperature and 40 hour lopass Itered depth at the
Doboy Sound (GCE-6), lower Duplin (DUPO01) and upper Duplin PUP03) moorings during
the DUPLEX | experiment.
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experiment. Close inspection of the temperature record skie a switch from predominately
tidal to predominately diel variability between DUPO1 and @.

Plotting the time varying temperature signal at DUPO1 and 03as a variance preserving
power spectral density plot (see Figure 3.6) reveals the damant frequencies a ecting the
temperature in the Duplin. The temperature in the lower Dupin, at DUPO1, is dominated
by the primary semi-diurnal lunar (M2) frequency indicatirg that tidal advection domi-
nates with a secondary peak at the primary solar diurnal (SIfyequency and tertiary peaks
associated with higher shallow water tidal harmonics. In # upper Duplin, DUPO3, the
S1 peak is dominant over the M2, indicating that heating is kgely solar in nature, and
the shallow water harmonics are more pronounced as be ts agien with more extensive

intertidal marshes.

Atmospheric Effects and Fluxes in the Main Channel

Figure 3.7 shows meteorological measurements from the Markanding weather station
and the NDBC 41008 during DUPLEX I. The top pane shows a comp&on between air
temperature at Marsh Landing and sea surface temperature &UPO01 where it can be seen
that except in the hottest part of the day water temperature § always warmer than air
temperature and can be signi cantly so during the cool of thaight. Wind stresses on the
ocean surface in the second pane are calculated from wind epp@nd direction on the shelf
as measured by the NDBC 41008 buoy and are plotted as along ( .CpvVv ) and cross
( x aCpu V) shelf stresses using the air density,, a drag coe cient Cp and the wind
velocity measured at 10 m height. Air density is calculatedsaa time varying quantity from
temperature, relative humidity and atmospheric pressure sing the standard CIPM 81/91
formula and has an average value of 1.18 kgAnThe drag coe cient is calculated using
wind speed and air temperature following the method of Smit{l.988) with an average value
of 0.0013. Both of these functions are implemented in the Mab Air-Sea Toolkit. The third

pane shows scalar wind speed as measured at the Marsh Landiveather station; strong
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Figure 3.6: Variance preserving power spectral density pléor depth averaged temperature
at the lower Duplin (DUPO1) and upper Duplin (DUP03) mooring during the DUPLEX

| experiment. The major astronomical (S1 and M2) and shallowater harmonic (M4 and
M6) frequencies are indicated.
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Figure 3.7: Atmospheric and oceanographic measurementsrfr the Marsh Landing weather
station showing air and sea surface temperature (from the DRO1 mooring), along (y) and

cross (x) shelf surface wind stresses o shore at the NDBC 41008 buapshore diurnal
wind speed variations, atmospheric pressure, relative hudity and precipitation during the

DUPLEX | experiment.
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diurnal variability can be seen here which is associated Wwithe sea breeze. The fourth, fth
and sixth panes show atmospheric pressure, relative huntidand precipitation, respectively,
as measured at Marsh Landing.

Near YD 248 a pronounced change can be seen in all measuredeuailogical variables.
Along shelf wind stress (;) changes from a small positive to a large negative value wail
cross shelf stress () stays negative and increases in magnitude. This indicataschange from
gentle winds from the southeast to stronger winds from the miheast as the wind swings
around and a Nor'Easter begins which induces Ekman transpgoonshore. Simultaneously,
the wind speed at Marsh Landing increases as does humiditychprecipitation while air and
water temperature fall and barometric pressure is low. Thidlor'Easter causes downwelling
conditions on the coast which forces oceanic water inshosehich can be seen in Figure 3.5
as both a reduction in water temperature and an increase in rae water depth. Over the
10 km distance of the Duplin, the response is simultaneousrtiughout the domain as no
time lags are measured from the mean water depth. After the KN&aster event the o shore
winds calm but continue from the northeast showing the annuawitch in the regional wind
climatology from summer conditions to what has been desigieal as Mariner's Fall (Blanton
et al., 1985). A similar, though smaller, event occurs agairound YD 260 as northeasterly
winds again increase and are associated with another incsean mean water depth and drop
in water temperature.

Atmospheric heat uxes into the Duplin were calculated usig the bulk formulas imple-
mented in the Air-Sea Toolbox and are shown in Figure 3.8. Thi®ep pane shows the short
wave heat ux due to total solar radiation (Qsy) that is the dominant atmospheric source
term. The second pane shows the net long wave heat uxQ(,) due to reradiation. The
latent heat ux ( Qi) due to evaporation, which is primarily dependent on wind sped and
humidity, is shown in the third pane and represents the large heat loss term. The sensible
heat ux ( Qsens), primarily dependent on wind speed and the air-sea tempetae di erence,

is shown in the fourth pane. The fth pane shows the minor coolg heat ux due to pre-
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Figure 3.8: Calculated atmospheric heat uxes at the Marsh anding weather station com-
prising short wave, long wave, latent heat, sensible heat dmain heat uxes into the water
column during the DUPLEX | experiment. Net heating and coohg is shown asQ, in the

bottom pane.
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cipitation ( Qrain ). The bottom pane then shows the net atmospheric heat ux@,) for the
Duplin. This net atmospheric heat ux switches sign betweeia net heat gain during the day
and a smaller net loss at night with strong increases in heatux out of the water column

tied to the storm events starting on YD 248 and YD 260.

Heat Budgets

Figures 3.9 and 3.10 show the calculated heat budgets for tiJP01 and 03 moorings
respectively. The uppermost pane in each gure shows the katof heat storage @7 @t
calculated as the time derivative of the depth averaged tengpature signal. The second pane
shows the along channel temperature gradien@7 @x calculated by approximating along
channel advection as@T @x 1 u, @7 @t The heavy line shows the residual after a 40
hour low pass lIter has been applied to eliminate the short peod uctuations due to tidal
processes, cross channel processes and marsh interactivish this is plotted the depth
averaged along channel owf,) with positive values corresponding to the ebb ow.

The instantaneous along channel temperature gradient in énDuplin is the sum of the
residual temperature gradient due to the tidal dispersionfdieat combined with the in uence
of the higher frequency heat uxes due to atmospheric heagnand marsh interactions. The
direct computation of the heat gradient from the one dimenshnal advection of heat past the
mooring will, as a matter of course, close the heat budget dte its inclusion of advective,
solar and cross-channel e ects in one term. Filtering with &0 h low pass Iter removes
the higher frequency heating associated with solar and tidaputs leaving only the tidally
averaged gradient due to long term tidal dispersion. This sedual gradient, multiplied by the
tidal velocity, accounts for the along channel tidal adveavn of heat. The residual needed to
close the heat budget accounts for both the atmospheric anatéral heat uxes. As the direct
atmospheric uxes in the main channel may be calculated frommeteorological measurements
they can be removed leaving the residual to account mainlyrfaross-channel processes and

marsh interactions.
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Figure 3.9: Heat storage components at the lower Duplin (DUF) mooring during the
DUPLEX | experiment showing the measured heat storage alongth advective and atmo-
spheric uxes and the unmeasured residuat.? values show the percentage of the measured
storage attributable to each term.
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Figure 3.10: Heat storage components at the upper Duplin (DRD3) mooring during the
DUPLEX | experiment showing the measured heat storage alongth advective and atmo-
spheric uxes and the unmeasured residuat.? values show the percentage of the measured
storage attributable to each term.
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As expected, tidal velocities are greatest at the lower moog (DupO1, shown in Figure
3.9) decreasing upstream in the shallower and more sinuowegion of the Duplin (DUPOQ3,
shown in Figure 3.10). Both moorings show the pronounced eldlominance of ow that is
a common characteristic of this class of salt marsh estuarypfonkers, 1986; Dyer, 1997,
Blanton et al., 2002). Multiplying the low passed temperatte gradient by the tidal velocity
yields the along channel advective heat transport term,u,@7 @x which is shown in the
third pane. Dividing the Qg term from Figure 3.8 by the density, speci c heat and depth
of the water gives the total atmospheric heat input to the wagr column as shown in the
fourth pane. The fth pane then shows the rate of heat storagattributable to the sum of
the along channel advective and atmospheric terms and the tham pane shows the residual
between this predicted storage rate and the actual rate aslcalated from the temperature
record. This residual contains terms which account for latal advection of heat, neglected
temperature shear terms and instrument noise.

Linear least squares regression analysis was performed panng the advective, atmo-
spheric and residual heat budget terms, in turn, to the meased heat storage to compute
an r? value which expresses the percentage of the measured sigmhich is accounted for
by each individual component. For this work,r? is considered as the multiple coe cient of

determination de ned as one minus the fraction of variancenexplained (FVU) such that

21 SSerr

A4
SStot (3.4
where
SSerr yi fi? (3.5)
i
SStot A (3.6)

wherey is the observed signal and the calculated signal. SSerr is the sum of the square
of the errors and SStot the total sum of the squares, which isrgportional to the signal
variance (Mendenhall and Sincich, 1994). The? value relates the fraction of the observed

variance in heat storage which can be explained by the calatéd heat ux component.
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Figure 3.9 shows the? analysis of the individual heating components against the ea-
sured heat storage. Tidal advection of the along channel tgrarature gradient dominates,
accounting for 65% of observed heat in the lower Duplin. Diceé atmospheric uxes only
account for 2% of the observed storage leaving 33% to be aauted for by unmeasured pro-
cesses including marsh interactions, vertical temperatershear, ground water cooling and
instrument noise.

The heat budget in the upper Duplin, at the DUP03 mooring, is Isown in Figure 3.10.
Here the inuence of along channel tidal advection has deased to 25%, re ecting the
decreased tidal velocity, while direct atmospheric input#s increased six fold to 12%. Unmea-
sured in uences have increased nearly two fold to accountrf63% of the observed temper-
ature storage. This is expected as the DUPO3 mooring is in a mewer channel and is
bordered by much more extensive intertidal salt marshes anslde creeks than is DUPOL.
While apparently direct tidal semi-diurnal heating is stil twice as important as direct solar
diurnal heating there is strong diurnal signal contained irthe residual heating component

which compensates for this and explains the dominance of tigd signal in Figure 3.6.

Lateral Gradients

Previous work in 2003 and 2006 involving cross channel suyseof the Duplin with a towed
CTD (upper and lower Duplin) and downward looking ADCP (uppe Duplin) and moored
Microcat CTDs (upper Duplin) has shown there to be very litte cross channel variation in
salinity or along channel ow and a low, but measurable, cr@schannel di erence in tempera-
ture. The lack of a cross channel salinity gradient paired wi a low cross channel temperature
gradient reduces density driven cross channel secondarycalation to near zero but cross-
channel barotropic pressure gradients may be important. hchoice of mooring locations in
areas of no curvature results in low cross channel secondasws due to morphology and the
scale of the Duplin is such that the Coriolis e ect is not signcant. While it is di cult to

measure either the temperature gradient or the ow in the inértidal marsh proper, a follow
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up experiment in the summer of 2006 used two surface deploygitrocat CTDs to measure
the temperature gradient between the main channel of the Dlip near the DUP03 mooring
site and a location 250 meters up a small side creek, which suhrough the intertidal marsh,
during the period from July 31 to August 29. The measured termgrature gradient through
this creek uctuated on both tidal and subtidal time scales letween 0.006 C/m.

Assuming that the residuals shown in Figures 3.9 and 3.10 aleminated by lateral heat
uxes, as opposed to the presumably much smaller neglectetdesr terms from Equation
(3.1), ground water cooling and instrument noise, an appraxate cross channel temperature
gradient, @7 @ycan be calculated by dividing the residual term by the deptlaveraged cross
channel velocity,v,. This is shown in Figure 3.11 for DUPO1 and 03. The top panes @h
the depth averaged cross channel velocity at each mooringytable here is the change seen
in each plot at the start of the downwelling event around YD 28 with cross channel ows
increasing at the lower mooring and simultaneously decreag at the upper mooring both
of which may be associated with a change in the percent inuntizn of the intertidal marsh
with the change in mean water depth in the Duplin.

The calculated temperature gradient, which represents average of the gradient through
the marsh proper, the small side creeks and channels and as¢dhe main channel, varies on
both tidal and subtidal scales generally between 0.002 - 0.005C/m. This is less than, but
on the same order as, the measurement from 2006 indicatingaththe creeks are the more

preferred path for heat uxes as compared to the marsh itself

3.4.3 Subtidal Variability (DUPLEX II)

Figure 3.12 shows 40 hour low pass ltered hydrographic maasments at DUPO1 during
the DUPLEX Il experiment, which was designed to capture theming warming during 2004.
In the top pane a steady warming trend can be observed with wat temperatures increasing
from 17 to 27 C over the duration of the experiment. In the bottom pane we ga see

uctuations in the residual water depth.
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Figure 3.11: Depth averaged cross channel velocities at tlogver Duplin (DUPOQ1) and upper
Duplin (DUP03) moorings during the DUPLEX | experiment. Heding residuals from gures
3.9 and 3.10 and the mean cross channel temperature gradient
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Figure 3.12: 40 hour low pass Itered water temperature andepth at the lower Duplin
(DUPO01) mooring during the DUPLEX |l experiment.

Daily averaged meteorological measurements from the Mar&landing weather station
are shown in Figure 3.13. In the top pane it can be seen that meavater temperature is
generally warmer than mean air temperature during the ent&r experiment. Daily averaged
winds measured at the Marsh Landing weather station, in theesond pane, are generally
less than 5 m/s except around YD 105 when they increase to 10 snand accompany a
short lived 0.5 m drop in mean sea surface height. A drop in medarometric pressure prior
to this indicates the passing of a storm system. There is a sigcant gap in the humidity
data in pane four due to an instrument failure on the Marsh Lading weather station.
For computational purposes this has been lled with a simpldinear interpolation of the

available data. Daily total precipitation is shown in the bdtom pane. O shore wind stress
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Figure 3.13: Daily averaged atmospheric (from the Marsh Laling weather station) and
oceanographic (from the DUPO1 mooring) measurements shagiair and sea surface tem-
perature, wind speed, atmospheric pressure, relative hutiity and precipitation during the
DUPLEX Il experiment.
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is not reported since there was no sustained up or down wetlirevent as there was during
the DUPLEX | experiment.

Figure 3.14 shows the computed daily averaged atmospherieat uxes which are domi-
nated, as they were on an hourly time scale during DUPLEX | (geFigure 3.8), by short wave
radiation as the major source term and latent heat as the majdoss term, though during
this period latent heat out is generally greater than short @ave heat in. The net atmospheric
heat ux is a loss during the rst half of the experiment beconmg neutral during the second
half.

Constructing a daily averaged heat budget from the atmosphie and advective uxes
(see Figure 3.15) we show that residual tidal advection of &t accounts for 45% of the
observed daily averaged heat storage while atmospheric e account for 21% leaving 34%
to be accounted for by unmeasured processes, which is appmmately the same percentage
as seen in the hourly scale budget at the same location duribmplex | (see Figure 3.8). As
the residual of the cross channel velocity is negligibly sithao estimate can be made of the

cross channel temperature gradient for this deployment.

3.5 Discussion and Conclusions

The temperature-salinity diagrams and the heat budgets catructed for the Duplin River
show a pronounced change in characteristics between the éiduplin and the upper Duplin.
The lower Duplin is characterized as having easy communigéan with Doboy Sound and
relatively fewer side creeks carrying water through the uahd marsh. The upper Duplin
is somewhat isolated by the sinuous nature of the main charnand is surrounded by an
extensive network of side creeks which ood and drain the msin. The lower Duplin is also
dominated by tidal processes with cool, salty water being bught in on each ood tide thus
temporarily suppressing the along channel temperature gieent and mixing cool water up
the channel. Short period temperature cycles are predomiedy at M2 tidal frequencies. In

contrast, the upper Duplin is fresher and warmer re ecting e in uence, presumably, of
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ground water input (Ragotzkie and Bryson, 1955), the shale nature of these waters and
the greater extent of intertidal marshes and side creeks. i$ isolated from the lower Duplin

which attenuates the semi- diurnal tidal temperature signlaand allows it to be overwhelmed
by the diel S1 solar frequency temperature signal. This is egreement with the observations
of Hoguane et al. (1999) who described a similar transitioneween M2 and S1 temperature
cycles in a mangrove swamp in Mozambique where part of the swma was similarly isolated

from direct tidal in uences by a sill.

The boundaries of the lower and upper Duplin waters de ne theange of a third identi ed
water mass in the middle Duplin which is strongly controlledy the fortnightly spring/neap
cycle. On spring tide cool and salty water from Doboy Sound mes in vigorously suppressing
the along channel temperature gradient in the lower DuplinAt the same time the increased
hydraulic head due to the large tidal range presumably pumpgreater amounts of ground
water out of the aquifer allowing fresh water to mix far downnto the lower Duplin. On
neap tide the decreased tidal energy mixes Doboy Sound wateith that of the Duplin less
vigorously thus allowing an along channel temperature grasht to be established further
down the Duplin. Simultaneously less ground water is pumpethto the system allowing
higher salinity water to penetrate further into the Duplin. The middle water mass is strongly
controlled by both the dilution and the cooling associated ith ground water uxes and its
characteristics vary greatly between spring and neap tides

Tidal advection of heat is a major factor in both the lower andupper Duplin accounting
for 65% of the observed heat storage in the tidally dominatetbwer Duplin and a still
signi cant 25% in the more isolated upper Duplin. The attenation of tidal velocities in
the upper Duplin combined with the inability of cool Doboy Sond water to penetrate that
far serve to reduce the tidal variability in the upper watersbut the strong along channel
temperature gradient caused by the combination of increasily shallow waters toward the
head of the creek and the increase in the extent of intertidaharshes works to maintain a

signi cant tidal signal even in these waters.
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Direct atmospheric uxes into the main channel play a minor ole in controlling the
temperature cycle in the Duplin accounting for a mere 2% of th observed temperature
storage in the lower Duplin (see Figure 3.9) and 12% in the upp Duplin. However the
presence of a strong S1 solar component in the temperaturgral in the upper, and to a
lesser extent the lower, Duplin shows that solar and atmosphc heat uxes do play a major
role in the Duplin heat budget through the diel heating and coling of both the intertidal
marsh and the shallow side creeks which cuts through it.

