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Cycle of vertical and horizontal mixing in a shallow tidal creek

Paul McKay"? and Daniela Di lorio’

Reccived 19 November 2008; revised 25 Augusl 2009; accepted 8 Scptember 2009; published 14 January 2010.

[1] An experimental study of vertical mixing and along-channel dispersion parameterized
in terms of horizontal mixing near the mouth of the Duplin River (a tidal creek bordered
by extensive intertidal salt marshes on Sapelo Island, Georgia) was carried out over
several spring/neap cycles in the fall of 2005. Vertical mixing is modulated on both M4
and fortnightly frequencies with maximum turbulent stresses being generated near the
bed on periods of maximum flood and ebb and propagating into the water column
showing a linear dependence with depth. Values are significantly greater on spring tide
than on neap. Horizontal mixing evaluated by salt fluxes is driven and dominated by
tidal dispersion, which is also modulated by the fortnightly spring/neap cycle. Net export
of salt from the lower Duplin is shown to be due to residual advection modified by
upstream tidal pumping. The tidal dispersion coefficient exhibits a pulsating character
with greater values on spring tide followed by smaller values on neap tide.

Citation:
C01004, doi:10.1029/2008JC005204.

1. Introduction

[2] Efforts to understand the nature of the transfer of
materials and dissolved substances across the land-ocean
boundary, and into the coastal ocean, must necessarily focus
on the estuaries and tidal creeks where such fluxes are
concentrated. Since the early work on estuarine dynamics
[sce, e.g., Pritchard, 1952, 1954; Hansen and Rattray, 1965]
vertical mixing, largely driven by bottom stress, surface
strcss and internally generated turbulence, has been known
to be an important control on the salt flux through its action
on vertical stratification. More recently the spring-neap
cycle, with its attendant modulation of tidal energy, has come
to bc appreciated as an important control on this vertical
mixing itself [sce, e.g., Peters, 1997; Chant, 2002; Simpson
et al., 2005; Chant et al., 2007].

[3] Longitudinal salt fluxcs arc thc result of both advce-
tive and dispersive processes [Dyer, 1997], with the advec-
tive fluxes due, primarily, to fresh water input at the head
and the dispersive fluxes due to gravitational circulation and
tidal processes, and thus maximum near the mouth of an
estuary or tidal creek [Geyer and Signell, 1992]. These
longitudinal fluxes can vary greatly on seasonal and spring/
neap time scales, with changes in fresh water input and tidal
energy making them difficult to predict [see, e.g., Banas et
al., 2004; Medeiros and Kjerfve, 2005].

[4] This paper presents the results of a experiment con-
ducted over several spring/neap cycles near the mouth of the
Duplin River, a salt marsh tidal creek on the central Georgia
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Georgia, USA.
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coast. The objective of this study is to quantify the influcnce
of the spring/neap cycle on both vcrtical mixing and
longitudinal dispersion, which can be viewed as horizontal
mixing, with the aim of better understanding the relative
importance of the down estuary flux by freshwater flow and
the up-estuary flux by dispersive processes. Thc mean
properties of the Duplin have been previously reported on
[see, e.g., Ragotzkie and Bryson, 1955; Kjerfve, 1973;
Imberger et al., 1983] but this is the first study in this rcgion
to look at both horizontal and vertical mixing over spring/
neap time scales, processes that are important for controlling
the distribution and dilution of salinity. As tidal mixing is
strong in this shallow estuary (as will be shown), it is
expected that any stratification induced by straining pro-
cesses will have a negligible effect and thus we classify
this estuary as well mixed.

[s] The study site is a tidal creek located in the marshes
of the Sapclo Island National Estuarine Research Rcserve
on the central Georgia coast in the southeastern U.S. (see
Figure 1). The Duplin is approximately 13 km long, three
times the estimated tidal excursion distance [Ragotzkie and
Bryson, 1955], and varies from less than | m wide at its
head, in the intertidal marsh, to 200 m wide at its mouth. 1t
connects with Doboy Sound, which in tumn is connected to
the coastal Atlantic Ocean. The upper reaches of the Duplin
wind through extensive intertidal marshes characterized by
mud flats, vegetated primanly with Spartina alterniflora
and cut by a network of side creeks and channels of varying
sizes, while the lower reaches consist of a straight and wide
channel with few side creeks bordered by morc upland,
marsh hammocks and creekless marsh.

[s] The mean depth along the thalweg in the lower
Duplin is approximatcly 6.5 m. The drainagc area of the
intertidal marsh is approximately 12 km? [Blanton et al.,
2007]. Tidal flows are ebb dominant and this is a common
characteristic of this class of salt marsh estuary [Dronkers,
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Figure 1. Chart showing the study area on the central Georgia coast showing the ADCP mooring in the

lower Duplin (astcrisk), the Marsh Landing weather station (solid square), and the GCE-10 sitc in thc uppcr
Duplin (solid cirele) where the GCE-LTER projcct maintains a long-tcrm monitoring station. The offshore
National Data Buoy 41008 (open square) provides the offshore wind foreing.

1986, Dyer, 1997; Blanton et al., 2002] with a short strong
ebb flow and a slower prolonged flood.

[7] The freshwater input in this region is primarily from
submarine groundwater input [Ragotzkie and Bryson, 1955]
with intermittent surface runoff due to preeipitation. This
input, which is ungauged, establishes an along channel
salinity gradient in the lower reaches which can be as much
as 2.5 per km or more (as measured using the practical
salinity seale) over the length of one tidal excursion.
Upstream of this lower section the waters are generally well
mixed along the channel and the salinity gradient, when
present, is much smaller and variable. There is significant
tidal salinity variation in the lower reaches of the Duplin as
water from Doboy Sound (influeneed by the Altamaha River)
is advccted by Kjerfve [1973]). While there are oeeasional
periods of stratification in the lower Duplin (believed to be

related to changes in Altamaha River discharge, groundwater
input and precipitation), itis gencrally vertically and laterally
well mixed.

[8] In this paper, section 2 outlines the details of the
experiment and data proeessing and seetion 3 deseribes the
mathematical framework for vertical and horizontal mixing
and dispersion in estuaries. The measured mixing and dis-
persion results arc summarizcd in section 4 and section 5
discusses implications for a better physical understanding of
tidal creek export to the coastal ocean.

2. Experimental Program

[s] Mctcorological conditions at the offshore National
Data Buoy 41008 station and the Marsh Landing weather
station adjacent to the deployment location (see Figurc 1)

2 0f 16
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Figure 2. The coastal wind stress in terms of along- (positive is to the north) and eross- (positive is to
the east) shelf eomponents showing that during this time of year the winds are predominantly from the
northeast. The preeipitation rate at the Marsh Landing weather station immediately adjaeent to the

mooring location are also shown.

are shown in Figure 2. Wind stresses show that the eoastal
storms are predominately from the northeast which can
increase inundation in the estuary through Ekman transport
processes (as will be seen in the residual sea level height in

Figure 4) Sporadic rain showers were observed on ycar day
274281, 295 and 297, and the region had been recovering
from a drought in 2001 and 2002. Some of the decrease in
mean salinity from year day 278 281 (as will be shown) is
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Figure 3. The depth-dependent along-channel veloeity (1) is plotted together with the surface and
bottom veloeities. The Reynold’s stress (7,/p) is shown during a spring-neap-spring period from year day
277-291. Measurements, where indicated, arc a function of mab.
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likely attributable to this rain event, however this period also
corresponds with the spring tide, which is bclieved to
incrcase fresh groundwater flux into the channel (as will be
diseussecd).

[10] The ficld cxperiment in the lower Duplin River was
carried out over a 34 day period from 28 September to 31
October 2005 and covered two spring and two neap tides,
ending shortly before a third spring tide. Figure 1 shows a
hydrographic chart of the study arca on thc Georgia coast as
well as the loeation of our instruments. The instrument
package was deployed during the Scptember 2005 Georgia
Coastal Ecosystcms (GCE)-Long Term Ecological Research
(LTER) survcy cruisc with the R/V Savannah. A 4 bcam
1200 kHz broadband acoustic Doppler current profiler
(ADCP) was deployed on a heavy custom built pyramidal
bottom mount mooring frame in the centcr of the channel in
water with a mean depth of approximately 6.5 m. The ADCP
operated in burst mode, sampling eurrcnt velocity profilcs at
2 Hz for 5 minutes every 30 minutes, and logged every ping
in beam eoordinate mode with 0.25 m depth bins. The first
sample was centcred 1.0 m above bottom when taking into
account blanking distanee. The 1 -2 beam pair was aligned
along the main axis of the channel.

[11] For each beam, the velocity data at the top bin and
bottom two bins were deleted, to remove both surface noise
and nringing near thc transducer. Each beam was thcn further
processcd by removing all ping data with a percent good
(PG) of less than 90% as reported by the internal diagnostics
of the ADCP. For an ADCP logging every ping this is a
measure of the echo strength of the retumed signal. This
resulted in the removal of one complete five minute ensemble
on year day 289 as well as the removal of scattercd other
values, generally ncar the surface, which constituted less
than 1% of the data. With the exeeption of the removed
ensemble, deleted beam veloeities were replaced with a
linear interpolation between the values in the bins above
and below. Finally, for each dcpth bin, spikes in the data were
rejected that were three or more standard deviations away
from the ensemble average and were replaced with an inter-
polated value. This also removed a small amount of data.

[12] The along channel () and cross channel (v) velocities
are calculated from the individual ADCP pings as

B - B _Bi- B

“= s Y= Zsing (n

where B, is the along beam vclocity for each beam (i = 1,
2, 3, 4), the 1 -2 beam pair is aligned with the channel, the
3 4 beam pair is aligned cross channel and 8 = 20° is thc
beam angle (for the RDI ADCP used) [Di lorio and Gargett,
2005]. The instantaneous u and v vclocities were then
averaged for each five minute ensemble to get the mean flow.
To rcsolvce the surface and bottom flows each velocity profile
was extrapolatcd to the surfaee, over a distance of 0.5 m, by
assuming zcro shear at the surface, and extrapolated to the
bottom assuming a log layer profile over a 1.5 m distance.
[13] Compass and piteh/roll sensors show that during this
deploymcnt the instrument’s heading ehanged 0.5° over 34
days while pitch and roll started out at less than 3 and 1.5°,
respectively, from the vertical with both settling to just over
1° ovcr the first 10 days of the dcployment and remaining
constant for the rest of the deployment. While stress
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estimates are very sensitive to instrument alignment with
the vertical, Lu and Lueck [1999] showed that errors in the
stress estimatc will be small for such small deviations. Our
coordinate systcm adheres to the estuarine eonvention such
that x is the along channel direction and is positive out of
the creek.

[14] Microcat conductivity-temperature-depth (CTD)
meters were deployed with the ADCP mooring with a
bottom sensor mounted to the ADCP frame approximately
0.5 meters above bottom and a surfacc sensor attached to a
line tethered to a surface marker float and deployed 0.5 m
below the surface. In addition the GCE-LTER project
maintains a long-term CTD station in thc uppcr Duplin at
mid depth. All CTDs sampled at 15 minute intcrvals. Thc
bottom Microcat salinity data became unreliable, duc to
biofouling of the sensor, on the fifth day of the deployment.
Prior to this instrument failure, the surface and bottom
measurements indicated that thc system was vertically well
mixed for both temperature and salinity at all timcs with thc
differences showing a random distribution and being below
thc noisc threshold of each sensor. As this agrees with the
authors’ observations during two previous mooring experi-
ments at this location in thc Duplin River [McKay and
Di lorio, 2008] we have chosen to treat the surface valucs
as being indicative of the entire water column. While rain
events likely introduced some short-lived stratification to
the watcr column we were not able to mcasure this. Salinity
will be reported as a unitless quantity in accordance to the
practical salinity scalc adoptcd in 1978.

3. Methods
3.1. Vertical Mixing

[15] In a sheared flow, vertical mixing results from
bottom boundary-induced turbulence or breaking internal
waves (Kelvin-Helmholtz instabilities) depending on the
strcngth of the stratification. For the wcakly stratified easc,
Jay and Smith [1990] show that when the shear is large
enough rclativc to the stratification then bottom boundary-
indueed turbulent mixing extends throughout most of the
watcr column and causes vertical exchange of propertics.
Any tidal asymmetries would then eome from the mcan
flow as the veloeities on cbb are greater because the shear
and flow spced are augmented by the mean river flow. The
barotropic tidal advection of the density field dominates in
weakly stratified estuaries, as the gravitational restoring
force is weak and therefore baroclinie motions do not exist.