Synoptic scale meteorological events can play a strong rate determining water mass
characteristics. Cooling due to precipitation, the attenation of direct solar radiation and the
increase in local winds associated with storm events can @tewater temperature on an event
time scale. Changes in o shore winds related to storm evengnd o shore wind climatology
(Blanton et al., 1985), which are associated with upwellingr downwelling conditions, can
a ect temperature and water depth on even longer time scales

The residual term needed to close the heat budget once tidad\active and direct atmo-
spheric uxes in the main channel are accounted for indicasethe importance of the unmea-
sured or neglected terms in the heat budget equation. The st of these terms is due to
the lateral advection of heat across the side boundaries dfet creek and into and out of the
marsh and side creeks. Due to their shallow nature the smalbtle creeks experience greater
diel heating and cooling due to atmospheric heat uxes thanaks the water in the main
channel. This establishes a lateral temperature gradienivhich interacts with tidal ows to
transport heat into and out of the main channel of the Duplin atidal frequencies. Similarly
the vegetated mud ats of the intertidal marshes are subjecto atmospheric heating and
cooling when drained. Heat is then exchanged with the ovenhg water when the marsh
is ooded, while it is also subject to atmospheric heat uxesand is mixed into both the
main channel and the side creeks when the marsh drains (sea, éxample, Harrison and
Phzacklea, 1985; Vugts and Zimmerman, 1985). This laterakht transfer shows up in the

main channel temperature signal at frequencies re ectinghe solar, tidal semi-diurnal and
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higher order tidal harmonic frequencies. A strong spring/@ap signal may be observed as
well, re ecting the fortnightly modulation of tidal ows an d of the percent inundation of
the marsh at high tide, with spring high tides ooding the mash for longer and with more
water.

Approximate cross channel temperature gradients are comiaal based on a residual which
agree fairly well with the limited data which exist quantifying this gradient. This lateral
advection constitutes a very signi cant, though unmeasum source of heat which accounts
for 63% of the observed heat storage in the upper Duplin, wheethere are more extensive
marshes and side creeks, and a still signi cant 33% in the lewDuplin which is bordered by
more marsh hammocks, creekless upland marsh and mud ats agpthe channel sides. As
the entire Duplin region is subject to similar atmosphericdrcing the di erence in both the
percent contribution of these cross channel uxes and, moreportantly, of the magnitude
of the signal itself is an indication of the relative ease witwhich a scalar quantity, which
accumulates in the marsh, can be transferred to the main chael by tidal ows.

In addition to heat the intertidal marsh can also act as a sowe of sediment, carbon and
other nutrients which enter the main channel through simila processes tied to tidal ows
through the side creeks and the inundation and draining of # marsh (see, for example,
Wolaver and Spurrier, 1988; Childers and Day, 1990a,b). Omtering the main channel of
the Duplin these substances and nutrients are advected anggdersed through the system by
the same processes which largely control heat resulting insamilar zonation in the Duplin
(Hanson and Snyder, 1980). Thus by observing the relative portance of the lateral advec-
tion of heat to the main channel temperature budget one can delop an understanding of
the relative importance of the marsh in supplying sedimentarbon and other biogeochem-
ical tracers to the main channel as well as their likely distibution along the channel. As the
marsh appears fairly uniformly vegetated along the axis ohe Duplin di erences in export
from the marsh to the main channel are likely to be due more tdhanges in morphology than

in production and thus, like heat which is input into the mar# fairly evenly in all areas,
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sediment and nutrient uxes from the marsh to the main channlewill be controlled mainly
by the prevalence of side creeks and the percent inundatioh the marsh at high tide and
should show similar geographic and temporal distributions

Observing the heat budget on a tidally averaged scale to elimate short period uctua-
tions and concentrate on seasonal processes reveals thaécti atmospheric input is signif-
icantly more important in determining long term temperature trends in the lower Duplin.
This e ect accounts for 21% of the observed daily averaged diestorage in the lower Duplin
during the 2004 spring warming with a concomitant decreasa the importance of residual
along channel advection of heat. Interestingly the amountfcheat storage attributable to
unmeasured, and presumably lateral, processes was largehchanged despite the change in
both season and time scale.

The importance of lateral processes and marsh/creek intartions to the heat budget, on
both hourly and seasonal scales, demonstrates the high inmamce of these intertidal areas
in maintaining the physical, and by analogy the biogeocheral, characteristics of this class
of marsh creek which serve as important conduits for the exgaf carbon (Cai et al., 2003;
Wang and Cai, 2004) and other chemical signals to the coastatean as well as serving as
habitat for, especially the larval stage, of many species.his has implications for coastal
zone management and planning as the development of, or restion of ow onto and o of,
salt marshes and small tidal creeks could have a large impamh conditions in these tidal

creeks and thus on export to the sounds and ultimately to theagan.
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Abstract

An experimental study of the salt budget in the Duplin River, a tidal creek bordered
by extensive intertidal salt marshes, was carried out in l& summer of 2003 and spring of
2004 near Sapelo Island on the central Georgia coast in theutteastern U.S. The lower
and upper tidal prisms of the Duplin are examined. In the lowetidal prism the salt budget
is seen to be a balance between advective uxes out of the dkgdriven primarily by the
export of fresh groundwater, and the tidal dispersion of sainto the creek, which is strongly
regulated by the spring/neap cycle. In the upper Duplin the alinity gradient is seen to be
small and reverses its sign on a fortnightly time scale. Thedsection of salt out due to
groundwater export is shown to be a dominant term with the disersion of salt small and
variable. Despite the constant export of salt from the uppeDuplin the mean salinity is
seen to rise on spring tides, this is hypothesized to be due tile concentration of salt in
the intertidal marshes on neap tide and its subsequent reqaension and export to the main

creek channel with the greater marsh inundation of spring de.
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4.1 Introduction

Intertidal salt marshes are among the most productive ecostgms on the planet (Reimold
et al., 1975), serving as habitat for numerous plant and aniah species. The tidal creeks
which cut through these marshes serve as both nursery and litalb for many species of
aguatic animals of commercial and intrinsic value (Boeschnd Turner, 1984; Minello et al.,
2003) and productivity in the marsh exerts a strong in uencen sheries productivity (de la
Cruz, 1973). The tidal creeks serve as the primary conduit thugh which marsh generated
nutrients and material are transported to the coastal oceafRagotzkie and Bryson, 1955;
Odum and de la Cruz, 1967) and the spatial and temporal distsution of their physical and
biogeochemical characteristics, especially of salinitgtrongly in uence their productivity
(Hackney et al., 1976; Underwood et al., 1998; Islam et al.0@6).

The ux of salt within a tidal creek is tied to several physica processes. The input of
fresh groundwater into the creek tends to dilute the salt andby driving the net out ow, to
export it (Lewis, 1997; Dyer, 1997). The action of the tidesands to pump salt into the creek.
The distilling and diluting e ects of evaporation and precpitation, which can be signi cant
in shallow waters, and the tidal inundation and draining of he intertidal marshes where salt
may be concentrated in the sediment by evaporation and theresuspended during times of
inundation or rainfall act as both a source and a sink of salof the main channel.

The dispersive ux of salt through a tidal creek is the resultof tidal processes, which
are strongest near the mouth of the creek (Geyer and Signell992). These along channel
dispersive uxes are tied to the interaction between tidesbathymetry and the intertidal
marshes. This results in uxes due to tidal correlations of epth, salinity and velocity. These
uxes can be modi ed by dispersion due to the interaction betreen vertical (Bowden, 1965)
and lateral (Murray and Siripong, 1978; Rattray and Dworski1980) salinity variations with
vertical and cross- channel shear. This is especially impant in areas of high strati cation
or curvature in the main channel (Dyer, 1974). Tidal trappimg, the e ective along channel

dispersion of salt due to interactions with marshes, side ahnels and embayments (Fischer
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et al., 1979), and salinity changes associated with laterabws on and o of the marsh
can also be important. These uxes vary greatly on seasonaha spring/neap scales with
changes in fresh water input and tidal energy, making them dult to predict (see, for
example, Banas et al., 2004; Medeiros and Kjerfve, 2005).

The objective of this study is to explore the relative imporance of the various terms of
the salt budget in the isolated upper region of a tidal creek lch winds through an area of
extensive intertidal marsh and compare that to the budget irthe lower region, which enjoys
more free communication with the coastal ocean and is boreer by less intertidal marsh
area. This can then be compared to the heat budget conducted the same region at the
same time (McKay and Di lorio, 2008) to develop an understaing of the dependence of the
physical properties of the water of the main creek channel anteractions with the intertidal
areas. Section 4.2 will develop the salt budget equation amliscuss the physical meaning of
the various terms. Section 4.3 will describe the experimeand data processing and Section
4.4 will discuss the measured salt budget. Finally Section%outlines the importance of the
intertidal areas to the local salt budget and discusses inmiphtions for understanding the

in uence of the marsh on the local carbon and nutrient budgetas well.

4.2 Salt Budget Equation

A salt budget expresses the balance between the storage ot #aa volume and its ux
through the bounds of that volume. For a di erential volume, dx, dy, dz, in a tidal creek
oriented such thatx is aligned along the main axis of ow, and is positive towardhe mouth
of the creek (South),y is aligned cross channel and to the left of (East), and z is the

vertical, positive up, the salt budget may be expressed as,

@s @us @vs @ws ss E P
@t O@x @y @z h

0 (4.1)

wheres is salinity, t is time, u, v and w are the instantaneous velocities in the, y and z

direction respectively, ss is the surface salinity,E and P are the rates of evaporation and
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precipitation, h is the water depth and molecular di usion has been neglecte@yer, 1997;
Phillips, 1966).

If the Duplin can be regarded as vertically well mixed for salduring the deployment
period, as will be discussed later, the interaction betweestrati cation and shear is negligible,
and a point measurement of salinity can be regarded as the tieal mean. In straight,
narrow, shallow channels such as the Duplin, the vertical @ncross-channel velocitiesv(and
w) are small compared to the along channel velocityuj and thus may be neglected in the
salt budget. Lateral variations in along channel ow are als generally small, especially by
comparison to vertical variations (Rattray and Dworski, 180), and the center channel salt
uxes may be taken as largely representative for the creek.d@glecting turbulent uctuations
as small compared to tidal uctuations, the instantaneous ertical mean of a quantity can

be decomposed into its tidally averaged and tidally varyingomponents such that

S S s (4.2)
u U u (4.3)
h - H h (4.4)

where the capitalized quantity is the tidal and depth mean aah the subscriptt denotes tidal
deviations from this mean. Evaporation and precipitation ge not similarly decomposed as
they are not expected to have any tidal components.

Simplifying Equation (4.1) to remove neglected terms, subtiting the above decompo-
sitions into the advective and surface ux terms and depth itegrating, we can write the

depth integrated salt budget per unit width of the channel as

@h @ , |, s s Hh S s EP 0 (4.5)

@t @x

Now integrating along channel fromx 0, at the head of the creek where the along channel
salt uxes are zero, to a downstream locatiorx where the ux measurements are taken,

multiplying out all terms and tidally averaging we can write the tidally averaged, depth
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integrated salt budget per unit width of the channel as
@shL
@t

where a tilde represents a longitudinal averagé, is the length of the main channel and an

HUS Hus Shiuy Uhiss huwss SS E P L O (4.6)

overline represents averaging over tidal scales.

Examining the various terms of (4.6), the rst term, @s_hL @ftis the tidally averaged,
depth and along channel integrated storage of salt per unitidth in the region of the creek
upstream of the ux measurement, accounting for changes iraknity and storage volume.

The second termHUS, represents the tidally averaged, depth integrated resi@liadvec-
tion of salt into or out of the creek per unit width. This net advection term accounts for
the e ects of salt transport due to net freshwater dischargento the creek and/or changes in
upstream storage volume. In general, the residual ux termsipositive, indicating a net export
of water tied to fresh water discharge, with deviations fronthis being tied to atmospheric
events and averaging to zero over a long period.

The third term, HUS;, gives the net advection of salt due to the correlation betves
tidally varying velocity and salinity acting over the mean cpth. This term will be maximum,
when velocity and salinity are in phase such that maximum andhinimum salinity occur at
maximum ood and ebb velocity, and the term will be zero whentiese quantities are out
of phase. The term will be negative, indicating a net upstrea dispersion of salt, when the
salinity gradient is positive, with saltier water toward the mouth of the creek, such that the
ood tide brings in saltier water than ebb tide exports.

The fourth term, Sh;u;, is analogous to Stokes' Drift (Medeiros and Kjerfve, 2005This
term represents the e ects of tidal wave transport on the measalinity and is maximum
when max ebb and ood occur at high and low water, when the tidehows characteristics
of a progressive wave, and zero when max ebb and ood occur atam water, as in the case
of a standing tidal wave (Dyer, 1997).

The nal double correlation term, Uh;s;, gives the net advection of salt due to the action

of the residual advective ow on the correlation between tidlly varying depth and salinity.
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This term is maximum, when the two tidal quantities are in phae, when maximum and
minimum salinity occur at maximum or minimum water depth, ard goes to zero when they
are out of phase, when maximum and minimum salinity occur at ean water. The term will
be positive, indicating net dispersion of salt out of the cek, when maximum salinity occurs
near high water.

The triple correlation is the tidal pumping term due to the carelation between all three
tidally varying quantities. This term is maximum when all three are in phase, that is max-
imum and minimum salinity occurring at high and low water on aprogressive tidal wave,
and goes to zero when any two quantities are out of phase. Theym is generally negative,
indicating a net dispersion of salt into the creek, and is ofh the dominant tidal dispersive
term (Kjerfve, 1986).

The nal term then represents the concentration and dilutimm of salt due to evaporation
and precipitation at the surface of the main creek channelt Idoes not account for the
concentration of salt in the marsh and side creeks due to evajation and evapotranspiration,

which will be discussed in a later section.

4.2.1 Salinity

Salinity in the study was measured according to the practi¢asalinity scale, as a function
of conductivity, temperature and pressure, and, as such, igitless. In order to express salt
uxes in a meaningful fashion this practical salinity must k& converted into an absolute
salinity from which a mass of salt can be determined. The nate of the relation between
practical salinity and absolute salinity is the subject of mch of the work of the SCOR/IAPSO
Working Group 127 on the "Equation of State and Thermodynaros of Seawater'. Millero
et al. (2008) have developed a relation between practicaliséty and a newly de ned reference
salinity, being the absolute salinity of standard Atlantic surface water. In this formulation
the absolute salinity of Atlantic surface water, which we tke as a reasonable approximation

of the water of the Duplin and Doboy Sound, is given as 35/3%504 g kg! times the
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practical salinity. Multiplying the absolute salinity then by the density of seawater in kg
m 3, as calculated using the 1983 UNESCO equation (Fofono and iNard, 1983), which is
also currently under revision, yields a salinity in g m? which allows for meaningful salt ux

calculations to be made.

4.2.2 Salt Fluxes Due to Evaporation and Precipitation

Evaporation and precipitation are not limited to the main channel of the creek but also occur
in the many shallow side creeks and in the intertidal marsh aa when it is ooded. The salt,
which is concentrated or diluted, in the side creeks is mixdshck across the side boundaries
of the main channel on ebb tide thus a ecting the local salt bdget. In the intertidal areas
salt can be concentrated in the soil and porewater through apotranspiration, and then
through runo from precipitation or by being resuspended ito the overlying water during
times of tidal inundation, become transported into the mairchannel when the marsh drains.
Evapotranspiration (E+) is the loss of water from a wetted area due to both direct evap
ration (Ey ) of surface water, which is shaded by the marsh vegetatiomathe transpiration

(T) of water vapor due to vegetation, such that

Er Eu T (4.7)

Working in temperate intertidal salt marshes in NewcastleAustralia, Hughes et al. (2001)
showed how the actual evapotranspiration rate, measureding eddy correlation methods,
from a salt marsh is highly dependent on the nature of the vetgion, particularly on plant

density, canopy height and leaf area, and can range from 50nearly 100% of the potential
open water evaporation rate £). Working in an area similar to the Duplin, on the Chesapeake
Bay, Hussey and Odum (1992) showed that for a salt marsh, veged with low density, short

canopy Spartina alterni ora (with a Leaf Area Index (LAI) ranging from 0.1 to 0.89), as is
found over much of the Duplin marsh area, lysimeter measureyapotranspiration rates were

not signi cantly di erent from measured open water evaporéon rates. Thus a reasonable
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upper bound for for evapotranspiration can be establishedsaeing equal to the potential
open water evaporation rate in the neighboring channel suchat E;1 E.