[16] 1t is common to treat turbulent mixing (vertical flux
of horizontal momentum and salt) as a gradient process
parameterized against the mean veloeity shear and salinity
gradient with a vertical eddy viscosity, 4., and vertical
scalar diffusivity, K., respectively, (with units of m® s )
such that

— du
— J5
B gy o0
w's’ Kz(')z (3)

The along channel and vertical velocities are u and w,
respectively, and the subseript z is the vertical; the ovcrlinc
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represcnts a time averaged quantity and primed values
represent the turbulent fluctuations from the time average
[Dyer, 1997].

[17] Since thc work of Lohrman et al. [1990], as elaborated
by Stacey et al. [1999a, 1999b] and Lu and Lueck [1999], it
has become common to estimate vertical eddy viscosity (4,),
and hence momentum diffusivity, using a four beam, high-
frequency broadband acoustic Doppler current profiler
(ADCP). This method, known as the variance method, allows
the direct estimation of the Reynolds stress, 7,/p = —u'w/, by
comparing the vclocity variances of opposing pairs of
beams. This stress is determined using the relation

. _ B
LBV. (4)
2sin20 '

—u'w =

where B}, = B — B2, B is the veloeity along the beam one
direction and the subscript f implics fluctuations [Di Jorio
and Gargett, 2005). B3, is similarly defined but opposite
from beam one. The vertical viscosity A,is then the ratio
between the time varying stress and the observed vertical
shear.

[18] In energetic tidal channcls having vcrtically well-
mixed conditions and hence a gradient Richardson number
tending to 0, thc turbulent Prandtl number 4/K, = 0.7
[Stacey et al., 1999a). In thc presence of stratification,
vertical mixing has to act against a density gradient and
both the eddy viscosity and diffusivity are reduced. How-
ever, as momentum is transferred more readily than mass in
such a case, K, is attenuatcd morc than is 4, and the
turbulent Prandtl number increascs.

[15] The variancc method requires the flow to be hori-
zontally homogeneous such that there is no variation in the
turbulent statistics over the separation distance between
corrcsponding bins in each beam pair [Lu and Lueck,
1999]. This condition is met by our deployment location
being in the middle of the channel in a region of nearly
constant cross section. The sampling rate of 2 Hz and
vertical bin size of 0.25 m allows us to resolve the smaller
cddics in the flow which are involved in vertical momentum
transfer [Rippeth et al., 2002]. The 5 minute ensemble time
reprcsents a compromise between concerns of instrument
battery life, thc need for a statistically significant sample size
and the need for quasi-stationary conditions during the sample
period. With a 2 Hz sampling rate, a 5 minute sampling period
(600 samples) providcd a statistically significant ensemble
average of the velocity as the estimated standard error was
low (less than 1 cm/s). In a flow dominated by semidiurnal
tides, the 5 min period was also short enough to insurc quasi-
stationary conditions during the entire ensemble.

[20] Stress profiles were calculated for each ping in the
record and then averaged for each five minute ensemble to
give one stress profile for each half hour period. The
statistical reliability of the Reynolds stress estimates
inereases with the square root of the number of samples per
cnscmble according to the rclation given by Williams and
Simpson, [2004]

)
— R
02=——’Y(a"2' B'j) (5)
& Nsin?20 '
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where 0% is the mean squared variability of the Reynolds
stress estimate, +y is a factor dcpending on the covariance of
the individual velocity values, o, is thc instrument noisc
level, B‘?f the mean square value of the turbulent fluctuations
and N is thc numbcr of samples per ensemble. From
equation (5) and following the method of Williams and
Simpson [2004], we can estimate a threshold valuc for
detectable stress by examining low flow, when B,/ goes to
zero and  to one, and taking a valuc for instrumcnt noise of
0, =0.017 m s from the instrument manufacturer. This
then gives an approximate theoretical minimum measurable
stress 7/p=2 x 10> m? s72.

[21] To estimate the vertical eddy viscosity, A, it is
necessary to compute the vertical shear in the along channel
velocity, Ju/dz, in the region where stresses are resolved by
the ADCP. As small variations in & between depth bins can
cause large swings in the valuc of du/0z, as calculated using
numcrical differcntiation techniques, each velocity profile
was smoothed by fitting with a polynomial and the gradient
taken by differentiating that polynomial. As the shape of the
vclocity profilc changes through the tidal cyclc from being
nearly linear to showing slight curvature, each profilc was
fit with both first and second-order polynomials; the fit with
the highest 72 value was selected for the differentiation. The
velocity profile was gencrally linear with a maximum at the
surface.

[22] The vertical mixing time during thc tidal cycle is
estimated from a tidal and depth average of the vertical
mixing quantity K, [Lewis, 1997], as

H? H? ,
t=———~—F— (6)

8<T<> 8<§,>'

where ¢ is the approximate time for complete vertical mixing
(in scconds), H the tidal mean water depth, and () denotes
tidal averaging and ~ denotes depth averaging. A turbulent
Prandtl scaling of 1 (K, ~ A,) is assumed and that it is
considered stationary within each tidal period. This estimatcd
mixing time is based on the estimated time required for a
concentrated substance in the middle of thc water column to
assume a Gaussian concentration distribution with depth.

3.2. Decomposition of Salt Fluxes

[23] Along channcl horizontal mixing in an cstuary is a
result of the sum of several processes on widely distributed
spatial and temporal scales: from turbulent to tidal and
fortnightly scales. The interaction bctween estuarine tides,
bathymctry and irregularities at thc channel edgc can result
in dispersive fluxes that are due to tidal pumping/trapping,
vertical and lateral shear dispersion, and the estuarine
circulation [Fischer et al., 1979]. Of these mechanisms tidal
dispersion, the generally upstream net transport due to
correlations between tidal depth, velocity and salinity, is
often dominant in well mixed estuaries [Kjerfve, 1986]. The
presence of vertical shear and stratification [Bowden, 1965]
and a generally much smaller effect of lateral shear and
salinity variability [Rattray and Dworski, 1980] can act to
modulate this tidal pumping mechanism, especially in areas
of high stratification or curvature in the main tidal channel
[Dyer, 1974]. Irregularities in the channel edge, side creeks,
and intcrtidal flats can also contributc to along channcl
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dispersion by holding water inundated on flood and not
rcleasing it back into thc main channcl on the following cbb,
cffectively trapping thc water, and rcturning it back as a
different water mass on subsequent ebb tides [Fischer,
1976].

[24] As shown in Figurc 1, our deployment in the lower
Duplin is in an area having a relatively straight channel with
fcw sidc creeks or irrcgularities. The width of the channel is
approximately B = 200 m with the eastern side approxi-
mately | m deeper than the western side with steep sloping
side boundaries. Following the work of Hansen [1965] and
Fischer [1976], as modified by Medeiros and Kjerfve
[2005], we quantify thc cross-sectionally integrated and
tidally averaged salt flux as

(')((.;:') + %/A (aus)da = 0, (7)

where the superseript ¥ implies a volume integration of the
salinity from the head of the creek wherc the salt fluxes are
zero to the measurement location. We decompose the eross
scetional area (a), current velocity () and salinity (s) in
tcrms of quantities that describe the residual flow, estuarine
circulation (£), tidal vanability (), vertical shear dispersion
(V) and lateral shear dispersion (T),

u(v,z,t) = U(z) + Ue(z) + u,(t) + Uv(z.t) + Ur(y,1), (8)
alt) =~ (H(¢) + h(1))B, &)

sz, 1) = S(8) + Se(2) + 5,(¢) + Sp(z,0) + Sr(y,1), (10)
where the cross sectional area varies according to tidal height
and

(1)
(12)
(13)

(14)

The quantity U, represents the mean river flow, ” represents
a laterally averagcd quantity and (1) = U= U= 0. Similar
equations can be written for the salinity.

[2s] As the instrumentation was located in the center of
the channel and the bottom salinity measurement was fouled
carly in the measurement program there is no quantitative
measurement of Ux(y, £), and s(y, z). As a result we cannot
quantify lateral variations in the longitudinal fluxes but we
expect them to bc small in such a narrow channel with steep
sloping sides and so lateral homogeneity is assumed. In order
to quantify estuarine circulation, and the vertical and trans-
verse quantities we make use of steady state formulac. From
the encrgetiecs of mixing (as will be shown below) it is
expected that tidal stirming (mixing) which destroys stratifi-
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cation is much greater than stratification created by the
cstuarine circulation and tidal straining, and thus we can
assume that the lower Duplin during our measurement
program is vertically well mixed for most of the tidal cycle.
Substituting cquations (8) to (10) into (7), we can thus write
the salt flux per unit width of the estuary as

19"y 1 f°
= — [ [nus+H 7
st /_”[ US + HUgSg + H{UySy)

'
s / (UrSt)dy + H(u,s:) + U(hs,)
%

+ S(hu) + (h,u,s,)]dz =0. (15)

[26] The first term of equation (15) is the storage of salt
per unit width, which aecounts for changes in salinity and
storage volume. The first term within the integral (HUS)
represents the advection of salt due to tidally averaged
residual flows reflecting changes in freshwater discharge,
mean depth and offshore foreing. The next tcrm 1s the net
transport of salt upstream because of the cstuarine cireula-
tion that moves freshwater down stream ncar thc surface
and salt watcr upstream at depth. The next two terms are the
vertical and transverse shear dispersion. The next set of
terms remaining aceount for the longitudinal tidal dispersive
transport due to corrclations between tidally varying quan-
tities and correspond to tidal velocity-salinity transport, tidal
salinity transport, tidal wave transport (Stoke’s drift which
is maximum when thc tide resembles a progressive wave
and is zcro for a standing wave) and the tidal pumping
transport. Rewriting equation (15) as

1 (S¥ 8 H [
B ((')l ) + 1HU,S = —[H [UESE : o (UySy)]dZ _E_[h (L’rSﬁdl'
— [H(s) + U, (hysy) + S(huy) + (houys,))
(16)
os
= HK.=>. (17)

The dispcrsive flux terms can then be parameterized against
the along channel salinity gradient, 8S/9x, to obtain an
effective along channel dispersion cocfficient, K.
3.2.1. Estuarine Circulation

[27] The governing equations that describe the residual
flow in steady state arc

dn  gop Pu
0=— (')\’+p5;‘ A:E (18)
oS &Sk
UEa K:W: (19)

where it is assumed to a first-order approximation that A4,
and Jp/Ox are constant with depth. The barotropic pressure
gradient associated with the sea surface slope (97/0x) drives
the fresh water out on top and the baroclinic pressure
gradient associated with the along channel density gradient
(8p/0x) drives thc ocean flow in at depth.
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[28] Intcgrating (18) twice with respeet to z and applying
the boundary conditions that therc is no stress at the surfacc
(A,0u/0z|.— = 0) and no flow at the bottom (u(z = —H) = 0)
gives

Aoy, aey N BA 3
u—A:<20x(¢ 1) GPOX(ZJ-{»H). (20)

To find the sea surfaee slope the river outflow is defined as
j‘l,,udb = HU, and as such the depth-dependent residual
flow 1s

7 ( 2 2 z z
w-E 2 ar (1-9G) -2@)) +3v-(- B))

@n

= Ug(z) + U(2), (22)

wherc the first term on thc right is the cstuarinc velocity and
the seeond term on the right is the river veloeity.

[29] Substituting the estuarine veloeity Ug into (19),
integrating twice with respeet to z, applying the boundary
conditions of no flux out of the sea surfaee (4.05:0z|,- = 0)
and that f(_)//S[;dZ = 0 gives the following cstuarine salinity
(for K. ~ A,):

dp 3S 1P
=t ame (i) -6 -16))

(23)

Thc depth intcgrated salt flux due to the cstuarine circulation
is then

0 2 99
/ UeSpdz = — 19 (g ('7p> H? dS (24)

i 630 \48p ax/ 43 ox’

which is rclatively constant and always ncgative implying
that there is a net salt flux upstream.
3.2.2. Vertical Shear

[30] Bowden [1965] showed how thc interaction between
stratification and shear in thc mean flow can give rise to
horizontal shear dispersion. If the velocity profile is mod-
cled as a linear function with depth u(z, 1) = U,(1)(1 + (z/H))
then Uz, 1) = U,()(1/2 + z/H), where the surfaee eurrent is
dcfined as U,. The stcady state equation to solve is [Lewis,
1997]

as | PSy
Uy g =Ko (25)

which rcpresents thc perturbed statc. Intcgrating with
respeet to depth twiee and applying the boundary conditions
of no flux out of the surface (K.3S,/0z|.0 = 0) and that
_]ﬂ.,,SV dz = 0 gives the salinity (for K, ~ A4.)