It is not possible to predict the destination of the salt conentrated in the marsh on any
given tide, whether it is concentrated in the sediment and pe water or mixed back into the
main channel. However, since the salinity in the marsh is nobcreasing without bound it
can be assumed to reach some sort of quasi-steady state sueht the long term, tidal mean

salt ux from the marsh and side creeks into the main channelan be approximated as

whereA,, is the ooded area of the marsh, which is a function of tidal Hght. Combining this
with the concentration term for the main creek channel itsé| the total transport of salt into
the creek due to evaporation and precipitation in the main dmnel and evapotranspiration

and precipitation in the marsh can be estimated as

SS E PA. Er P A, (4.9)

where A. is the total surface area of the main creek channel. This rélan gives the salt
transport into the entire volume of the creek, not simply perunit width, and allows the
establishment of the relative importance of evaporative ahprecipitative uxes on the overall
salt budget. Normalizing this term then by the mean width of he channel in the area of

interest it can be used in the salt budget given by Equation (8).

4.3 Methods

The salt budget experiment in the Duplin River was part of theDUPLEX | experiment,
conducted from August 11 through September 23, 2003, whicasibeen previously described
in Section 3.3 and shown in Figure 3.1. As in the heat budget pariment, the salt budget
concentrates on the lower and upper Duplin regions as chatadzed by the DUPO1 and 03
moorings respectively. At each of these mooring locationsSmntek 300 kHz acoustic Doppler

pro ler was deployed on a bottom mount mooring at center chamel, in the thalweg with a
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mean depth of 6.5 m, with Seabird Microcat CTDs deployed at #bottom, on the mooring
frame, and the surface, on an adjacent dock at the side of theannel (Marsh Landing and
Hunt Dock respectively). The Microcats sampled conductity, temperature and depth every
twelve minutes while the ADPs pinged continuously at 2 Hz andbgged averaged velocity
pro les, with 0.2 m depth bins, every twelve minutes, coinding with the Microcat samples.

From each 12 minute averaged velocity pro le from the ADP therst depth bin above the
transducer head and the bin containing the water surface weremoved to eliminate ringing
near the transducer and surface re ections. All depth bins &re then cleaned to remove
spikes, caused by spurious values in the single ping data, tplacing any value more than
ve standard deviations away from the three hour rolling men for that depth bin with the
average of the values immediately before and after it. The hmontal velocities were then
rotated into their along channel and cross channel comporten The lowest good velocity
bin was centered 1.15 m above the bottom while the top bin wa®mtered approximately
0.3 m below the surface, the precise location being a functi@f the exact water surface
location. To resolve the surface and bottom velocities eagho le was extrapolated upwards
to the surface, such that there was zero shear at the surfa@d downwards to the bottom,
assuming a log layer pro le. This pro le was then depth averged.

The bottom Microcat data at each mooring was unreliable alngt from the beginning of
the deployment, presumably due to plugging of the conductity cell in these highly turbid
and biologically active waters. The surface Microcat data as cleaned of spurious data points
by Itering out all points more than ve standard deviations away from the local mean of
a three hour moving average with that point being replaced byn interpolation of the
neighboring data.

For the purposes of calculating the salt uxes, the measuregractical salinity was con-
verted to absolute salinity using the method described in $gon 4.2.1. For the evaporative
and precipitative ux estimates, the instantaneous surfag area of the Duplin main channel

was estimated as the product of the channel width and lengthsameasured from a NOAA
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chart of the region. A high resolution digital elevation modl of the intertidal areas of the
Duplin has been created by Blanton et al. (2007) which allowthe estimation of the surface
area of the ooded marsh as a function of measured tidal heigh

The tidally varying water depth, salinity and depth averagel along-channel velocity were
Itered with a 40 hour, third order Butterworth low pass lIte r (Roberts and Roberts, 1978),
run forwards and backwards for zero phase distortion, to evdct the subtidal mean. This
mean was then subtracted from the original signal to extradhe tidal variations. While the
Butterworth Iter, as a recursive lter, is lossless and dos not erode data from the ends
of the time series as does a non-recursive lIter (such as thearmczos-cosine lter), ringing
distorts the data at the beginning and end of the Itered outmt. This ringing requires the
removal of data at the ends comparable to that lost using a nerecursive lter (Emery and
Thompson, 2004). A subjective decision is required to reauge the di erence between the
‘good' and "bad' data near the ends. In this case 48 hours worf data were discarded at
each end due to ringing, slightly more than would have beendbwith a non-recursive lter.
Despite this slightly greater data loss the Butterworth lter has a nearly square response

and produces no phase shift and so is preferred over most atigtives.

4.4 Results

4.4.1 Vertical and Lateral Salinity Variations

A comparison of the surface salinity data with the bottom da#, for those periods when the
bottom Microcat appears to be functioning, shows that both moring sites are essentially well
mixed for salt for the entire time of the deployment, with theexception of brief periods of less
than half an hour at slack low water when the DUPQO1 mooring exgriences strati cation as,
apparently, a layer of fresh water overlies the water colummThis structure exists just after
slack water and is destroyed once ood tide commences. As Hasen previously shown for
temperature strati cation (McKay and Di lorio, 2008), the fact that this strati cation only

occurs near slack water makes it out of phase with the velogiand thus it has a negligible
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contribution to the along channel salt uxes. Neglecting tlis brief period of strati cation,
the observed di erence between surface and bottom saliniig low and variable giving the
appearance of noise. At all times it is below the accuracy dfi¢ instrument of 0.002 on the
practical salinity scale (calculated from the reported insument accuracy of 0.002 C and
0.0003 S cm' taken from Seabird datasheets).

At both mooring sites, the bottom Microcats were located in lte thalweg, at approxi-
mately center channel, while the surface Microcats were mated on the neighboring dock
and thus their di erence captures both the vertical and lateal salinity variability. As the
di erences between the center/bottom and side/surface saity measurements were below
the accuracy of the instrument, with the exception at DUPO1 peviously noted, we can rea-
sonably conclude that there is no signi cant lateral salirty variability at either mooring site
and thus the Duplin can be considered to be sectionally homageous at both mooring sites
during the experiment.

As was shown in Section 2.4 there is little cross-channel iability in u velocity in the
Duplin when channel curvature is small. The small width of te Duplin combined with
the generally straight channel in the region of both moorirgreduces the lateral variability
of along channel ow (Rattray and Dworski, 1980), as well ashie secondary ows due to
curvature and Coriolis, such that the center channel salt es may be taken as representative

for the section.

4.4.2 Evaporation and Precipitation

In the shallow waters of the Duplin near the end of summer, wheevaporation is near its
annual maximum and rain showers are common, the concentrati and dilution of salt due
to evaporation and precipitation could be a signi cant termin the local salt budget.
Calculation of these uxes over the surface of the main chaehis a straight- forward
procedure. Precipitation was measured directly at the MahsLanding weather station during

the experiment. The evaporative ux of water is estimated fom observations of air and water
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temperature, relative humidity, atmospheric pressure anavind speed using the method of
Fairall et al. (1996), developed for the Tropical Ocean Glall Atmosphere Coupled Ocean
Atmosphere Response Experiment (TOGA COARE). This methodsi implemented in the
MATLAB Air- Sea Toolbox developed by Bob Beardsley and Rich &vlowicz (vww.sea-mat.
whoi.edu). It has been modi ed to give a more accurate representatioof the latent heat of
vaporization and of the density of these waters, which are rasurably fresher than standard
seawater, thus bringing it back in line with the TOGA COARE cale. The open water

evaporation rate is calculated as

Qlat t

E
Le

(4.10)

where Q4 is the latent heat ux at the water surface, shown in Figures ® and 3.10 from
McKay and Di lorio (2008), t is the time between observationsl.g is the latent heat of

vaporization and is the density of the water. The Air-Sea Toolbox routine, ERn, was

modi ed such that the value of Lg is taken as 2501 0:00237 10 W m 2 (taken from

the hfbulktc.m routine, which more accurately re ects the oiginal TOGA COARE code

base and wher€T is the sea surface temperature) instead of using the constéh5 106 W

m 2. is calculated using the 1983 UNESCO equation (Fofono and Mard, 1983) instead
of being taken as a constant of 1025 kg iy which is too high for these measurably diluted
waters.

The two panes of Figure 4.1 show the water uxes due to evapdian and precipitation
during the DUPLEX | experiment; the heavy line shows the averge evaporation rate; pre-
cipitation is episodic and its averaged value is negligibl&@he average evaporation rate varies
between approximately 2 and 8.5 mm d& which is in the expected range for evaporation
rates in this region (P. Knox - personal communication).

For the purpose of calculating the e ect of salt concentratin on the local salt budget in
the upper and lower Duplin, the upper and lower tidal prismsthe boundaries of which were
de ned by the approximate tidal excursion distance of 4 km (Rgotzkie and Bryson, 1955),

were examined along with all of the intertidal basins which @in into them as determined
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Figure 4.1: Fluxes of water per unit area due to evaporatioma precipitation in the Duplin
River basin during DUPLEX |. The heavy line shows averaged aporation; averaged pre-
cipitation is negligible.
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by Blanton et al. (2007). According to Figure 4.2, the lower Dplin was determined to drain
basins 1{2 and 14{17 while the upper Duplin drains basins 4{8Through measurements
taken from a NOAA chart of the region the approximate main chanel surface area of the
lower Duplin was determined to be 1 1(® m? while the equivalent area in the upper tidal
prism was much less at 9x¥0m?, re ective of a mean width of around 22 m in the upper
prism compared to 250 m in the lower tidal prism. From Blantoret al. (2007) the marsh
drainage basins for the upper and lower Duplin region weregdti ed and hypsometric curves
were constructed, as shown in Figure 4.3.

Assuming that the marsh and side creeks are in steady statdiet tidally averaged trans-
port of salt into each tidal prism of the Duplin can be estimatd using Equation 4.9. The
upper panes of Figure 4.4 show the estimated extent of oodextea, both intertidal and in
the main channel of the creek, as a function of time. Both tideand spring/neap variability
can be observed. As can be seen in Figure 4.3 the peak oodedaris greater in the lower
Duplin than in the upper, however a greater extent of the mats oods earlier in the upper
Duplin than the lower, owing to the greater communication b&veen the main channel and
the marsh due to the large number of small side creeks. Thus amuof the upper Duplin
marsh is ooded for longer than the lower Duplin marshes; tkiwill have implications to the
relative evapotranspiration rates between the two prisms.

The lower panes of Figure 4.4 show the calculated salt transgt into each tidal prism
due to main channel evaporation (thin line) and marsh evapanspiration (thick line). Main
channel open water evaporation dominates in the lower Dupli accounting for, on average,
ve times greater salt ux than can be attributed to the marsh. Marsh evapotranspiration is
slightly higher in the upper Duplin than in the lower but main channel evaporation is much
lower, owing to the narrower nature of the channel, with evagtranspiration there averaging
3 to 5 times higher than main channel evaporation.

Making the assumption that the salt coming out of the marsh mies uniformly across

the width of the main channel, these uxes can be normalizedylthe channel width at each
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Figure 4.2: Intertidal basins in the Duplin, from Blanton etal. (2007).
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piled from Blanton et al. (2007).
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Figure 4.4: Total ooded area (intertidal and main channel)in the upper and lower tidal
prisms of the Duplin during DUPLEX I. The lower panes shows tally averaged salt uxes
into the Duplin due to main channel evaporation and to evapeanspiration in the marsh.
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mooring location to get the total salt ux per unit width needed for the salt budget equation

(4.6). This is shown in Figure 4.5.

4.4.3 Lower Duplin Salt Fluxes

Figure 4.6 shows the depth averaged along channel velocitiepth and salinity at DUPO1
during the DUPLEX | experiment; each one decomposed into tally varying (thin line) and
tidally averaged (thick line) terms. In the upper pane the tdal mean velocity,U, can be seen
to be very low compared to the tidal velocity, withU on the order of 1 cm st. The tidally
varying velocity ranges as high as 1.2 m Son a strong spring ebb to less than 0.5 m 5
on a weak neap ebb. A pronounced tidal asymmetry can be obsedvwith a short strong
ebb being followed by a weaker, but longer, ood. Unequal seddiurnal tides are observed
as a stronger ood/ebb pair is followed immediately by a weadt pair. A strong spring/neap
cycle in velocity is apparent.

The second pane shows the tidal and residual depth during thexperiment. The tidal
depth shows a similar pattern to the tidal velocity with a stiong spring/neap modulation in
tidal range and with the unequal semi-diurnal tides re ectd in the pattern of a higher high
tide being followed by a lower high tide { this pattern is not & evident in low tides as they
vary more smoothly with the spring/neap cycle. A half-meteincrease in mean water depth
is seen between year day (YD) 248 and 250. This is tied to the diening of a Nor'Easter
event as winds at the o shore monitoring buoy swing around &m the southeast to the
northeast and intensi ed, causing downwelling conditionsn the coast, which forces oceanic
water onshore increasing both the mean water depth and satin(see Figure 3.7). After the
Nor'Easter event begins to subside the o shore winds calm bgontinue from the northeast
showing the annual switch in the regional wind climatologyrébm summer conditions to what
has been designated as Mariner's Fall (Blanton et al., 1989 similar, though smaller, event
occurs again around YD 260 as northeasterly winds again imase and are associated with

another increase in mean water depth and salinity.
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Figure 4.5: Total salt ux per unit width due to evaporation and precipitation in the main
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Figure 4.6: Depth averaged along channel velocity (upper pa), water depth (middle pane)
and surface salinity (lower pane) at the DUPO1 mooring. Thedavy lines indicate 40 hour
low pass lItered values.
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The lower pane shows the tidal and residual salinity duringhte experiment. As with
depth and velocity, unequal semi-diurnal tides can be sees a small low/high salinity pair
is followed by a larger pair, though the spring/neap cycle ikss pronounced. An increase in
mean salinity can be seen between YD 248 and 250 and again awmD 260, as was noted
previously for depth.

Figure 4.7 shows phase diagrams of the double correlatiorsed in Equation (4.6) at the
DUPO01 mooring during the DUPLEX | experiment, with times of peak spring and neap tide
highlighted with red and green respectively. The upper panghows the correlation between
tidally varying salinity and velocity. This correlation shows mixed characteristics. Times of
maximum and minimum salinity are centered about times of stk water. However these
periods persist until close to time of maximum ebb and ood asvell. This results in a
variable dispersive term which changes sign through the &l cycle. On spring tide a brief
period of rapid freshening can be observed shortly after skalow water. This is believed to
be due to a pulse of fresh groundwater entering the lower Duplfrom Doboy Sound.

The second pane shows the correlation between tidally vang depth and velocity. This
correlation is strongly a ected by the presence of the intéidal marsh, which can store a
large quantity of water with little change in center channeldepth, and presents a character
which is mixed between a standing and a progressive wave (Dy£997). On ood, maximum
velocity occurs near maximum water depth, indicating that be tide has the characteristics
of a progressive wave and the marsh has been ooded. Howean,ebb, maximum velocity
occurs slightly above mean depth, indicating that the marshas drained and the tide has the
characteristic of a standing wave. This is variable on the sing/neap cycle with neap tides
showing even more characteristics of a standing wave on eflhis will result in a dispersive
term with strong spring/neap variability.

The bottom pane of Figure 4.7 shows the correlation betweehd tidally varying depth
and salinity. These terms are highly correlated, with highalinity occurring at high water

and low salinity at low water. This strong correlation will result in a dispersive ux into the
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Figure 4.7: Phase diagrams of the correlations between tidavarying velocity, practical
salinity and depth at the DUP01 mooring.
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Duplin, but one which is attenuated by being multiplied by the very low residual out ow U.
The short- lived freshening on the spring tide at the start ofood, as noted above, is also
evident here.

The triple correlation is not plotted, but is represented bythe three orthogonal views in
the double correlation plots. Its magnitude is low owing to lie opposing nature of thars;
and the u;h, correlations.

The salinity gradient in the lower Duplin can be calculatedpn the basis of along channel
advection of salt such that@ S@x 1 U @S@¢t and is shown in Figure 4.8, plotted in
terms of salinity per meter. This term is always positive, recting that the mouth of the
creek is always saltier than the upper regions of the lower plin, and varies between 4.5
and9 104gkg!im?.

Figure 4.9 then shows the calculated tidal dispersive and egctive uxes in the lower
Duplin. The upper pane shows the tidal dispersive componentThe largest component is the
Su:h; ux which represents a net ux of salt into the Duplin tied to t he progressive nature
of the tidal wave on ood and the standing nature of the same wa on ebb (dashed line).
The next largest component is theHU;S; ux, re ecting the mixed characteristics of the
velocity-salinity correlation which causes it to change gns on a spring/neap cycle (dotted
line). The other terms, including the tidal pumping triple correlation term, are low and the
net tidal dispersion is shown as a thick solid line.

The net advective (thin solid line) and tidal uxes (dashed ine) are plotted in the lower
pane along with their sum (thick solid line). These represerhe total ux of salt into and
out of the Duplin. This is highly variable in magnitude and sgn, and is dominated by
the advective ux term. Whatever spring/neap variability i s present is overwhelmed by the
residual ux variations tied to the o shore forcing.

As can be seen from Figures 4.5 and 4.9 the salt uxes due to paamation and pre-
cipitation, even when including the extensive intertidal eeas, are a minor factor in the

lower Duplin salt budget. Figure 4.10 shows a plot of the estiated storage of salt per unit
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Figure 4.8: The along channel salinity gradient at the DUPOInooring.
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width in the lower Duplin tidal prism (@EL @} along with the negative of the net along
channel advective and dispersive ux. Both the sign and sh&s of the curves correlate rea-
sonably well until YD 250. After YD 250, presumably, the relgation of the system after
the onshore transport due to the Nor'Easter brings salt intdhe system from the intertidal
areas, accounting for the discrepancy between the observ&drage and the along channel

salt uxes.

4.4.4 Upper Duplin Salt Fluxes

Figure 4.11 shows the depth averaged along channel velocitgpth and salinity at DUPO03
during the DUPLEX | experiment, each decomposed into tidayl varying (thin line) and
tidally averaged (thick line) terms. In the upper pane the tidal mean velocity,U, can be seen
to be very low compared to the tidal velocity, though higher than in the lower Duplin, on
the order of 3 cm s!, which could be due to a larger amount of fresh water ux enténg the
Duplin upstream of this mooring and pointing to the much smaér cross-sectional area at
this location. The tidally varying velocity ranges from as fgh as 0.7 m st on a strong spring
ebb to less than 0.4 m s on a weak neap ebb, in all cases much less than in the lower Dopl
re ecting the dissipation of tidal energy as the tidal wavesnoves through the shallow and
sinuous channel. A pronounced tidal asymmetry can be obsed/with a short strong ebb
being followed by a weaker, but longer, ood; a semi-diurndidal inequality, observed as
a stronger ood/ebb pair followed immediately by a weaker p@ is also observed. A strong
spring/neap cycle in velocity is also apparent.

The second pane shows the tidal and residual depth during thexperiment. The tidal
depth shows a similar pattern to the lower channel depth witlthe same spring/neap cycle
and semi-diurnal asymmetry. As in the lower Duplin a half medr increase in mean water
depth is seen between YD 248 and 250 with no appreciable phiesgbetween the two events,
indicating that the mean water level adjusted nearly instataneously throughout the system,

as previously described.
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Figure 4.10: Tidally averaged salt storage@s_hL @Y in the lower tidal prism of the Duplin
and the negative of the along channel salt uxes past the DUROmooring.



117

—
—
F;:
—
=
—
=
===
=
—_—
—
—
B
B
|
—
F—

_
—_—]
]
i
—
—_—
_
_]
—]
=
~—]
=
-]
—=—]
—_—
_
=

G

H-6.0,h (m)
o

o
o1

-1.5

_1 unwm

235 240 245 250 255 260 265
Year Day 2003 (235 = 23 AUG)

S-22.5,s
o

Figure 4.11: Along channel velocity, water depth and praatal salinity at the DUPO3
mooring. The heavy lines indicate 40 hour low pass Itered Vaes.



118

The lower pane shows the tidal and residual practical saliyi during the experiment.
Tidal salinity variation is very low and an unusual pattern @an be observed: during early
spring tide a ooding tide brings increased salinity and an lgbing tide brings decreased
salinity, followed by a transition period just after peak sping tide when tidal salinity variation
is nearly negligible; then during a much longer neap tide, aooding tide brings in lower
salinity water and an ebbing tide higher salinity water. At the beginning of the next spring
tide the regime abruptly transitions back to the early sprirg tide regime and begins the
pattern again. An increase in mean salinity can be seen be®ve YD 248 and 250 and
around YD 260 as was noted previously in the lower Duplin.

Figure 4.12 shows phase diagrams of the double correlatiansEquation (4.6) at the
DUPO03 mooring during the DUPLEX | experiment with peak sprirg and neap tides indi-
cated. The upper pane shows the correlation between tidalyarying salinity and velocity.
This correlation shows mixed characteristics, similar tohose seen in the lower Duplin, but
with much lower tidal salinity variability. This will resul t in a dispersive term which alter-
nates in sign and is very small.

The second pane shows the correlation between tidally vang depth and velocity. As in
the lower Duplin this correlation is strongly a ected by thepresence of the intertidal marsh,
showing characteristics of a progressive wave on ood and taisding wave on ebb. As before
this will be the dominant salt ux term representing a net ux in, though reduced due to
the lower mean salinity in the upper Duplin.

The bottom pane then shows the correlation between the tidgl varying depth and
salinity. This term shows an unusual pattern as the correl&n reverses in sign on a
spring/neap cycle. On early spring tide, ood tide brings inhigher salinity water while ebb
tide brings in lower salinity water; this forms the arm of the X' pattern running from lower
left to upper right, and indicates a positive salinity gradent. On neap tide this pattern

is reversed forming the arm, which runs from lower right to uper left, indicating that
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Figure 4.12: Phase diagrams of the correlations between dity varying velocity, practical
salinity and area at the DUP0O3 mooring.
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the salinity gradient has reversed. The scatter in the loweregion is due to the transition
between these periods.

As before the triple correlation is not plotted, due to the diulty of visualizing the
correlation in three dimensional space, but is low owing tche opposing nature of thel;S;
and the u:h; correlations.

The salinity gradient in the upper Duplin is shown in Figure 413. This term reverses with
the spring/neap cycle varying from -1.25t0 5 104 g kg ! m ! re ecting the reversible
nature of the upper Duplin estuary as the interaction betwae tidal energy in the lower
Duplin pushing salty Doboy Sound water up and presumably fe&n groundwater entering
and diluting the middle Duplin water plays out on a fortnightly cycle, as will be discussed.

Figure 4.14 shows the tidal dispersive and advective uxes ithe upper Duplin. The
upper pane shows the tidal dispersive components. The lasjecomponent, as before, is
the Su:h; ux (dashed line) which represents a net ux of salt into the Duplin tied to the
progressive nature of the tidal wave on ood and the standingature of the same wave on
ebb. This component shows the same spring/neap variabilitgs in the lower Duplin, but is
much smaller re ecting the lower mean salinity in the upper Dplin as well as the decrease
of the velocity-depth correlation tied to the greater extenof intertidal areas. The term is
maximum on spring tide when the positive salinity gradients maximum and goes to near
zero on neap tide as the salinity gradient goes to zero and theeverses sign. All other
components are smaller.

The net advective (thin line) and tidal (dotted line) uxes are plotted in the lower pane
along with their sum (thick line), which represents the totd ux of salt into and out of the
Duplin. This term is consistently out of the Duplin and is doninated by the advective ux
term. In contrast to the lower Duplin a spring/neap signal isobservable and the net salt ux
is always out of the Duplin. This does not t well at all with the observed mean salinity
trends in the upper Duplin, as shown in Figure 4.11, indicatig that poorly constrained

salinity uxes outside of the main channel are important in hese waters.
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Figure 4.13: The along channel salinity gradient at the DUP® mooring.
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Figure 4.14: Tidal salt ux constituents at the DUP03 moorirg (upper pane) along with the
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As can be seen from Figures 4.5 and 4.14 the salt uxes due t@pwration and precipita-
tion are a minor factor in the upper Duplin salt budget, even Wwen accounting for the greater
ratio of intertidal area to main channel area than in the lowe Duplin. Figure 4.15 shows a
plot of the calculated storage of salt in the upper Duplin tiél prism (@shL @} along with
the net along channel advective and dispersive ux. Neithethe sign nor the shape of the
curves correspond well indicating that the sum of along chael advection and dispersion of
salt and steady state concentration of salt due to evaporatn in the main channel and the

intertidal areas is insu cient to determine the local salt budget.

45 Discussion and Conclusions

In this paper we have presented measurements of the factoreaing the salt budget in a
shallow, sinuous salt marsh estuary, the Duplin River, whircis typical of a common class
of such creeks in the marshes of the South Atlantic Bight. Thealt ux in these creeks is
controlled by an interplay between the input of fresh groundater into the creek, derived
primarily from aquifers beneath the adjacent barrier islads, the high tidal energy, tied to
the large tidal range in the middle of the South Atlantic Bigh, the dissipation of that
tidal energy due to the shallow and sinuous nature of the crheehannel, the in uence of
the intertidal marshes in distorting the tidal wave, evapoation in the main channel and
evapotranspiration in the intertidal marsh.

The lower Duplin is characterized by its easy communicatiomwith Doboy Sound and
its water is characteristically salty. Tidal processes mixhis water in, over the 4 km length
of the tidal excursion distance, establishing a strong algnchannel salinity gradient as this
salty water mixes with the fresher water mass centered in thaiddle Duplin. This fresher
water is presumably in uenced by the fresh groundwater uxm and upstream of this region.
Frictional distortion of the tidal wave due to the intertidal marsh areas results in a tidal
wave which appears progressive on ood but that shows chatadstics of a standing wave

on ebb. There is very little strati cation in this region, as the waters stay well mixed. The
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Figure 4.15: Tidally averaged salt storage@s_hL @Y in the upper tidal prism of the Duplin
and the negative of the along channel salt uxes past the DURBOmooring.
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main contributor to tidal dispersion is the tidal wave trangport that results in a net tidal

ux of salt into the creek. This is generally opposed by the dual advection of salt out of
the creek tied to the interplay between fresh groundwater put upstream and forcing due to
o shore wind events. This residual advection is due to growtwater export, which varies with
the spring/neap cycle, but is overwhelmed by the transport we to o shore forcing during
this experiment.

While di culties in making accurate measurements and in esmating upstream salt
storage make it problematic to attempt to exactly correlateobserved salt uxes with trends
in observed salinity (Simpson et al., 2001), the general forof the curves is instructive. In
the lower Duplin the measured salt uxes due to advective andispersive processes agree in
shape and sign with estimated salt storage in the lower Duplitidal prism for most of the
deployment period. The deviations from this agreement, espially around YD 260 when the
shapes agree but the signs do not, point to the importance obprly constrained, and here
unmeasured, processes to the local salt budget. These imtdualong channel salt dispersion
due to tidal trapping, to transport across the upper bound othe tidal prism and to the
intertidal marsh's role in sequestering and releasing sdled to marsh inundation. The steady
state concentration of salt due to evaporation in the main @nnel and evapotranspiration
in the marsh is shown to be insigni cant to the local salt budgt but the marsh may act to
store salt and release it in episodic events tied to the in@sed inundation due to high spring
tides and increases in mean water depth due to o shore forgin

The upper Duplin is somewhat isolated from the lower Duplinad Doboy Sound by the
sinuous nature of the main channel which serves to dissipatee energy of the tidal wave as
it progresses up the creek. These waters are characteriatlg fresh, with a low along channel
salinity gradient, re ecting the in uence of the broadly distributed fresh groundwater ux
into this region which results in a very small tidal salinityrange. As in the lower Duplin,
frictional e ects distort the tidal wave while also signi cantly attenuating the tidal velocity.

Tidal dispersive processes are dominated by the tidal waveahsport, but this term is signif-
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icantly lower than in the lower Duplin, re ecting the e ect of the attenuated tidal velocity,
and of the variable nature of the salinity gradient here. Thanet advection of water, per unit
width, out of the creek is much higher than in the lower reaclse This re ects the much
smaller cross-sectional area of the creek here while inding that a larger portion of the
total fresh groundwater input occurs above the DUP0O3 moorgm While o shore forcing is
still important, and seen here in a change in the mean water p#h, a strong spring/neap
cycle, which is not seen in the lower Duplin advection, is obs/able here presumably showing
the change in groundwater pumping with the changing hydraid head due to spring/neap
variations in tidal range.

The salinity gradient in the upper Duplin is low and variable being positive on early
spring tide as high tidal energy mixes salty Doboy Sound waténto the middle Duplin and
establishes a normal estuarine salinity gradient throughm the entire Duplin River basin.
On neap tide it is believed that the in uence of fresh groundater input in the middle region
of the Duplin, combined with lower penetration of salt from he lower Duplin into these
waters, establishes a weaker negative along channel sajirgradient in the upper Duplin,
which persists until the start of the next spring tide. As reersing estuaries are known (see,
for example, Valle-Levinson and Bosley, 2003) they gendyateverse on seasonal time scales
rather than with a fortnightly period making the upper Duplin fairly unique in this respect.

The steady state ux of salt into the upper Duplin due to evapaoation in the marsh and
main channel is much higher than in the lower Duplin, as the t#& of the area of the ooded
marsh to the main channel surface area is much higher, howeveis still an insigni cant
term in the local salt budget.

Unlike in the lower Duplin, the measured salt uxes through he channel do not correlate
well at all, either in trend or sign, with the observed salirty trends in the upper Duplin. A
constant net out ux of salt is observed despite a general trel of steady or rising salinity
in these waters. As the main periods of mean salinity increasn the upper Duplin are on

spring tides, when the marsh is more fully inundated than oneap tide, it is hypothesized
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that salt is concentrated in the marsh and is sequestered ihé¢ sediment and pore water on
neap tide only to be resuspended and enter the main channeltb&é estuary on spring tide,
thus explaining the impulsive nature of the salinity increae.

This apparently increased dependence of upper Duplin satinon marsh interactions, as
compared to the lower Duplin, agrees with previous observans from heat budget measure-
ments during the same deployment (McKay and Di lorio, 2008Main channel heating in
the upper Duplin was shown to be more dependent on marsh ingations than was similar
heating in the lower Duplin.

A third water mass exists in the middle Duplin which was not masured during the
experiment. This mass is highly variable and its propertieare regulated by the fortnightly
spring/neap cycle. On spring tide salty water from Doboy Saud mixes in while at the same
time the increased hydraulic head due to the large tidal ramgpresumably pumps greater
amounts of ground water out of the aquifer. This allows fresiwater to mix down into the
lower Duplin establishing a strong salinity gradient in thee waters. Increased salt penetration
into the upper Duplin establishes a positive salinity gradint throughout the entire Duplin
River basin. On neap tide the decreased tidal energy mixesltgaDoboy Sound water in
less vigorously while simultaneously less ground water isiqaped into the system. Higher
salinity water penetrates further into the middle Duplin esablishing a still positive but less
strong salinity gradient in the lower Duplin. This higher sdinity water does not mix past
the boundaries of the middle Duplin, while fresh water inpuinto the middle Duplin does
mix into the upper Duplin, thus reversing the sign of the satiity gradient and creating a
negative estuary in the upper Duplin.

This work shows the importance of the intertidal marsh and diresh water input (presum-
ably from groundwater) to the salt budget in a tidal creek. Tke importance of the marsh and
its side creeks to constraining the salt budget is apparenind further work should be done
to better measure these poorly understood processes. As thiertidal marsh also serves an

important source of sediment, carbon and nutrients to the ma channel (see, for example,
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Wolaver and Spurrier, 1988; Childers and Day, 1990a,b; Cai al., 2003; Wang and Cali,
2004) an understanding of the spatial and temporal variatits in the relative importance of
the marsh to the salt budget, especially the spring/neap vability and the relative impor-

tance of the marsh to the upper and lower Duplin, can serve toform research into the

in uence of the marsh on the budget of other substances of cmern.
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Abstract

An experimental study of vertical and horizontal mixing nea the mouth of the Duplin
River, a tidal creek bordered by extensive intertidal salt rarshes near Sapelo Island on
the central Georgia coast in the southeastern US, was cadi®ut over several spring/neap
cycles in September and October of 2005. Vertical mixing ie@vn to be modulated on both
M4 and fortnightly frequencies with turbulent stresses beg generated near the bed and
propagating into the water column on periods of max ood andl# and being signi cantly
greater on spring tide than on neap. Horizontal mixing is dven by tidal dispersion, which
is also modulated by the fortnightly spring/neap cycle. Netexport of salt from the lower
Duplin is shown to be due to residual advection modi ed by ugseam tidal pumping which
exhibits a pulsating character with net export taking placegor a short period on spring tide
followed by a longer period of net import of salt. Analogiesra drawn for the use of salt as
a tracer for the export of marsh derived sediment as well asrb@n and other nutrients to

the coastal ocean.
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5.1 Introduction

E orts to understand the nature of the transfer of materialsand dissolved substances across
the land-ocean boundary and into the coastal ocean must nasarily focus on the estu-
aries and tidal creeks where such uxes are concentratednge the early work on estuarine
dynamics (see for example, Pritchard, 1952, 1954; Hanserdd®attray, 1965) vertical mixing,
largely driven by bottom stress, surface stress and interliva generated turbulence, has been
known to be an important control on the ux of dissolved substinces through its action on
vertical strati cation. More recently the spring-neap cyde, with its attendant modulation
of tidal energy, has come to be appreciated as an importantrtool on this vertical mixing
itself (see for example, Peters, 1997; Chant, 2002; Simpsatral., 2005; Chant et al., 2007).

Longitudinal uxes are the result of both advective and disprsive processes (Dyer, 1997),
with the advective uxes due, primarily, to fresh water input at the head and the dispersive
uxes due to tidal processes, and thus maximum near the moutbf an estuary or tidal
creek (Geyer and Signell, 1992). These longitudinal uxesan vary greatly on seasonal and
spring/neap time scales and with changes in fresh water inpand tidal energy making them
di cult to predict (see for example, Banas et al., 2004; Medeos and Kjerfve, 2005).

This paper presents the results of a mooring experiment camcted over several
spring/neap cycles in September and October of 2005 near theuth of the Duplin River,
a salt marsh tidal creek on the central Georgia coast, whichas intended to quantify the
in uence of the spring/neap cycle on both vertical mixing ad longitudinal tidal dispersion.