Sv = u’ALz? (-2i4 & %(ﬁ)%é(ﬁ)’). (26)
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The depth integrated and tidally averaged salt flux due to
vertical shcar is then

H as

1204, 0x’ keet)

/0 (UvSy)dz = —(U?
-l

which 1s also always ncgative implying a net salt flux
upstream.
3.2.3. Transverse Shear

[31] In a similar way the transverse shear dispersion is
caleulated for a channcl flow of u(y, 1) = U (1) (1 — (w/b)?)
where B = 2b is the width of the channcl. This gives
Ury, ) = U(tX1/3 — (¥/b)). The steady state equation to
solve is

oS . &Sy
UTE —Av'ﬁv (28)
where K, is an estimated eross-estuary mixing paramctcr.
Integrating twiee with respeet to the eross channel and
applying the boundary eondition of no fluxes in thc middic of
the ehannel (y = 0) beeause of symmetry (K,051/3y|,— = 0)
and that [*, Srdy = 0 gives

BAS(T 1t 1
sr= U om0 +50)) @
Thus,
'—’/h UrSr)d ——(UZ)—g'L’"’2 - (30)
7 ), Ui = —\Y)gsg o

which is also a nct salt flux upstrcam. Thc difficulty in this
formulation is quantifying the eross channcl mixing (K,).

3.3. Energeties of Mixing

[32] Thc important processcs that ean Icad to thc crcation
and destruction of stratification in estuaries are from the
cstuarine circulation, which causes fresh water outflow at
the surface and oecanic inflow at depth, tidal straining of the
horizontal density field by the vertical current shear, whieh
causes an inerease in stratification during ebb tide and
damps the turbulence relative to the flood tide [Simpson,
1994; Souza and Simpson, 1997] and tidal stirring (mixing),
which is a pereentage of the turbulent kinetie energy produc-
tion that goes directly into mixing the water eolumn. Stirring
due to wind and waves is assumed negligible as the Duplin
cstuary cxists on the back sidc of a eoastal barricr island.

[33] While no stratification was measured at the mooring
sitc during the bricf pcriod when both surface and bottom
measurements were available, it is possible that somc
unmeasurcd stratification cxisted at later times and this eould
havc an impaet on the along ehannel salt fluxcs. Unstratified
estuaries are eommon in the South Atlantic Bight whcre
relatively high tidal energy interaets with relatively low
freshwater fluxes to create vertieally well mixed eonditions
[sce,c.g., Verityetal., 1993; Wiegert et al., 1999]. Tcmporary
stratification ean be introdueed into thesc estuaries through
inereases in freshwater input at the head, through an inercase
in river or groundwatcr input or through runoff duc to a rain
event, as wcll as thc dcercase in tidal encrgy at neap tide.
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Whilc these stratification events are likely to be short-lived
they eould have an impact on short-term salt fluxes.

[34] The Duplin River has no regular source of freshwater
input; its freshwater is supplied primarily through submarine
groundwater inputs [Ragotzkie and Bryson, 1955] and loeal-
izcd runoff from rain events. The majority of the ground-
water input appears to enter the Duplin upstream of the lower
tidal excursion [McKay, 2008], and as a result the along
ehannel salinity gradient, 35/0x is confined to the lower
Duplin region. In this seetion, encrgeties of mixing is used to
see if there are timcs when stratifieation ean be ereated. The
eonservation of dcnsity and its depth averaged form ean be
approximated as

ey +u£——£p’w’ (31)
dp  _0Op
b3 + By 0, (32)

assuming no fluxes through the surface and bottom
boundary and p'w represents the turbulent flux of mass in
the vertical. The rate of change of potential energy anomaly
is then defined as the difference betwecn the mixed and
stratified states [Simpson et al., 1990]

o 1 f° 8.
R (33)
gdp [° 5 B
=2 = —i)zdz— =2 2 4
i o /_”(u i)z d ”Rf/_”Pd, (34)

where Ry = T/(T + 1) is the flux Richardson number
representing a pereentage of the turbulent kinetic encrgy
production (calculated as P = —u/'w Ju/0z) that goes into
mixing the water eolumn, ereating a sink of turbulent
kinctic cnergy (TKE) defined by B = (g/p,) ¢w, and I is
the mixing effieiency. The first term on the right hand side
of (34) represents the straining that can ereate (positive values
on cbb) or destroy (negative values on flood) stratification;
the sceond term represents the destruction of stratification
due to mixing as it is always negativc.

4. Results
4.1. Tidal and Residual Properties

[35] Figurc 3 (top) shows the depth distnbution of the
along channel veloeity ¥ (positive on cbb), and extrapolated
to the surface and bottom during a 14 day spring-ncap-spring
transition at the beginning of thc experiment. Along channel
vclocity profiles arc generally linear with a minimum near
the bed and a maximum near the surface. Figure 3 (middle)
shows the measured ncar surface (5 meters above bottom
(mab)) and bottom (1.5 mab) flow, during this same period.
It shows more clcarly the spring/neap cyelc, the ebb domi-
nance of flow which is a common charactenstic of this elass
of salt marsh estuary [Dronkers, 1986; Dyer, 1997, Blanton
et al., 2002] and gives an indication of the kind of shear in
the watcr eolumn. This shcar is responsible for overturning
thc watcr column and kceping it essentially well mixed. The
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entirc period of obscrvation is shown in Figure 4, scparatcd
into residual (40 hour low-pass filtered shown as a thiek line)
and tidal components (shown as a thin line) showing the
depth averaged quantities for the along ehannel flow with the
residual flow sealed by a faetor of 10 in order to show its
vanability (Figure 4a); showing salinity, which is taken as
representative of the entire water column, for the upper and
lower Duplin (Figure 4b); and showing the eenter ¢hannel
mean and tidally varying depth (Figure 4¢).

[36] A strong spring/neap cycle can be seen in both along
channel tidal velocity and tidal depth. Strong spring ebb
flows pcak as high as 1.2 m s~' while weak ncap ebb flows
are as slow as halfof'that, and the tidal height ranges from 1 m
on ncap to 2.6 m on spring tide. The flow is cbb dominant,
showing a shoricr, stronger ebb which eontrasts with a longer
but weaker flood. This is due to frietional distortion of the
tide, eaused by intcractions bctwecn the main channel and the
intertidal areas, which ean be expressed by the relationship
between thc M2 and M4 tidal eonstituents [Dyer, 1997].
Residual water height H shows some inundation that may
oceur when the along and eross shelf winds are strong.

[37] The tidally varying salinity varies from 5 to 7 and the
mean salinity varics bctwecn 23 and 28 in the lower Duplin
and 18 to 25 in thc upper Duplin. The decrcasc in salinity on
year day 280 may correspond to the accumulatcd precipi-
tation from the rain events shown in Figure 2 that also
causcs an increased net outflow. This pattern is also secn at
the peak of the spring tide on year day 290 where the
salinity decreases when there is a net outflow.

[38] The tidally avcraged current flow is shown in Figure 5
along with the theoretical estuarine circulation defined in (21)
(foravalue of 4,=1.1 x 107> m?/s, p/dx=2.1 x 10~ *kg/m*
and H = 6.5 m). The resulting river flow U, = .02]1 nvs gives
the best fit to the measured profile.

4.2. Reynolds Stresses and TKE Production

[39] In Figure 3 (bottom) we show the stress (7./p= —u'w’)
through the water eolumn during the first spring-ncap-spring
period. Maximum stresses originate near the bed and prop-
agate upward into the water column deercasing in the upper
laycrs. The periods of highest stress are found during the
spring tidc ccentered around maximum flood and ebb when
the stresses reach as high as 1.2 x 107 m® s~ near the bed
and show an M4 distribution. There is a pronouncecd tidal
asymmetry in the stress production. They are lower on flood
than ebb and the stresses on ebb penetrate significantly
further into the water column than on flood, due to peak
ebb veloeities being much higher, though of shorter duration,
than flood. At ncap tide thcre is grcatly deereased turbulent
stress on maximum ebb and flood with eonsequently less
penetration of the stress into thc water eolumn. Ncar slack
water, at both spring and neap tides, the stresses are uniformly
low and patehy throughout the water column.

[40] Figure 4d shows a time series of 7./p, centered
1.5 mab, for the entire dcployment period. Both fortnightly
and semidiumal vanability in stress produetion arc elearly
visible with pcak stresses during spring tides bcing much
higher than during neap tides, and with the peak strcsses
during thc sccond spring tidc being more than doublc those
during the first. Semidiumnal variability is seen in that pcak
positive, ebb tide, stresses are signifieantly higher than pcak
negative, flood tide, stresses due to the asymmetry in ebb and
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Figure 4. Tidally averaged (40 hour low-pass filtered shown as thick lines) and tidally varying (shown
as thin lines) quantities for (a) depth averaged along channel veloeity (U is sealed by a faetor of 10),
(b) surfaee salinity for the lower (solid line) and upper (dashed line) Duplin, and (¢) eenter channel water
depth. (d) The Reynolds stress 7,/p and (e) the TKE produetion (P) both at 1.5 mab are shown together
with spning (S) and neap (N) tide labels.
flood veloeities. Cross channel stresses, 7,/p = —V/w/, are

not shown in these plots as they are uniformly low, owing
to the low eross ehannel veloeity.

[41] Figure 4e also shows the turbulent kinetie energy
produetion (P) at 1.5 mab. The depth variability (not shown)
mirrors the stress distribution as the veloeity profile is very
elose to linear (as will be shown). Produetion of TKE is
maximum on spring tide and maximum at the bottom
deereasing upward into the water eolumn. Peak TKE pro-
duetion is approximately 5 x 1074 W kg ",

4.3. Vertical Mixing

[42] From (2) the vertical eddy diffusivity of momentum,
A, is ealeulated using measurements of the turbulent stress,
7/p = —w'w and vertieal shear, Ju/0z. Sample veloeity
profiles from maximum flood to maximum ebb on 18
October (year day 291) at the peak of the strong seecond
spring tide are shown in Figure 6. The veloeity profiles ean be
seen to be nearly linear through the portion of the water
eolumn resolved by the ADCP with little eurvature, thus
having a nearly eonstant shear. The log layer fit below the

lowest ADCP bin is also shown. As the shear is nearly
eonstant with depth the profile of 4, over our measurement
region follows a near linear distnibution with depth. What
parabolie shape there is to the A4 profile would oeeur below
the lowest measured ADCP bin where the log layer pre-
sumably applies. While stresses are lower on flood than on
ebb, shear is less on flood than on ebb.

[43] Signifieant stresses are mainly generated around the
time of maximum flood and ebb at spring tide and these will
thus be the times of the greatest vertieal mixing. The depth
normalized profiles of A, at the times of maximum flood
and ebb at the peak of the spring tide is shown in Figure 6.
Like the stresses, the values are greatest near the bed, with
values of 1.2 x 1072 m? s~ rapidly deereasing with height
above bottom to near zero elose to the surface. Flood and
ebb values are very similar and both follow the plotted least
squares linear fit, whieh has an #=08l.

[44] Neap tide stresses are similarly eoneentrated around
times of maximum flood and ebb but, as ean be seen in
Figure 3, the periods of signifieant stress generation are
much shorter than on spring tide and the high stress region
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Figure 5. The estuarine eireulation and river flow as
modeled by equation (21) eompared to the measured tidally
averaged flow.

does not penetrate nearly as far up into the water eolumn.
When the stresses are low, patehy and variable, they do not
present a well defined profile in 4,.

[45] As water masses mix through the water eolumn they
experience the entire vertical range of mixing levels and
thus a depth averaged mixing quantity is approximated by
K. ~ A. whieh is shown in Figure 7 (top). Both tidal and
fortnightly vanability are apparent with values fluetuating
strongly during the tidal eyele tied to the generation of stress
at the bed. A, shows M4 variability tied to the two periods
of maximum flood and cbb during each lunar day. The
40 h low-pass filtered value of 4., shown by the thiek line,
varics on a fortnightly time scale being highest on spring
tides, centered around year day 277 and 290, in the range of
4-6 x 107> m® s~ and lowest on neap tide, being halfto a
third of the spring tide values. Even the low values, however,
represent significant vertical mixing in this shallow system
[Lewis, 1997].

[46] Equation (6) is used to ealeulate the approximate
time for complete vertical mixing during a tidal period,
using the measured mean water depth (H), and the tidally
and depth-averaged value of A4,. This is shown in Figure 7
(bottom) plotted in minutes. Even at its slowest, eomplete
vertical mixing is achieved in slightly over | hour and at
spring tide takes as little as 20 minutes. This is very much
less than the tidal period and implies that the lower Duplin
stays well mixed at all times unless aeted upon stratifying
influenees like tidal straining or the estuarine eireulation.