In this paper, Section 5.2 will discuss the physical mechamns of vertical and horizontal
mixing and dispersion in estuaries, Section 5.3 outlines @éhdetails of the experiment and
data processing, Section 5.4 shows the measured mixing anspérsion results and, nally,
Section 5.5 will discuss implications for a better physicalnderstanding of mixing in a tidal

creek and export to the coastal ocean.
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5.2 Estuarine Mixing

5.2.1 Vertical Mixing

In a sheared ow, vertical mixing results from both internaly generated turbulence and
turbulence generated by friction and stress at the top and ltmm boundaries. As will be
discussed later for the Duplin River, in a vertically well nxed system, Abraham (1980)
showed that bottom boundary turbulence is dominant, excepat slack water, with maximum
mixing occurring near the bottom and extending upwards intahe water column. Near slack
water, when there is little to no bottom friction, internally generated turbulence becomes
important and mixing is more broadly distributed through the water column.

It is common to treat turbulent mixing as a gradient process @rameterized against the
mean velocity shear as a turbulent eddy viscosity\,, and eddy di usivity, K, (with units

of m? s 1) such that,

uw Nz%uz; (5.1)
WA KZ%SZ; (5.2)

where u and w are the along channel and vertical velocities respectivelyg is the salinity,
brackets  represent a time averaged quantity and primed values reped the turbulent
uctuations from the time average (Dyer, 1997).

In vertically well mixed and homogeneous water, the eddy \desity and di usivity are
nearly equal andK, N,. In the presence of strati cation, vertical mixing has to at against
a density gradient and both the eddy viscosity and di usiviy are reduced. However, as
momentum is transferred more readily than mass in such a case, is attenuated less than

is N, (Dyer, 1997).

5.2.2 Horizontal Mixing

Along channel horizontal mixing in an estuary is a result oflte sum of several processes

on widely distributed spatial and temporal scales: from tusulent to tidal and fortnightly
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scales. Similar to vertical mixing, the turbulent stressegiven by the uu and us
correlations give rise to horizontal eddy viscosityNy, and di usivity, Ky, parameters which
are generally on the same order as their vertical mixing ar@jues. Bowden (1965) showed
how the interaction between strati cation and shear in boththe mean ow and the tidally
oscillating ow can give rise to horizontal shear dispersio which can, depending on the
strength of the strati cation, be several orders of magnitde greater than the corresponding
turbulent di usion (Lewis, 1997).

The interaction between estuarine tides, bathymetry and regularities at the channel edge
can result in tidal dispersive uxes due to tidal pumping, coss channel shear dispersion and
tidal trapping (Fischer et al., 1979). Of these three mechasms tidal pumping, the gener-
ally upstream net transport due to correlations between tidl depth, velocity and salinity,
is usually dominant. The presence of vertical shear and straation (Bowden, 1965) and a
generally much smaller e ect of lateral shear and salinity ariability (Rattray and Dworski,
1980) can act to modulate this tidal pumping mechanism, espially in areas of high strat-
i cation or curvature in the main tidal channel (Dyer, 1974). Irregularities in the channel
edge, side creeks, and intertidal ats contribute to alongl@annel dispersion by holding water
with which they are inundated on ood and not releasing it bak into the main channel at
the corresponding stage of ebb, e ectively trapping the wat and then mixing it back into
a potentially dissimilar water mass on subsequent ebb tid¢Eischer et al., 1979).

Similar to vertical mixing, it is common to parameterize edt of these horizontal mixing
processes against the along channel salinity gradient as audivity K, (with units of m?2
s 1). A total K, can then be de ned as the sum of th&, values due to turbulent, shear

and tidal dispersion which accounts for the e ect of all thre of these processes.
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5.3 Methods

5.3.1 Location and Conditions

The study site presented here is near the mouth of the Duplinif®er, a tidal creek located in
the marshes of the Sapelo Island National Estuarine ReselaReserve on the central Georgia
coast in the southeastern U.S. (see Figure 5.1). The Duplia approximately 13 km long and
varies from less than 1 m wide at its head in the intertidal magh to 250 m wide at its mouth.
It connects with Doboy Sound, which in turn is connected to tb coastal Atlantic Ocean.
With an estimated tidal excursion of 4 km (Ragotzkie and Brysn, 1955) it is believed to
have three tidal prisms. The upper reaches of the Duplin winthrough extensive intertidal
marshes characterized by mud ats, vegetated primarily wit Spartina alterni ora, and cut
by a network of side creeks and channels of varying sizes, l@hthe lower reaches consist of a
straight and wide channel with few side creeks bordered by meoupland, marsh hammocks
and creekless marsh.

The mean depth along the thalweg in the lower Duplin is appramately 6.5 m. The
drainage area of the intertidal marsh is approximately 12 kin(Blanton et al., 2007). Tides
are predominantly semi-diurnal with a range of 1-3 m on neamd spring tide respectively.
Along channel tidal velocities show an ebb dominance of ovhat is a common characteristic
of this class of salt marsh estuary (Dronkers, 1986; Dyer, 9B Blanton et al., 2002) with
depth averaged maximum ood velocities in the lower reachdseing less than 1 m s on
spring tide while the corresponding maximum ebb can reach2lm s .

Despite the lack of surface freshwater input there is a sigoant, though unmeasured, sub-
marine groundwater input (Ragotzkie and Bryson, 1955) whicestablishes an along channel
salinity gradient in the lower reaches which can be as much 49 or more (as measured
using the Practical Salinity Scale) over the length of the lwer tidal prism. Upstream of this
lower prism the waters are generally well mixed along channand the salinity gradient,

when present, is small and variable. There is signi cant tidl salinity variation in the lower
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Figure 5.1: Chart showing the study area on the central Geadigycoast. The black asterisk
on the inset chart shows the ADCP mooring location in the loweDuplin River
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reaches of the Duplin as water from Doboy Sound (in uenced bthe Altamaha River) is
advected in (Kjerfve, 1973). While there are occasional geds of strati cation in the lower
Duplin believed to be related to changes in Altamaha River dcharge, groundwater input,
precipitation and oceanic forcing, it is generally verticly and laterally well mixed at all
times. The location is not subject to any wave action beyondctally generated chop.

Meteorological conditions during the deployment were typal for the region (see Figure
5.2), which was in the middle of a prolonged drought. Winds we variable and generally
less than 6 m st, though reaching as high as 11 m 5 during rain events, as measured
at 10 m height at the weather station immediately adjacent tathe deployment location.
Sporadic rain showers were observed from 1{7 October and agan 22 and 25 October.
Some of the decrease in mean salinity from year day (YD) 2782 (as will be shown) is
likely attributable to this rain event, however this period also corresponds with the spring
tide, which is believed to increase fresh groundwater ux to the channel.

The mean properties of the Duplin have been previously repged on (see, for example,
Ragotzkie and Bryson, 1955; Kjerfve, 1973; Imberger et al983) but this is the rst study

to look at both horizontal and vertical mixing simultaneousy in this system.

5.3.2 Instrumentation

The eld experiment to measure the various mixing processas the lower Duplin River was

carried out over a 34 day period from 28 September to 31 Octab2005 and covered two
spring and two neap tides, ending shortly before a third sprg tide. The experiment was
designed to simultaneously measure vertical and horizohtaixing processes at the mouth
of the Duplin accounting for the e ects of the tidal interaction between salty Doboy Sound
water advected in on ood and fresher upper/middle Duplin Rver water advected down on
ebb, and of the fortnightly variations in tidal energy tied to the spring/neap cycle. Figure
5.1 shows a hydrographic chart of the study area on the Geoagioast as well as the location

of the deployment site.
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Figure 5.2: Air and water temperature, wind speed and prediation rate at the Marsh
Landing weather station immediately adjacent to the moorig location.
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The instrument package was deployed during the September 3D Georgia Coastal
Ecosystems - Long Term Ecological Research (GCE-LTER) swy cruise with the R/V
Savannah. A 4 beam 1200 kHz RDI Workhorse broadband ADCP wagployed on a heavy
custom built pyramidal bottom mount mooring frame in the ceter of the channel in water
with a mean depth of approximately 6.5 m. The ADCP operated irfburst mode, sampling
current velocity pro les at 2 Hz for 5 minutes every 30 minuts, and logged every ping in
beam coordinate mode with 0.25 me depth bins. The rst samphlas centered 1.0 m above
bottom. The 1-2 beam pair was aligned along the main axis ofé¢hchannel. Seabird Microcat
conductivity-temperature-depth (CTD) meters were moorecat the surface, approximately
0.5 m beneath a tethered oat, and bottom. Both sampled at 15 mute intervals.

Compass and pitch/roll sensors show that during this deplogent the instrument's
heading changed 0.50ver 34 days while pitch and roll started out at less than 3 and.5
respectively from the vertical with both settling to just over 1 over the rst 10 days of the
deployment and remaining constant for the rest of the deplogent. While stress estimates
are very sensitive to instrument alignment with the verticd Lu and Lueck (1999) showed
that errors in the stress estimate will be small for such smadeviations. All time references
were logged in UTC. Our coordinate system adheres to the eatine convention such that

X is the along channel direction and is positive out of the crie

5.3.3 Salinity Data

The bottom Microcat salinity data became unreliable, due tdiofouling of the sensor, on
the fth day of the deployment. Prior to this instrument fail ure, the surface and bottom
measurements indicated that the system was vertically weathixed for both temperature and
salinity at all times with the di erences showing a random dstribution and being below
the noise threshold of each sensor. As this agrees with thetlaars' observations during two
previous mooring experiments at this location in the DuplinRiver (McKay and Di lorio,

2008) we have chosen to treat the surface values as being oadive of the entire water
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column. While the rain events likely introduced some shotived strati cation to the water
column we were not able to measure this due to the failure oféhbottom S. In all sections
to come salinity will be reported as a unitless quantity in amordance to the practical salinity

scale.

5.3.4 Vertical Mixing

For each beam, the velocity data at the top and bottom depth lnis were deleted, to remove
both surface noise and ringing near the transducer. Each beawvas then further processed
by removing all ping data with a PG (percent good) of less tha®0% as reported by the
internal diagnostics of the ADCP. For an ADCP logging every ing this is a measure of the
echo strength of the returned signal. This resulted in the mrroval of one complete ve minute
ensemble on year day (YD) 289 as well as the removal of scaédrother values, generally
near the surface, which constituted less than 0.1% of the datWith the exception of the
removed ensemble, deleted bins were replaced with a lineaterpolation between the values
in the bins above and below. Similarly, for each depth bin vaés were rejected which were
three or more standard deviations away from the ensemble amge and replaced with an
interpolated value. This removed a similarly small amount fothe data.

Along channel and cross channel velocities were calculatedm the individual pings as
B, B;

- 5.3

u 2sin (5.3)
B, Bsj

. 54

v 2sin (5.4)

(Di lorio and Gargett, 2005) whereu is the along channel velocity,v the cross channel
velocity, B is the along beam velocity for each beam, the 1-2 beam pair ikgaed with the
channel, the 3-4 beam pair is aligned cross-channel ands the beam angle (20 for the
RDI ADCP used). The instantaneousu and v velocities were then averaged for each ve
minute ensemble to get the mean ow. To resolve the surface dbottom ows each velocity
pro le was extrapolated to the surface by assuming zero shreaver a distance of 0.5m, and

extrapolated to the bottom assuming a log layer pro le over 4.5 m distance.
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Since the work of Lohrman et al. (1990), as elaborated by Segc et al. (1999) and Lu
and Lueck (1999), it has become common to estimate verticatldy viscosity, and hence
di usivity of momentum, using a four beam, high frequency boadband acoustic Doppler
current pro ler (ADCP). This method, known as the variance nethod, allows the direct
estimation of the Reynolds stress, « uw , by comparing the velocity variances of
opposing pairs of beams. This stress is determined using tledation

B2 B2

uw % (5.5)
(Di lorio and Gargett, 2005) where BZ B2 B, 7, B, isthe velocity along the beam one
direction and the subscriptf implies uctuations. B3 is similarly de ned but opposite from
beam one. The time varying stress can then be estimated thrgliout the water column and
parameterized against the observed vertical velocity graeht and thus N, can be estimated
using Equation (5.1). Noting that the system is well mixed ad vertically homogeneou«,
is known as well.

This method requires the ow to be horizontally homogeneousuch that there is no
variation in the turbulent statistics over the separation dstance between corresponding bins
in each beam pair (Lu and Lueck, 1999). This condition is metybour deployment location
being in the middle of the channel in a region of nearly constacross-section. The sampling
rate of 2 Hz and vertical bin size of 0.25 m allows us to resol#ee smaller eddies in the
ow which are involved in vertical momentum transfer (Rippeh et al., 2002). The 5 minute
ensemble time represents a compromise between concernsnefrument battery life, the
need for a statistically signi cant sample size and the neefbr quasi-stationary conditions
during the sample period. Sampling for 5 minutes at 2 Hz prosed a statistically signi cant
600 samples per ensemble while the 5 minute ensemble timeairow dominated by semi-
diurnal and longer variability, was short enough to insure gasi-stationary conditions during
the entire record.

Stress pro les were calculated for each ping in the record drthen averaged for each

ve minute ensemble to give one stress pro le for each half oy sampling period. The
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statistical reliability of the Reynolds stress estimatesnicreases with the square root of the
number of samples per ensemble according to the relation givby Williams and Simpson

(2004)
2
) & Bf

R M sin?2

(5.6)

where 2 is the mean squared variability of the Reynolds stress estate, is a factor
depending on the covariance of the individual velocity vaks, \ is the instrument noise
level, B2 the mean square value of the turbulent uctuations andM is the number of
samples per ensemble.

From Equation(5.6) we can estimate a threshold value for dettable stress by examining
low ow, when Bj goes to zero and to one, and taking a value for instrument noise of
=0.017 m s ! from the instrument manufacturer. This then gives an approxnate minimum
measurable stress =2x10 > m? s 2.

To estimate the vertical eddy diusivity, K, it is necessary to parameterize uw
against the vertical shear in the along channel velocity@u @zin the region where stresses
are resolved by the ADCP. As small variations inu between depth bins can cause large
swings in the value of@u @z as calculated using numerical di erentiation techniques
each velocity pro le was smoothed by tting with a polynomid and the gradient taken by
di erentiating that polynomial. As the shape of the velocity prole changes through the
tidal cycle from being nearly linear to showing slight curvaure, each prole was t with
both rst and second order polynomials; the t with the highest r? value was selected for
the di erentiation. The velocity pro le was generally linear with a maximum at the surface.

Vertical mixing time during the tidal cycle can be estimatedrom low pass Itered values

for depth averagedK ,, such that K, is considered stationary within each tidal period, as
t — (5.7)

(Lewis, 1997) wheret is the approximate time for complete vertical mixing, in seands, h

the tidal mean water depth andKz the tidal and depth averaged eddy di usivity. This
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estimated mixing time is based on the estimated time requidefor a concentrated substance
in the middle of the water column to assume a Gaussian conceation distribution with

depth.

5.3.5 Horizontal Mixing

As can be seen in Figure 5.1, our deployment is in an area withstraight channel with
few side creeks or irregularities, reducing the importana# tidal trapping to along channel
dispersion in this region. Further, previous work has showiiitle lateral variability in salinity
and, as will be discussed, the mooring site can be regardedgenerally unstrati ed thus
allowing both the vertical and lateral shear contributionsto along channel dispersion to be
neglected. Since dispersion due to tidal processes is veryam greater than that due to
turbulent stresses, the latter may be neglected as well andbag channel dispersion in these
waters may be seen as primarily the result of tidal processes

Following the work of Hansen (1965), as modi ed by Medeirosnd Kjerfve (2005), and
noting that the Duplin is vertically well mixed for salt, the depth integrated along channel
ux of salt, or any conservative scalar, per unit width past he mooring along the centerline

of the Duplin River, F t , is given by
Ft htutst (5.8)

whereh t is the tidally varying depth, ut 1h Oh u z;t dz, is the depth averaged along
channel velocity ands t is the salinity, which is held to be constant with depth.
We decompose the time varying quantities into their tidal man (capitalized) and tidal

deviations from that mean (subscripted t) such that

ht H h (5.9)
ut U u (5.10)

st S s (5.11)
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From this point on, in the interest of simplicity and consisency of notation, we will drop the
denoting the depth average ofi with the understanding that all references to theu velocity
in reference to tidal dispersion refer to the depth averageglocity. Now substituting (5.9 -

5.11) into (5.8), expanding terms and averaging over a tidalycle we can write that

E HUS HUS Uhtst Shtut htutst (512)

where the overline represents a tidally averaged quantity.

Considering the right hand side of Equation (5.12), the rstterm, HUS, represents
the advection of salt due to tidally averaged residual owse ecting changes in freshwater
discharge, mean depth and o shore forcing. The remaining n@s account for the longitu-
dinal tidal dispersive transport due to correlations betwen tidally varying quantities. After
normalizing the tidal dispersive terms by the tidal mean wadr depth, H, they can be param-
eterized against the tidal mean along channel salinity graeht, @ S@xto obtain an e ective
along channel tidal mean dispersion coe cientK , which parameterizes the dominant along

channel dispersive processes in the Duplin.

5.4 Results

5.4.1 Mean Flow

The upper pane of Figure 5.3 shows the depth distribution ofhe along channel velocity
u, positive on ebb, at the mooring during a 14 day spring-neagpring transition toward
the beginning of the experiment. Along channel velocity pries are generally linear with a
minimum near the bed and a maximum near the surface. The seabpane shows the depth
averaged along channel velocityy, during this same period. This term varies strongly with
the spring/neap cycle and shows the ebb dominance of ow wihiés a common characteristic
of this class of salt marsh estuary (Dronkers, 1986; Dyer, 9B, Blanton et al., 2002).