4.4. Stratifying Influences

[47] While the rain events and groundwater input could
serve to create stratification through straining processes,
thus potentially modifying the along channel salt fluxes, the
tidal mixing (stirring) serves to homogenize the water
eolumn. Figure 8 shows the energeties of stirring and

MCKAY AND DI IORIO: VERTICAL AND HORIZONTAL MIXING

C01004

straining according to equation (34) in order to determine if
there were times when stratification would become impor-
tant. The depth averaged turbulent kinetic energy (P) was
caleulated and a flux Richardson number of R, = 0.05 is
assumed. Di lorio and Kang [2007] measure the mixing
effieieney I in the Altamaha River estuary whieh is partially
to well mixed and show that it is on average 0.05 but can
approach the upper limit of 0.2. As expeeted signifieant
mixing oceurs during spring tide which is greater than the
stratifying influences of straining.

[48] The straining term is caleulated from the measured
velocity profiles and the along channel density gradient is
calculated from the tidally averaged along channel advee-
tion of mass past the mooring as dp/0x = (—1/U)dp/dt. The
straining effect shows that stratification is ercated on ebb
tide (positive values) and destratification on flood (negative
values) with greater effeets on ebb owing 10 its greater flow
and shear. Combining the stirring and straining efleet, the
rate of change of the potential energy anomaly is always
negative exeept for brief periods during neap tide when
stratifying influences come into play. These periods of strat-
ification are very short and any stratification that exists at the
slack tide will be quickly eroded away during the subsequent
flood. If Ry~ 0.008 then there can be stratifying tendencies
on every ebb and if R,> 0.05 then no stratification will exist.
According to Geyer et al. [2008] a distribution of R, values
were obtained in the Mernimaek estuary during an ebb tide
with a median value of 0.15 and with low values <0.01 during
times of weak stratification. As a result the Duplin River ean
be assumed to be essentially well mixed or weakly stratified
only during neap tides.

4.5. Horizontal Transport

[49] The measured salt fluxes per unit width from the
various tidal eorrelations in (16) ar¢ shown in Figure 9a as
well as their net sum (thiek solid line). The largest of these
tidal correlation terms is the salt flux into the Duplin due 1o
the eorrelation between tidal veloeity and depth (dashed line).
The deeper water on the weaker but longer flood allows more
salt to flow in than the shallow waters on the stronger but
shorter ebb allow out. The next largest term is a net flux out
due to the eorrelation between veloeity and salinity (dotted
line) eaused by the higher ebb tide veloeity exporting salt
which has been mixed in on flood. Both of these terms show a
strong spring/neap modulation with eaeh approaching zero
on neap tide and being greatest on spring. Of the remaining
terms the eorrelation between depth and salinity (thin line) is
negated by being multiplied by the very low mean veloeity,
on the order of £l em s ', and the triple correlation is
similarly small. The net tidal flux is shown by the thick line
as a net flux of salt into the Duplin, where it follows the
same strong spring/neap modulation as do its eomponents.

[s0] The estimated fluxes due to the estuarine eirculation,
vertical and transverse shear dispersion calculated from
equations (24), (27) and (30), respectively, are shown in
Figure 9b. Of these three effeets the vertieal shear dispersion
is the most dominant with values approachin% —0.2 m%/s and
longitudinal mixing coefficients K- ~ 60 m*/s. It should be
noted that the linear velocity profile used is actually an
overestimation of the kind of shear that actually persists.
The effect of the estuarine circulation is a factor of 10*
smaller. For K, = [0.1 0.5 1.0 10] m?s, cross channel salinity

10 of 16




MCKAY AND DI IORIO: VERTICAL AND HORIZONTAL MIXING

C01004
t=Oh t=+1h t=+2h t=+3h t=+4h t=+5h t=+6h
1.0 T = o- . s - T A
o ¢ o * [¢] +
o ¢ " * o sk
o ¢ e o b
0.75} o O E = N |
0 o " +
o o)
o © 0 * E
o & o B
% ) & o o
0.5} 2o A ) + -
3 Wo & * o + o
oo & * o +
@i % A
o : o b
0.25} < ¥ o e 1
g o
o * le) 1
% R u * 04 -
0 . ’ o O i .
-1.5 -1 -0.5 0 0.5 1 1.5
u(ms™
1 . : 7 .
a
Fosy - .
08 o+ 8 e B o Flood ]
. ., SJ ‘: D'D S [a] i Ebb
. B o Linear Fit
g 0.6 . i
<
=
0.4
0.2}
0 1 i 1 i 1
0 0.002 0.004 0.006 0.008 0.01 0.012

Figure 6.

2 =i
Az(m s)

C01004

(top) Profiles of along-channel veloeity through one tidal eyecle from maximum ebb to

maximum flood on year day 291. (bottom) Profiles of 4, at maximum ebb and maximum flood, during
the times of significant stress generation on spring tide. Depths are normalized with respeet to channel

depth. The linear fit in the Figure 6 (bottom) has an r* of 0.81.

S
275 280 285 290 295 300
Year Day 2005 (275 = 2 OCT)

Figure 7. Time series of depth averaged vertical eddy diffusivity of momentum (2,) and vertical mixing
time () during the deployment period. The thick lines indicate 40 hour low-pass tidally averaged values.
The labels S and N indicate times of spring and neap tide, respectively.
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Figure 8. Energetics of (top) mixing and (middle) straining for the destruction (negative values) and
ereation (positive values) of stratification together with (bottom) their sum.

gradients correspond to a change in salinity of [4.17 0.83
0.42 0.04] in 100 m, respeetively. It is unlikely that a eross
channel salinity gradient of 4.2 in 100 m exists in this
environment and so we hmit the value of K, > 0.1 m?/s
and assume that K, ~ K,y. The salt flux from transverse
shear dispersion calculated in this way is a factor of 100
smaller than the vertical shear dispersion. If the transverse
and vertical shear dispersions are to be of the same order
then K, ~ 1.0 m?/s.

[s1] As all these estimated salt fluxes are very much
lower than tidal dispersion terms, and thus the effects of
possible stratifieation and henee shear dispersion are judged
to be minor players in the long-term salt budget during this
time. Uncles et al. [1985] also showed that in an estuary of
the same seale as the Duplin that the transverse shear dis-
persion was much smaller than the vertical shear dispersion.
The dominant driver of along ehannel horizontal dispersion is
then not shear acting on salinity gradients, but the tidal
eorrelations, which act mueh more slowly but with greater
energy and on larger scales. Jay and Smith [1990] outline that
barotropie advection of salt dominates over density-driven
eirculation in maintaining the salt balance in weakly stratified
estuaries.