The entire period of observation is shown in Figure 5.4, seq@ded into residual (40

hour low pass Itered) and tidal components. The upper paneh®ws the depth averaged
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Figure 5.3: Along channel velocityu, depth averaged along channel velocity,Reynold's
stresses y ~ and turbulent kinetic energy production (logoP) during spring-neap-spring
period from year day 277 to year day 291
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guantities for the along channel ow. Surface salinity, wiih is taken as representative of
the entire water column, is in the second pane with center chael depth shown in the third
pane. In all three panes the heavy line represents the 40h Igassed tidal average, with
the mean salinity and depth removed where appropriate. A stng spring/neap cycle can
be seen in both along channel tidal velocity and tidal depthariation with strong spring
ebb ows peaking as high as 1.2 m % while weak neap ebb ows are as slow as half of
that, and a tidal depth range from 1 meter on neap to 3 meters ospring tide. Further, a
marked semi-diurnal tidal asymmetry can be observed, mostgminently at neap tide, with
a strong ood/ebb pair being followed by a weaker one. This igspecially pronounced during
the second, smaller, neap tide. The ow is ebb dominant, shamg a shorter, stronger ebb
which contrasts with a longer but weaker ood. This is due torictional distortion of the
tide, caused by interactions between the main channel and ghintertidal areas, which can
be expressed by the relationship between the M2 and M4 tidabrstituents (Dyer, 1997).
Salinity varies throughout the experiment with a tidal salnity range of between 5 and 7 and

a mean salinity varying between 23 and 28.

5.4.2 Stresses and TKE Production

In the third pane of Figure 5.3 we show the stress | uw ) through the water
column during the rst spring-neap-spring period. Maximumstresses originate near the bed
and propagate upwards into the water column decreasing in¢hupper layers. The periods of
highest stress are found during the spring tide centered anod max ood and ebb when the
stresses reach as high as1.2 10 2 m? s 2 near the bed and show an M4 distribution. There
is a pronounced tidal asymmetry in the stress production. R values are near the bed being
lower on ood than ebb and with the stresses on ebb penetratinsigni cantly further into
the water column than on ood, due to peak ebb velocities begnmuch higher, though of
shorter duration, than ood. At neap tide there is greatly dereased stress production on

max ebb and ood with consequently less penetration of the @ss into the water column.
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Near slack water, at both spring and neap tides, stress prochtion is uniformly low and
patchy throughout the water column as bed shear becomes lowdathe low production from
internally generated turbulence dominates (Abraham, 1980

The bottom pane of Figure 5.3 shows the turbulent kinetic emgy production calculated
asP uw @u @zand plotted on a logarithmic scale. As the system is verticigl well
mixed for both temperature and salinity the seawater densitis constant with depth and
thus the TKE production mirrors the stress distribution beng concentrated on spring tide
and showing an M4 frequency distribution. Peak TKE productn is approximately 5 10 4
W kg ! decreasing upwards into the water column. In the absence ofidyancy uxes and
turbulent transport, TKE production could balance the disspation of TKE.

The bottom pane of Figure 5.4 shows a time series gf in the lowest good bin, centered
1.5 m above bottom (MAB), for the entire deployment period. Bth fortnightly and semi-
diurnal variability in stress production are clearly visibe with peak stresses during spring
tides being much higher than during neap tides, when they arery low, and with the peak
stresses during the second spring tide being more than doelihose during the rst. Semi-
diurnal variability is seen in that peak positive, ebb tide,stresses are signi cantly higher
than peak negative, ood tide, stresses due to the asymmetiy ebb and ood velocities.
Cross channel stresses,, v w , are not shown in these plots as they are uniformly
low, owing to the low cross channel velocity.

Our measurement of near bed stress, near the top of the condtatress layer, is compared

to an estimate of bottom stress computed using the quadratidrag law, such that
b C D Up Up; (5.13)

where 4 is the bottom stress,Cp is a constant bottom drag coe cient and uy is the along
channel velocity at 1.0 MAB extrapolated from the measuredelocity pro le assuming a log
layer below the lowest measured bin at 1.5 MAB.

Figure 5.5 shows measured near bed stress, , plotted against the calculated bed stress

Cb Up Up. The bottom drag coe cient Cp has a value of 3.35x1@ which is obtained from a
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drag coe cient, of 3.35x10 3.
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linear regression of, versus uy Uy, Which has a regression coe cientr 2, of 0.86. This value
is within the range given by Soulsby (1990) for a mud bed andade to the value determined
by Geyer et al. (2000) using the same technique for a similae8 in the Hudson River. The
1:1 correspondence is shown by the solid line. The plot shofasr correspondence in low to
mid-velocities but shows that the quadratic drag law undenmgdicts the stress at max ebb

and ood on spring tide.

5.4.3 Vertical Eddy Diffusivity

Vertical eddy viscosity, K ,, is calculated by parameterizing the stress,, , against the
vertical shear,@u @zThe top pane of Figure 5.6 shows depth normalized hourly ity
pro les from max ood to max ebb on October 18 (YD 291) at the pek of the strong second
spring tide. The velocity pro les can be seen to be nearly lgar through the portion of the
water column resolved by the ADCP with little curvature, andthus nearly constant shear
as the log layer occurs below the lowest ADCP bin. Given thisrp le, parameterizing the
stresses, which are greatest at the bottom and decrease withight above bed (see Figure
5.3), against a nearly constant shea@u @zresults in aK, pro le with depth which rather
than having the classic parabolic shape follows a near lirredistribution with depth. What
parabolic shape there is to th&, pro le will occur below the lowest measured ADCP bin.
While stresses are lower on ood than on ebb, shear is less aod than on ebb. This results
in high values for vertical eddy viscosity penetrating futher upwards into the water column
than they do on ebb.

Signi cant stresses are mainly generated around the time afax ood and ebb at spring
tide and these will thus be the times of the greatest verticaiixing. The bottom pane of
Figure 5.6 shows depth normalized pro les of the calculatedalues ofK, at the times of
max ood and ebb at the peak of the two spring tides. As with thestresses, the values are
greatest near the bed with values of:2 102 m? s ! rapidly decreasing with height above

bottom to near zero close to the surface. Flood and ebb valuase similar and both follow
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the plotted least squares linear t, which has arr? value of 0.81. The spread in the values
is concentrated in the mid water region where deviations fre a linear velocity pro le are
most likely to occur.

Neap tide stresses are similarly concentrated around timed max ood and ebb but,
as can be seen in Figure 5.3, the periods of signi cant stregeneration are much shorter
than on spring tide and the high stress region does not penate nearly as far up into the
water column. Outside of the times and regions of high stresge stresses are low, patchy
and variable and do not present a well de ned pro le.

As substances mix through the water column they experienchd entire vertical range of
mixing energy. This range can be parameterized as an e eativdepth averaged , which is
shown in the upper pane of Figure 5.7. Both tidal and fortnigtty variability are apparent
with values uctuating strongly during the tidal cycle tied to the generation of stress at the
bed. K, shows M4 variability tied to the four periods of max ood and &b during each
lunar day. The mean value oK ,, shown by the heavy line as a 40 h low pass Itered value,
varies on a fortnightly time scale being highest on springdes, centered around YD 277 and
290, in the range of 4 6 103 m? s ! and lowest on neap tide, being half to a third of the
spring tide values. Even the low values, however, represesigni cant vertical mixing in this
shallow system (Lewis, 1997).

Equation (5.7) allows us to calculate the approximate timedr complete vertical mixing
during a tidal period as a function of the mean water depth andhe tidal mean, depth
averaged value oK. This is shown in the bottom pane of Figure 5.7 plotted in mintes.
Even at its slowest, complete vertical mixing is achieved islightly over one hour and at
spring tide takes as little as 20 minutes. This is very much $s than the tidal period and
supports our conclusion that the lower Duplin stays well migd at all times unless acted

upon by an outside in uence.
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5.4.4 Horizontal Mixing

While the rain events during the deployment period could see to create strati cation, thus
potentially modifying the along channel salt uxes, the vetical mixing caused by tidal stress
serves to homogenize the water column. When vertical mixinig vigorous and the mean
vertical turnover time is very much less than the tidal peria (as has been shown) Lewis
(1997) showed that the along channel dispersion coe ciennia tidal channel due to both
steady state and tidal shear can be estimated as

uzh?  U2ZH2,
30K, 60K,’

Kxs (5.14)

where the mean and tidal velocity have a nearly linear pro levith depth (as has been shown)
and have values ofis and Us respectively at the surface.

The maximum estimated magnitudes of the tidally averaged ahg channel dispersive
coe cients due to strati cation acting on shear in both the residual and tidally oscillating
ow can be estimated from this relationship.K, due to strati cation acting on the shear in
the residual ow ranges from 0.01 r#s ! on spring tide to 0.03 nds ! on neap tide. Similarly
K« due to strati cation acting on shear in the tidally oscillating ow ranges from 18 n¥ s 1 on
spring tide to 21 n¥ s 1 on neap tide. As these values are very much lower, as will beogim,
than the K, term due to depth averaged tidal processes, the e ects of silsle strati cation
are judged to be a minor player in the long term salt budget dumg this experiment.

The dominant driver of along channel horizontal dispersioms then not turbulence or
shear but the tidal correlations, which acts much more slowlbut with greater energy and
on larger scales than do turbulent and shear processes. Thaper pane of Figure 5.8 shows
a time series of the various tidal correlation terms in Equan (5.12) as well as their net
sum (thick solid line). The largest of these tidal correlatn terms is the salt ux into the
Duplin due to the correlation between tidal velocity and deth (dashed line). The deeper
water on the weaker but longer ood allows more salt to ow in han the shallow waters

on the stronger but shorter ebb allow out. The next largest t&n is a net ux out due to
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the correlation between velocity and salinity (dotted ling¢ caused by the higher ebb tide
velocity exporting salt which has been mixed in on ood. Bothof these terms show a strong
spring/neap modulation with each approaching zero on neapde and being greatest on
spring. Of the remaining terms the correlation between deptand salinity (thin line) is
negated by being multiplied by the very low mean velocity, orthe order of 1 cm s?, and
the triple correlation is similarly small. The net tidal ux is shown by the heavy line as a
net ux of salt into the Duplin, where it follows the same strang spring/neap modulation as
do its components.

The lower pane shows the tidal dispersive term (dashed linelong with the ux of salt due
to residual advection (thin solid line) and the change in maawater depth tied to changes
in storage volume. Despite the low residual velocity the relkial advective term is much
greater than the tidal pumping term due to the high value of tle mean salinity compared
to its tidal uctuations. Net advection varies strongly on a spring/neap cycle showing a
pulse-like export of salt on spring tides followed by a weakebut longer, period of import of
salt on neap tides. This pattern, which has been observed bef in well mixed to partially
strati ed estuaries (see for example Nunes and Lennon, 198owen and Geyer, 2003) is
believed here to be due to variations in the ux of fresh groutwater into the upper/middle
Duplin caused by changes in the tidal range on the spring/npacycle. On neap tide, when
tidal range is small, little fresh groundwater is pumped ind the upper/middle Duplin and
thus little pressure is exerted on water in the lower Duplin &d residual advection nears
zero. Tidal pumping then brings salt into the lower Duplin aml the salinity in this region
increases. With the increased tidal range at spring tide, me fresh groundwater is pumped
into the upper/middle Duplin which then ows down to the lower Duplin. Residual advection
increases as this freshwater mass forces saltier water odittiee lower Duplin and salinity
decreases as it mixes into the lower Duplin water mass. Tiddispersion of salt into the lower
Duplin increases with the increased tidal energy but it is teenough to overcome the diluting

e ects of the fresh groundwater. When compared to lower Dujpl salinity in the second pane
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of Figure 5.4 the net ux can be seen to closely correlate witthanges in the mean salinity
in the lower Duplin. The sharp, but short term, decrease in siaity around YD 280 as well
as the lesser, but longer lasting, decrease around YD 290 batorrelate with spring tide
induced net export as shown in the lower pane of Figure 5.8 Wdithe slow recovery periods
correlate with the low net in ux of salt on neap tide.

To get a net along channel dispersion coe cient for the lowebDuplin we normalize the
net tidal pumping term by the mean water depth and then paramerize it against the
along channel residual salinity gradient@ S@x as is shown in Figure 5.9. The upper pane
shows the depth normalized net tidal pumping term from Figw 5.8 while the second pane
shows the along channel residual salinity gradient, cal@ated from the tidally averaged along
channel advection of salt past the mooring a®@S@x 1 U @S@+t The salinity gradient
is positive, showing saltier water toward the mouth of the Dplin, with its greatest value
on neap tide as decreased tidal energy pumps less salt intethpper reaches of the creek.
Parameterizing the depth normed net tidal pumping ux agairst the salinity gradient gives
a value for the along channel tidal dispersion coe cientk . This is shown in the bottom
pane and varies strongly on a fortnightly cycle from near 1@0n? s ! on spring tide to close
to zero on neap tide.

The long term mean of theK, term is approximately 500 n? s 1, which is signi cantly
higher than the value of 300 i s ! predicted by the steady state theory of MacCready
(2004). This is likely due both to the non-steady state natwe of the estuary and the wide

range of tidal energy on the spring/neap cycle.

5.5 Discussion and Conclusions

We have presented measurements near the mouth of a small arehgrally vertically well
mixed tidal creek, the Duplin River, which serves as the maioonduit between Doboy Sound
and the intertidal marshes of the Sapelo Island National Esairine Research Reserve. These

measurements directly resolve the vertical velocity striigre through most of the 6.5 m
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mean water depth of the lower Duplin as well as allow the estation, through the variance
method, of the stresses which give rise to vertical mixing.hFough salt budget methods we
also quantify the along channel tidal dispersion. Spanning 34 day period, consisting of two
spring and two neap tides along with the transitions betweethese tides, our measurements
resolve the wide range of time scales, from turbulent, to tad and fortnightly, which in uence
the mixing in these waters.

Estimates of the vertical turbulent stress, y, , show modulation on both tidal and fort-
nightly frequencies with maximum stress being generated arethe bed on max ood and ebb
at spring tide and penetrating high into the water column whe neap tide stresses are weaker
and concentrated near the bottom. Internally generated tuulence plays a larger role near
times of slack water with stresses being more broadly didbated through the water column.
Near bottom stress estimates agree fairly well with the précted stresses from the quadratic
drag model at all times except during maximum ebb and ood ongsing tides. Geyer et al.
(2000) have observed similar underprediction of stress bje quadratic model, when com-
pared to stress both from measurement and a momentum stresodel, at times of high
ow, suggesting that the dynamics of the stress-velocity tationship change at high veloci-
ties. This has implications for modeling similar systems,uggesting that a simple quadratic
drag model may be su cient to model stresses at all but the hilgest velocities, such as occur
for only a few hours per month at max ood and ebb on spring tide

Due to the nearly linear pro le of velocity with depth and the constant density, turbulent
kinetic energy production closely mirrors the temporal andpatial distribution of stresses
with high production through the water column at peak ood ard ebb on spring tide and
lower, though still signi cant, production at other times. Given the vertically well mixed
nature of the water column the Richardson number is always noh less than 0.25. Because
of this lack of buoyancy e ects we expect that turbulent prodction will be balanced by
viscous dissipation. The estimated time for complete vedal mixing varies from 20 - 30

minutes on spring tide to 40 - 60 minutes on neap tide and is atldaime very much less than
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the tidal period, thus insuring that the water column stays vell mixed at all times during
the deployment.

Tidal dispersive uxes are, by nature, tidally averaged so & can not comment on inter-
tidal variability and time scales. These uxes show a strongpring/neap cycle with maximum
upstream dispersive uxes being found at spring tide whileeap tide uxes approach zero.
The upstream ux due to the correlation between the tidally \arying depth and velocity is
the primary driver of along channel dispersion, but it is soewhat counterbalanced by an
opposing dispersive ux due to the correlation between tidly varying velocity and salinity.
These dispersive salt uxes are generally overwhelmed byetmet advective ux of salt due
to the residual ow in or out of the creek. Residual ows in ths environment can be tied to
changes in groundwater input and oceanic forcing from metexogical events.

The net water ux is generally out at spring tide. The increased tidal range on spring
tide increases the hydraulic head acting on the aquifer ineasing the groundwater ux into
the middle and upper Duplin (Schultz and Ruppel, 2002). Thisncreases the downstream
pressure gradient and thus increases the net out ow of wate©n neap tide, groundwater
input into the upper and middle Duplin decreases and tidal pmping, no longer opposed as
strongly by residual export, brings salt in from Doboy Sound

The total salt ux due to tidal dispersive and advective uxes correlates well with the
trends in lower Duplin salinity during the deployment perial. Examining the net horizontal
ux, it becomes apparent that the Duplin shows a net export ofsalt for a brief period
on spring tide which is followed by a longer period of eitheret import or near neutral
conditions. Salt export is then in a pulsating pattern tied b the fortnightly spring/neap
tidal frequency.

The intertidal marsh which borders the Duplin serves as a sote of sediment, carbon and
nutrients which enter the main channel through the side cré&s and through the inundation
and draining of the marsh (see, for example, Wolaver and Spiar, 1988; Childers and Day,

1990a,b; Cai et al., 2003; Wang and Cai, 2004). On enteringeimain channel of the Duplin
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these substances and nutrients are transported, mixed anggdersed through the creek by the
same processes which largely control salinity resulting & similar zonation in the Duplin
(Hanson and Snyder, 1980). While dissolved materials enireg the lower Duplin will be
exported on every ebb tide the majority of the marsh-creak taraction occurs in the upper
and middle Duplin (McKay and Di lorio, 2008) and thus the conentration of dissolved and
suspended sediment and nutrients will be greatest in this gen. These substances will then
be transported to the lower Duplin by the residual advectiveow which is modulated on
a spring/neap cycle. As the Duplin serves as the primary lidge between the intertidal
marshes near Sapelo Island and the waters of Doboy Sound, ahds the Atlantic Ocean,
the export of marsh derived carbon and other nutrients willdllow a similar pattern to salt,
accumulating in the upper and middle Duplin on neap tide and éing exported to the coastal

ocean in pulses at spring tide.
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6.1 Summary of Findings

A multi-year study has been conducted of the physical procgss which regulate the distri-
bution and cycle of temperature and salinity in the Duplin Rver, a salt marsh tidal creek
in the Sapelo Island National Estuarine Research Reserve the central Georgia coast. The
results obtained have allowed an understanding of the struze of the three water masses in
the Duplin as well as the relative importance of the physicglrocesses which maintain those

water masses.

6.1.1 Duplin River Water Masses and Characteristics

Temperature-Salinity diagrams of the Duplin at both springand neap tide in August of 2003
show the Duplin to be divided into three water masses (see Fkige 3.4). The location of these
three masses is shown in Figure 6.1. The lower water mass, igaded in red, corresponds
to the lower tidal prism described by Ragotzkie and Bryson @55). This water is directly
in uenced by the water of Doboy Sound and is cool and salty ding all of the measurement
periods. This salty water mixes up the Duplin, driven by tid& dispersion, which is largely
tied to the transport caused by the distorting e ect of the mash on the tidal wave. A strong
salinity gradient is established in the lower Duplin as thisalty water mixes with the fresher
water advecting down from upstream.

Immediately upstream is the water of the middle Duplin, indtated in blue on Figure
6.1. This water is fresher, indicating the likely in uence 6fresh groundwater input into this
region. Its temperature varies on a spring/neap cycle, bagnwarmer than the lower Duplin
on neap tide and as cool as the lower Duplin on spring tide. Th&alinity gradient in, and
upstream, of the middle Duplin is very low resulting in very ittle upstream salt transport
due to tidal processes. The middle Duplin is fresher on neaplé than on spring, a fact
believed to be tied to the interplay between groundwater puping into the middle Duplin
and the input of salt tied to tidal pumping from the lower Duplin along with the release

of salt previously sequestered in the marsh. This results @ salinity gradient between the
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Figure 6.1: Approximate locations of the three water massgwesent in the Duplin River.
Red indicates the lower Duplin water mass, blue the muddle [lin and yellow the upper
Duplin.
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middle and upper Duplin, which changes sign on a fortnightlgycle making this region of
the Duplin a reversing estuary.

The upper reaches of the Duplin de ne a third water mass whiclis warm and fresh,
re ecting the in uence of heating tied to the water's easy conmunication with the intertidal
marsh and, presumably, the diluting e ects of fresh groundater input. While no direct mea-
surements of groundwater input throughout the Duplin are ailable, point measurements
have been made, particularly in the upper Duplin (Moses Hamatk) and the lower edge of
the middle Duplin (Barn Creek) indicating that signi cant amounts of groundwater do ow
through the interface between the upland and the marsh (Scha and Ruppel, 2002).

The middle and upper Duplin water masses are isolated from éhlower Duplin by the
sinuous nature of the channel, which dissipates tidal engtgand by the very low along
channel salinity gradient which blocks tidal dispersion. Tis has been observed by Imberger
et al. (1983) who noted that there was little communication btween the water of the upper
Duplin and that of the lower.

The characteristics of these water masses are likely to clgenover time in a manner
tied to changes in groundwater input, meteorological contibns and the in uence of the
Altamaha River on Doboy Sound. The waters of the upper Duplinwhich are warmer than
the lower Duplin during late summer and fall, can be cooler #m the lower Duplin in winter
and early spring. This re ects the greater heat loss to the atosphere this water experiences
in the intertidal marsh and the shallow nature of these watey. Data from long term moorings
of Seabird Microcat CTDs in the upper Duplin and Doboy soundrém 2003 through 2006
indicate that the temperatures in Doboy Sound and the upper Oplin converge in late fall
and stay similar until the spring warming begins. During ths time the upper Duplin is
sporadically cooler than Doboy Sound.

The salinity regime is also known to change in ways likely tieboth to changes in ground-
water input and the in uence of the Altamaha River on Doboy Sand salinity. Kjerfve (1973),

working in August 1969, observed a similar salinity distribtion in the Duplin as has been
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described here. The head was even more dilute with salingieearing 18 on the practical
salinity scale. However Imberger et al. (1983), working inuhe and July 1977, reported a
salinity which was nearly constant along the length of the Dplin except when disturbed by
rain events which dramatically lowered upper Duplin salirty, which then quickly recovered.
It seems likely that the diluting e ect of fresh ground water which serves to maintain the
diluted nature of the upper and middle Duplin, was reduced ding this period. Data from

the long term moorings of Seabird Microcat CTDs in the upper Dplin and Doboy sound
indicate that the upper Duplin is always fresher than Doboy &und during the 2003-2006
time period; but, as the region was in a drought there was lig e ect of Altamaha River

water. It is likely that when Altamaha River discharge is espcially high Doboy Sound could
become fresher than the Duplin resulting in the creek takingn the characteristics of a
negative estuary along its entire length.

Vertical mixing has been shown to be vigorous and acts to hogenize the water column,
eliminating strati cation during these experiments. Howeer, strati cation has been noted by
past researchers including Kjerfve (1973). This could beused by a number of environmental
factors including an increase in Doboy Sound salinity tiedotchanges in Altamaha River ow
or o shore forcing, a change in middle and upper Duplin sality tied to changes in fresh
groundwater input, either of which could contribute to stran induced periodic strati cation,
or the input of fresh water tied to rain events.

The ease of communication between Duplin water and the intidal marshes is tied to
the number of small creeks and embayments which cut througlhé marsh. This helps to
explain both the greater heating in the upper Duplin and the geater freshwater input in
the upper and middle Duplin, as these regions have more smateeks than does the lower
Duplin region, which is largely devoid of them. Increased oumunication with the marsh
will cause increased exchange of properties and substanaétf the marsh surface including

salt, as evapotranspiration removes water from the marsh gace but leaves behind salt.
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6.1.2 A Box Model of Subtidal Processes in the Duplin River

Despite the increasingly common use of sophisticated hydiynamic models to understand
estuarine processes (see for example Levasseur et al., 2@busa and Dias, 2007), box
models still enjoy wide popularity for their relative ease fosetup and use and can provide
valuable insight into estuarine physics. Models based onlshudget techniques are often
used to estimate residence time and ushing (see for exampller and McPherson, 1991;
Hagy et al., 2000). Models using salt, water volume and othéracers are used to estimate
freshwater discharge, including groundwater, (Crusius al., 2005; Garvine and Whitney,
2006). While many, if not most, box models are based on an asgution of steady-state they
can often be modied to account for changing conditions in @saries which are not in a

steady-state (see for example Li et al., 1999; Hagy et al.,&0).

Model Design

A simple three box model of subtidal processes in the Duplinak been created to allow a
better understanding of the in uence of the unmeasured grawlwater and salinity inputs to
maintaining the characteristics of the Duplin River, espaally in the completely unmeasured
middle Duplin water mass. Figure 6.2 shows a schematic layioaf the model. Box 1 encloses
the water of the upper Duplin, from its head to the top of the siuous middle region. This
water is fresher than Doboy Sound water and is in uenced by teractions with the marsh
and by groundwater. Box two encloses the water of the middleuplin from the top of the
sinuous mid-region to the maximum extent of the salinity intusion from Doboy Sound.
This water is also fresh showing the in uence of groundwatdnput and interactions with
the intertidal marsh. The third box encloses the water of théower Duplin, from the upper
extent of the tidal excursion to the outlet and connection vith Doboy Sound. This water is
salty, showing the in uence of Doboy Sound.

The model implements both a water volume and a salt budget inrder to derive an

estimate of the unmeasured groundwater input and the unmea®d salt input due to inter-
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Figure 6.2: Schematic of the three box Dublin River subtidainodel. Quantities in green are
measured while red indicates unknown processes.
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actions with the intertidal marsh, which can include salt sbrage in and release from the
marsh, transport due to tidal trapping, and other unmeasuré processes. The model requires
measurements of salinity and water volume within each box agell as the residual transport
rate into and out of each box, and the rate of tidal dispersivealt transport into and out of
each box. Figure 6.2 shows each of these inputs with quangisi in green being known and
guantities in red being unknown. The e ects of evaporation rad precipitation in the main
channel are neglected as they have previously been shown wdmall (see Section 4.4.2).

In its general form, the water budget for the middle box is wtien as

ev Adv:1 2 Adv:2 3 GW (6.1)

@t
whereV is the subtidally varying storage volume of box 2Adv: 1 2 is the rate of advection
of water from box 1 to box 2,Adv: 2 3 s the rate of advection of water out of box 2 and
into box 3 and GW is the groundwater input into box 2.

A set of seven cross-sections were surveyed along the axighef Duplin at the start
of the DUPLEX experiment in August 2003 using the echosoundef the R/V Gannet.
These surveyed sections allow the estimation of the crosszgonal area of the Duplin at the
boundaries of the three boxes as a function of tidally averad depth. Interpolating between
these surveyed cross-sections and taking channel lengthsni hydrographic charts of the
Duplin, an estimate of the storage volume of each box, as a fition of tidally averaged depth,
can also be made. While there are a number of approximationsaeek bathymetry required
to make these estimates, the fact that the variation in tiddly averaged depth generally occurs
in a straight sided portion of the channel cross-section spti es the geometry and allows a
fairly accurate estimate of@V@tto be made. The advective water uxes are calculated as
the product of the tidally averaged along channel velocityJ, and the cross-sectional area.

Following the method for Equation )6.1), the salt budget fothe middle box is,

@vs Adv:1 2 Adv:2 3 Disp: 2 1 Disp: 3 2 SALT (6.2)

@t
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whereV S is the mass of salt contained in the box, expressed in kg (fmNing the method
of Section 4.2.1 to convert from Practical Salinity to salt mss),Adv: 1 2 is the rate of
advection of salt, in kg s from box 1 into box 2, ADV: 2 3 is advection between box
2 and 3,Disp: 2 1 is the rate of salt transport from box 2 to box 1 by tidal dispesion,
Disp; 3 2 the same from box 3 to 2 andSALT is the input of salt into box 2 due to
unmeasured processes, including marsh interactions. Aliantities are calculated as positive

into a box and negative out of a box.

Model Results

The model was evaluated over a 14 day period from YD 235 to YD 2423 AUG to 5
SEP) 2003 at the start of the DUPLEX experiment. This period s selected to cover an
entire neap-spring-neap cycle when the Duplin was denselysirumented and when there
was little storage volume change due to o shore forcing, weh could mask the groundwater
and salinity signals. During this period salinity, tempergéure and ow velocity were measured
in boxes 1 and 3 and tidal dispersive transport was calculatgsee Section 4.4) for each of
these boxes. No measurements were taken in box 2 and no meeswents are available of
groundwater input or of the unknown salt uxes into any box.

Following equation (6.1), a similar equation for the water ¥lume budget of the upper
Duplin (box 1), can be expressed as,

@\l dv:1 2 Gw (6.3)

@t
In the absence of surface water input into box 1, this equaticstates that the change in water
volume storage must be accounted for by groundwater input dnow between boxes 1 and
2. These terms are shown in Figure 6.3. The volume storage ¢8m in the upper pane) is
calculated from the time rate of change of the residual heigbf water. The measured residual
advection of water is always out of box 1 as shown in the middpgane. After starting around
2 md s litincreases to around 4 ms ! and stays fairly constant through the remainder of

the neap-spring-neap cycle. As the storage volume changgtel over this period, the net
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Figure 6.3: Water budget for the upper Duplin (box 1). Storag is balanced by measured
advection and estimated groundwater input.
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advection out must be balanced by groundwater input as ther&as no precipitation during
this time.
Following equation (6.2), a similar equation for the salt bdget in box 1 can be expressed

as
@\uSs1
@t

This shows that the rate of change of the salt mass in box 1 is@unted for by the rate

Adv:1 2 Disp: 2 1 SALT (6.4)

at which salt goes out through advection and the rate it comem through dispersion and
unmeasured processeSALT ). Since salt dispersion in the upper Duplin has been shown to
be a very minor term in the salt budget (see Section 4.4) it maye neglected. The resultant
salt budget is shown in Figure 6.4. As with water, there is lite salt storage after the rst
few days and the system reaches a quasi steady-state where #tong channel salt export of
between 80 and 100 kg & is balanced by an equivalent salt input. This input presumaly
comes from the release of salt stored in the marsh, salt trggwt due to tidal trapping and
salt in the groundwater input.

While the balance between these uxes is unknown, certain bods can be assigned to
them. The groundwater owing in is of an unknown salinity, bu it is generally less than the
salinity of the creek. Water which oods the marsh at high tice either returns, minus a loss
due to evaporation, as a surface ow or else sinks into the n&r sediment where it mixes
with the porewater. This additional water exerts hydrostaic pressure on the porewater thus
forcing it into the creek channel (Jahnke et al., 2002). Theadinity of this subsurface water
is unknown but can be assumed to be at least as salty as the dreeater.

In order to estimate the range of probable groundwater salies, the salt ux due to
surface exchange with the marsh and subsurface recircutatiis estimated for salinities 25
and 40 on the practical salinity scale. The volume of water ekanged is estimated from the
hypsometric curves of (Blanton et al., 2007) and the poterdl evaporative loss calculated
in section 4.4.2. The time averaged ux of water out of the mah and into the creek due

to surface drainage and recirculation through the sedimentan be estimated by tidally
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Figure 6.4: Salt budget for the upper Duplin, box 1. Storagesibalanced by measured advec-
tion and estimated salt input from unmeasured sources.
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averaging the time varying volume of water on the marsh minuthe evaporative ux out

assuming that the marsh water table is in long term steady-ate Jahnke et al. (2002).
Multiplying this ux by an assumed salinity results in a salt ux from the marsh to the

creek. Subtracting this from the calculated total salt ux (shown in Figure 6.4) and dividing
by the estimated groundwater ux gives an approximate groudwater salinity. The results
of these calculations are shown in Figure 6.5.

The upper pane of Figure 6.5 shows the total rate of transponf salt into the upper
Duplin due to both groundwater and marsh interactions. Takig the time varying volume of
water on the marsh, as a function of tidal height, accountinfpor evaporative loss and tidally
averaging to get the steady state ux of water out of the marskue to surface drainage and
pressure driven pore water uxes, a time varying marsh-creewvater ux can be calculated
which has an average value of 0.54%g 1. Based on this curve, the salt ux out of the marsh
is depicted in the middle pane for returned water salinitie®f 25 (blue line) and 40 (red
line) on the practical salinity scale. The lower pane then sws the calculated groundwater
salinity for each case. Since the volume of water recirculag through the marsh is a small
percentage of the estimated groundwater input, modeled grodwater salinity is not sensitive
to marshwater salinity and remains around the salinity of tle creek for both cases.

The middle Duplin (box 2), presents a problem in that no insmments were deployed
there and thus neither salinity nor temperature (needed fowater density) nor ow velocity
were measured and thus the box is unsolvable as-is. Howeweoting the very low along
channel salinity gradient shown in the TS diagrams in Figur8.4 and also in Figure 4.13, the
salinity for box 2 can be taken to be approximately equal to tht in box 1, at least for this
level of model. Further, from the along channel temperaturgradient, which can be estimated
from the TS diagrams in Figure 3.4, an approximate temperate can be estimated for box
2, thus allowing the water density to be calculated. The bouds of box 2 were chosen such
that the lower bound is upstream of the tidal excursion distace in the lower Duplin and

thus the along channel salinity gradient is low there. As a railt the tidal dispersion of salt
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from box 1 into box 2 is low and can be neglected. It will furthebe assumed, on the basis of
the fact that the upper and middle Duplin waters are signi cantly fresher than those of the
lower Duplin, that a large majority of the groundwater input into the Duplin River occurs
in these two boxes and thus groundwater input into the lower Dplin will be assumed to be
close to zero.

With this nal assumption, the advective ux of water out of t he middle Duplin and into
the lower Duplin can be assumed to be equal to the measured udxom the lower Duplin
to Doboy Sound minus any storage in the lower Duplin. Box 2 threbecomes solvable. The
water budget of Equation (6.1) is then a good approximationrad expresses that the change
in water storage in box 2 is related to the di erence in the vaime of water coming in from
both the upper Duplin and from groundwater input and the wate owing out into the lower
Duplin. This is shown in Figure 6.6. Storage is low and the ing of water from the upper
Duplin is fairly constant around 4 n? s 1. The ow of water from box 2 to box 3 is more
variable, uctuating between 0 and 15 mi s 1. This is balanced by a variable groundwater ux
which shows an apparent negative ux around YD 237, which igkely tied to inaccuracies
in the model, and several periods of around 10%s 1. There is no apparent spring/neap
periodicity to this cycle.

No such approximation, as was made with groundwater, can beaake in regards to the
relative values of the unmeasured salt input into the middl@nd lower Duplin boxes. Thus
in order to solve the salt budget in this region, boxes 2 and 3ust be combined into a single

box. This is shown by the dotted box in Figure 6.2. This budgeis given by

@V2 3 S

at Adv: 1 2 Adv: 3 Doboy Disp: 3 Doboy SALT (6.5)

which shows that storage of salt in the combined middle andwer Duplin box is a balance
between salt advected down from the upper Duplin, salt exptad to Doboy Sound, salt
dispersed into the lower Duplin from Doboy Sound and unmeasd salt input, which can not

be separated into middle and lower Duplin components withéwadditional measurements.
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Figure 6.6: Water budget for the middle Duplin (box 2). Storge is balanced by measured
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The salt budget in this box is then shown in Figure 6.7 with thestorage shown in the
upper pane. Salt input from the upper Duplin is fairly steadyat around 100 kg st while net
salt export to Doboy sound uctuates and changes sign as thelative magnitude of residual
export and tidal dispersive import changes. Unmeasured salixes vary between 200 and

-150 kg s* but do not appear to show any spring/neap periodicity.

Analysis

The model was evaluated over a 14 day neap-spring-neap pdrauring which there was little
storage volume change which would serve to mask a groundwabe salinity signal. Processes
in the upper and lower Duplin, boxes 1 and 3, were measured bhéd to be inferred in order
to constrain the model for the middle Duplin, box 2.

The results for the upper Duplin (box 1) are instructive. Thesmall nature of this box and
the simple dynamics give us some con dence in these resul&oundwater input is seen to
be fairly constant, after the rst few days, at around 4 n¥ s ! and this input is the driver of
the net water export, which reaches as high as 3 cm'sn this region. A similarly constant
input of salt, around 100 kg s?, is observed as well, replacing the salt exported by the net
out ow. Periods of increased salt storage, without concuent increases in groundwater ux,
are likely due to salt export from the marsh into the main chanel as well as other tidal
dispersive transport mechanisms, like tidal trapping.

The evaluation of the results of the model of the middle and\eer Duplin is more di cult.
The combined lack of measurements in the middle Duplin and ¢hlarger storage volume in
the lower Duplin increases the likelihood of error. It is ligly true that most, though not all,
of the groundwater input into the combined middle and lower Dplin region comes into the
middle Duplin and varies on the order of 0 to 10 rhs ! during this period. That gives it an
average of approximately 1.5 times the estimated input intthe upper Duplin. This agrees
with the theory that the neap tide freshening of the middle Dplin relative to the upper

Duplin is related to groundwater input in this area. Total goundwater input into the entire
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Figure 6.7: Salt budget for the combined middle and lower Dilip (boxes 2 and 3). Storage
is balanced by measured advection and estimated salt inpubm unmeasured sources.
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Duplin is estimated to range as high as 15 #rs 1 with no apparent spring/neap variability
during this modeled period. Unmeasured salt uxes into the ambined middle and lower
Duplin box are shown to vary between +200 and -150 kg sre ecting the interplay between
salt export and the tidal dispersion of salt into the creek, awell as the possible storage and
release of salt in the marsh or variations in groundwater salty. The exact cause can not
be extracted from this model.

The results from this model should be regarded as order of nmde estimates only.
The lack of measurements in the middle Duplin, along with théack of independent mea-
surements of groundwater uxes and marsh salinity, combimkewith potential errors in the
storage volume estimates, can all introduce errors in the mbers. However as their signs
and magnitudes make sense, especially in the upper Duplinjs likely that they represent
a good rst order approximation of these unmeasured processsin the Duplin River.

No direct measurements of the volume of groundwater inputio any region of the Duplin
have been made. Some estimates are available in similar gst (Crusius et al., 2005)
however the extreme variability in conditions between eveapparently similar systems makes

them impossible to compare.

6.2 Recommendations for Future Work

While a basis for understanding the physical characterigts of the Duplin River has been
established there is signi cant work to be done to get at the gorly constrained processes
which can play a major role. Several questions remain unaresed and future work should
be undertaken to investigate them.

The reversing salinity gradient between the middle and uppeDuplin indicates that
there is a regular salinity change taking place in the middl®uplin region which is tied to
the spring/neap cycle. This process is potentially importat to understanding the nature
of this region yet it has not been adequately measured. Whithe DUPLEX | experiment

did include both an ADCP and a Microcat near the junction betveen the lower and middle
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Duplin, these were poorly placed in a scour hole in a region bfgh curvature, and the
Microcat fouled within days of deployment. Thus no good timeaeries of ow or salinity and
temperature data exists for any portion of this region. Ingsumenting the middle Duplin,

preferably near the middle of the water mass in the vicinity oLumber Landing, should
be a priority for future investigations. Measurements of @ and salinity in this region will

allow the above presented box model to be more fully constraid resulting in a much more
accurate estimate of groundwater input into this region.

While it is likely that the upper Duplin was unstrati ed at al | times during these exper-
iments, some observations indicate that the lower Duplin isccasionally strati ed. This is
likely tied to changes in groundwater input, local meteoralgical forcing, especially from
rainwater runo , and o shore forcing transporting oceanicwater onshore. Long term sur-
face and bottom Microcat moorings should be established imeh of the three Duplin River
water masses in hopes of capturing one or more of these stition events to measure
their strength and duration and their distribution along channel.

Similarly the long term characteristics of the water masseare still unclear. The analysis
presented here holds for late summer conditions in 2003 an@0® and spring of 2004. Seasonal
and interannual variations in conditions are likely to havean impact on the water mass
structure. A network of temperature and salinity mooring neds to be established along the
channel of the Duplin to allow this seasonal and interannuafariability to be captured. While
the GCE-LTER project maintains Microcat CTD moorings in Doboy Sound (GCE6) and
the upper Duplin (GCE10), they do not provide enough spatiatesolution. Six Microcats,
at least, spaced along the axis would capture the conditior@d necessary gradients in each
of the three water masses.

This work strongly suggests that interactions between the an channel and the marsh
play a role in regulating main channel properties, but our mesurements do not allow the

determination of the mechanisms by which these interactionccur. Accordingly an experi-
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ment should be planned to investigate this process in at ldathe upper, and preferably as
well the lower Duplin River.

An atmospheric ux tower erected in the marsh would allow thedirect measurement of
heat (and gas) uxes into and out of the marsh as well as the msarement of the actual
evapotranspiration rate. Preliminary contact has been maswith Professor Monique Leclerc
in the Department of Crop and Soil Sciences at the UGA Grin canpus for collaborative
work and deployment of such a tower. Instruments should begded in the marsh soll itself to
measure porewater temperature and salinity along a line fmothe tower to the nearest creek
edge. An understanding of these characteristics, combinedth an estimate of the volume
of water overlying the marsh on ood, will allow an estimate 6 be made of the ux of salt
and heat from the marsh into the creek body.

Groundwater is apparently a major driver of upper and middleDuplin characteris-
tics. While water budgets can be instructive in estimating gpoundwater uxes over broad
regions they can not identify individual seeps or accuratgldescribe the water character-
istics. Ongoing work by Professor Samantha Joye has focusad a number of xed sites,
primarily in the upper Duplin on Moses Hammock. Future moorig campaigns should be
coordinated with this work in an e ort to locate the major souces of the groundwater input
into the upper and middle Duplin and to develop better estimtes of the uxes and their
variability with time.

The work we have done so far paints a broad picture of the Dupli showing its basic
outline and describing the environmental factors which inuence it. Future work will enable
us to Ilin the details; to develop more quantitative estimées of the importance of the marsh
and of groundwater to de ning the water mass structure. It wii allow us to understand
the Duplin as a constantly changing system, not just on tidabnd fortnightly scales, but
through the seasons and the years (for climate change purpsy and to better de ne those

characteristics which remain constant and those which areaasable. In the end a detailed
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portrait can be developed describing one of a very large ctagf such tidal creeks, which are

both common and important parts of the Georgia coastal landape.

Bibliography

Blanton, J., Andrade, F., Adelaide-Ferreira, M., and Amft,J. (2007). A digital elevation
model of the duplin river intertidal area. Technical report Final report submitted to the

GCE-LTER Program, University of Georgia.

Crusius, J., Koopmans, D., Bratton, J., Charette, M., Kroegr, K., Henderson, P., Ryckman,
L., Halloran, K., and Colman, J. (2005). Submarine groundwar discharge to a small
estuary estimated from radon and salinity measurements aradbox model.Biogeosciences

2:141{157.

Garvine, R. and Whitney, M. (2006). An estuarine box model ofreshwater delivery to the

coastal ocean for use in climate modelgournal of Marine Research 64:173{194.

Hagy, J., Sanford, L., and Boynton, W. (2000). Estimation ofet physical transport and
hydraulic resistance times for a coastal plain estuary ugirbox models.Estuaries 23:328{

340.

Imberger, J., Berman, T., Christian, R., Sherr, E., Whitney D., Pomeroy, L., Wiegert, R.,
and Wiebe, W. (1983). The in uence of water motion on the distbution and transport

of materials in a salt marsh estuaryLimnology and Oceanography28(2):201{214.

Jahnke, R., Alexander, C., and Kostka, J. (2002). Advectivgpore water input of nutrients

to the satilla river estuary, georgia, usaEstuarine, Coastal and Shelf Scien¢®6:641{653.

Kjerfve, B. (1973). Volume Transport, Salinity Distribution and Net Circulation in the
Duplin Estuary, Georgia. Technical report, ERC-0273 Marig Institute, University of

Georgia, Sapelo Island, Georgia.



191

Levasseur, A., Shi, L., Wells, N., Purdie, D., and Kelly-Geeyn, B. (2007). A
three-dimensional hydrodynamic model of estuarine ciration with an application to

southampton water, uk. Estuarine, Coastal and Shelf Scienc&3:753{767.

Li, M., Gargett, A., and Denman, K. (1999). Seasonal and intannual variability of estuarine
circulation in a box model of the strait of georgia and juan déuca strait. Atmosphere-

Ocean 37:1{19.

Miller, R. and McPherson, B. (1991). Estimating estuarine ushing and residence times in
charlotte harbor, orida, via salt balance and a box modelLimnology and Oceanography

36:602{612.

Ragotzkie, R. and Bryson, R. (1955). Hydrography of the Dupi River, Sapelo Island,
Georgia. Bulletin of Marine Science of the Gulf and Caribbearb:297{314.

Schultz, G. and Ruppel, C. (2002). Constraints on hydrauliparameters and implications for

groundwater ux across the upland-estuary interfaceJournal of Hydrology 260:255{269.

Sousa, M. and Dias, J. (2007). Hydrodynamic model calibratn for a mesotidal lagoon: the

case of ria de aveiro (portugal).Journal of Coastal ResearchS150:1075{1080.



Appendix A

The MATLAB Air-Sea Toolkit

The MATLAB Air-Sea Toolbox (www.sea-mat.whoi.edu) was developed by Bob Beardsley
and Rich Pawlowicz to aid in the computation of heat uxes aapss the ocean surface. In
this work a number of its routines have been employed to calete various surface heat
ux components. Results of these calculations are reporteid Chapter 3. These routines,
packaged as a collection of MATLAB m- les, implement a numbreof di erent bulk formulae

which will be described below.

A.1 Short Wave Heat Flux

The heat ux due to shortwave (solar) radiation at the ocears surface is computed, using the
swhf.m routine, as a function of measured short wave radiath and the calculated albedo.
The albedo is calculated using the method of Payne (1972) bgraparing the measured short-
wave radiation to the no-atmosphere value calculated fronus angle. With the calculated

albedo, the shortwave heat ux is calculated as

Qsw 1 dsw (A1)

where is the calculated albedo andlsw the measured downward shortwave radiation.

A.2 Long Wave Heat Flux

With downward longwave radiation unmeasured, the net heatux due to longwave radiation
from the ocean or the atmosphere is computed, using the blwimf routine using measured

air and sea surface temperature, relative humidity and a aldiness correction factor. The
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routine uses the method of Berliand and Berliand (1952), asdcribed by Fung et al. (1984),
such that

Qw EwkT? 0:39 00525 F, 4E, kT3 Ts Ta (A.2)

whereE,, is the longwave emissivity of the ocean (taken from Dickey etl. (1994)),k is the

Stefan-Boltzmann constant, T, is the air temperature, e, is the vapor pressure calculated
from relative humidity and air temperature using relationdrom Gill (1982), F. is a cloudiness
correction factor calculated based on the method of Reed @B and Ts is the sea surface

temperature.

A.3 Latent and Sensible Heat Fluxes

The latent heat ux due to evaporation and the sensible heat ux due to conduction are
both computed using the hfbulktc.m routine. This routine inplements a version of the code
developed by Fairall et al. (1996) for the Tropical Ocean Ghml Atmosphere Coupled Ocean
Atmosphere Response Experiment (TOGA COARE). Heat uxes a calculated from mea-
surements of wind speed, atmospheric pressure, relativenmdity and air temperature, all

measured at 10 m height, and sea surface temperature.

A.4 Heat Flux due to Precipitation

The heat ux due to precipitation is computed using the rain ux.m routine. This routine
calculates the momentum and heat ux due to precipitation flowing the method of Fairall
et al. (1996) using measurements of wind speed, atmospheasiessure, relative humidity and
air temperature, all measured at 10 m height, along with raimate, sea surface temperature

and salinity.
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A.5 Sensitivity to Measurement Location

Data from the Marsh Landing weather station has been taken tbe representative of data
throughout the entire Duplin watershed. This could be prol@matic for two reasons. The
Marsh Landing weather station is located approximately 10rk from the upper Duplin
mooring site and conditions are not necessarily the same avth sites. Further, the weather
station is not located in a pristine area - it is installed on a&oncrete pad located at the edge
of an asphalt parking lot.

Smith (1985), working with data from both local and remote sdtions, showed that while
daily di erences in accumulated solar radiation could be ghi cant across distances of this
scale, the accumulated di erences averages to close to zewer a period of 21 days or more.
The major di erence in conditions was found to be related to wmd speed, which has the
most e ect when wind speeds are either low or else show a larmount of variability.

Asaeda et al. (1996) have demonstrated the e ect of heat s@ge in pavement materials
on properties of the lower atmosphere. At maximum, hot aspltawas shown to release as
much as an extra 150 W n¥ of longwave radiation and contribute another 200 W n? in
sensible heat transport compared to bare earth. This can pattially have a signi cant e ect
on measured air temperature at the 10 m height of the weathetasion.

A series of numerical experiments was run to estimate the sgtivity of the calculated
surface heat uxes to potential errors in measured wind speéeand air temperature. Atmo-
spheric pressure and humidity measurements were judged totribe as sensitive to the poten-
tial sources of error and so were regarded as essentiallyreot. Of the ve surface heat ux
terms shown in Figure 3.8, shortwave radiation is not a funan of wind speed and air tem-
perature, and cooling due to precipitation is seen to be irggii cant to the local heat budget.
The remaining terms, longwave radiation and latent and seiide heat, are all functions of
air temperature and the latent and sensible heat uxes are fictions of wind speed as well.

Figure A.1 shows the calculated heat uxes due to longwave dation, latent and sensible

heat during the DUPLEX | experiment. The blue line represert the baseline calculation with
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Figure A.1: Calculated surface heat uxes due to longwave deation and latent and sensible
heat losses during the DUPLEX | deployment. The colored lirreshow the e ect of lowering

the measured air temperature by up to 3C.



196

air temperature as measured at the Marsh Landing weather gtan. The green line shows
the e ect of lowering air temperature by 1 C, the red by 2 and the black by 3. The most
sensitive, as far as a percentage of the signal, is the heatx Wlue to longwave radiation
where the increased ux out averages 23% for a & reduction in air temperature. However
the magnitude of the change is far greater for latent and seib&e heat. For a 3 C reduction

in measured air temperature, the longwave radiative heat xiout increased, on average, by
4 W m 2 while latent heat loss increased by 28 W m and sensible heat loss increased by
16 W m 2 on average.

While the wind speed measured at Marsh Landing can be taken esrrect for the DUP
01 mooring, located immediately adjacent, the sheltered hae of the upper Duplin mooring
is such that wind speed could be greatly reduced. Figure A.h@wvs the impact of reducing
wind speed to 50% of measured wind speed and to zero on the glited latent and sensible
heat uxes. A 50% reduction in wind speed reduces latent hedbss by an average of 54%
and an elimination of the wind reduces this term by, on averag 86%, reducing it almost
to zero. The sensible heat ux is similarly attenuated by anzerage of 49% with a halving
of wind speed. When the wind speed is reduced to zero sensitéat loss is reduced by, on
average, 61% while the periods of sensible heat gain are ctetgly eliminated.

While the e ect of the modeled temperature change on the neusface heat ux is minor,
the e ect of reducing wind speed to zero is potentially majorOn average this would cause
a reduction in latent heat loss, the major heat loss term, of BW m 2 and a maximum
reduction, during high wind periods, of 344 W n®. This would increase direct atmospheric
heating of the water column during the entire deployment butts major e ect would be
a reduction in the major cooling associated with wind eventespecially the one centered
around YD 250. However, as the direct atmospheric signal imé heat budget is low, even a
major decrease in latent heat loss, especially if it is primidy tied to sporadic wind events,
will not substantially change the heat budget in these watar Considering the case where

air temperature is constrained to the measured temperatur@nd wind speed in the upper
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Duplin is assumed to be zero, the net atmospheric heat ux ter Qg is increased to 13.5%
of the observed heat storage - up from 12% in the original hehtidget.

It is apparent then that some e ort should be undertaken to beer quantify the di erence
in wind speed between the lower Duplin, which is exposed tonds from the Atlantic through
Doboy Sound, and the more sheltered water of the upper DupliRegardless, these sensitivity
results show that any atmospheric di erences will probablynot make any major impact on

the heat budget in the upper Duplin.
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