[52] Figure 9¢ shows the net tidal flux term (dashed line)
along with the flux of salt due to residual advection and the
change in mean water depth tied to ehanges in storage volume
(thin solid line). Despite the low residual veloeity the residual
adveetive term is much greater than the tidal flux term due to
the high value of the mean salinity eompared to its tidal
fluctuations. Net advecetion varies strongly on a spring/neap

cycle showing a pulse-like export of salt on spring tides
followed by a weaker, but longer, period of import of salt on
neap tides. This pattern, which has been observed before in
well mixed to partially stratified estuaries [sec, e.g., Nunes
and Lennon, 1987, Bowen and Geyer, 2003] is belicved here
to be due not only to tidal modulation of upstream dispersive
mechanisms but also to varnations in the flux of fresh
groundwater into the upper/middle Duplin eaused by
changes in the tidal range on the spring/neap eyele [Schultz
and Ruppel, 2002].

[53] On neap tide, when the tidal range is small, we
hypothesize that little fresh groundwater is pumped into
the upper/middle Duplin and thus little pressure is exerted
on water in the lower Duplin and residual adveetion nears
zero. Tidal fluxes then bring salt into the lower Duplin and
the salinity in this region inereases. With the inereased tidal
range at spring tide, more fresh groundwater is pumped into
the upper/middle Duplin which then flows down to the
lower Duplin. Residual adveetion increases as this freshwater
mass forces saltier water out of the lower Duplin and salinity
decreases as it mixes into the lower Duplin water mass. Tidal
dispersion of salt into the lower Duplin inereases with the
inereased tidal energy but it is not enough to overcome the
diluting effeets of the fresh groundwater. When ecompared
to lower Duplin salinity in Figure 4b the nct flux can be
seen to closely eorrelate with ehanges in the mean salinity
in the lower Duplin. The sharp, but short-term, decrease in
salinity around yecar day 280 as well as the lesser, but longer
lasting, deerease around year day 290 both corrclate with
spring tide induced net export as shown in Figure 9d while
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Figure 9. (a) Tidal pumping salt fluxes together with their sum. (b} Estimated salt fluxes duc to thc

estuarine circulation and due to vertical and transverse shear dispersion. (¢) Adveetive and dispersive fluxes
and their sum showing the net salt flux per unit width. (d) A comparison between the storage of salt with thc

net salt flux.

the slow recovery periods correlate with the low net influx of
salt on neap tide.

[s4] Figurc 9d also shows the estimated longitudinally
and dcpth intcgrated, and tidally averaged storage of salt,
per unit width, along with the negative flux of salt, per unit
width, past the mooring. While it can be difficult to accurately
estimate upstrcam salt storage [Simpson et al., 2001], a
gencral estimation may be made by combining salinity
mcasurements with an estimate of the time varying volume
of water upstream as estimated from tidal height and
bathymetry. This estimate will not be precise but will show
the general magnitude and trend of the upstream storage of
salt.

[ss] Both the sign and the shape of the eurves compare
reasonably well. The general trend of the ecurves suggest
that salinity generally increases during neap tide followed
by a decreasc in salinity during spring tide. This is believed
due to fresh groundwater transported down from the middle
Duplin area.

[s6] To get an along channel dispersion coefficient K,
for the lower Duplin we normalize thc dispersive fluxes

(dominated by tidal processes) by the mean water depth and
the along channel residual salinity gradicnt, 35/0x, shown in
Figure 10. Figure 10 (top) shows thc depth normalized tidal
dispersion term from Figure 9 while the Figure 10 (middle)
shows the along channel residual salinity gradient, calculated
from the tidally averaged along channcl advection of salt
past thc mooring as 35/0x = (—1/U)3S/0t. The salinity
gradient is positive, showing saltier watcr toward the mouth
of the Duplin, with its greatest value on neap tide as decrcased
tidal energy pumps less salt into the upper reaches of the
creek. The ratio of the depth normalized tidal pumping flux
with the salinity gradient gives a value for the along channcl
tidal dispersion coeflicient K. This is shown in Figure 10
(bottom) and varies strongly on a fortnightly eycle from
near 1000 m? s~ on spring tide to elose to zero on neap tide
with a long-term mean of approximately 500 m” s !

5. Discussion and Conclusions

[s7] We have presented measurcments near the mouth of
the Duplin River, which is a small and generally vertically
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Figure 10. Time series of the dispersive salt fluxes per unit width normalized by mean depth, the along
channel salinity gradient, and the resultant along-channel dispersive coefficient (K ) during the deployment

period.

well-mixed tidal ereek. This ereck system serves as the
main conduit between Doboy Sound and the intertidal
marshes of the Sapclo Island National Estuarine Research
Reserve. The measurements deseribed here direetly resolve
the vertical velocity structure through most of the 6.5 m
mean water depth of the lower Duplin as well as allow the
estimation, through the varianee method, of the stresses
which give rise to vertiecal mixing. Through salt budget
methods we also quantify the along channel tidal dispersion.
Spanning a 34 day period, consisting of two spring and two
neap tides along with the transitions between these tides, our
measurements resolve the wide range of time seales, from
turbulent, to tidal and fortnightly, which influenee the mixing
in these waters.

[s8] Estimates of the vertical turbulent stress, 7,/p, show
modulation on both tidal and fortnightly frequencics with
maximum stress being generated near the bed on maximum
flood and ebb at spring tide and linearly deereasing with
height above bottom. Neap tide stresscs are weaker, eoncen-
trated near the bottom and have no variability with depth.
Internally generated turbulence plays a larger role near times
of slack water with stresses being more broadly distributed
through the water eolumn.

[s9] Due to the nearly linear profile of velocity with depth
and the eonstant density the Richardson number is almost
always much less than the stability critcria of 0.25 and thus
from the diffusion of momentum we can approximate the
vertical mixing of salt using a turbulent Prandtl scaling of
~1. From this, we estimate that the time for complete

vertieal mixing varies from 20-30 minutes on spring tide
to 4060 minutes on neap tide and is at all time very mueh
less than the tidal period, thus ensuring that the water eolumn
stays well mixed at all times. A eomparison of energetics for
mixing (R,= .05) with strained indueed periodic stratification
show shows that only for brief periods during neap tide ean
stratification exist.

[s0] Tidal dispersive fluxes are, by nature, tidally averaged
so we cannot eomment on intertidal variability and time
scales. These fluxes show a strong spring/ncap cycle with
maximum upstream dispersive fluxes being found at spring
tide while neap tide fluxes approach zero but still being mueh
greater than theoretically predieted vertieal and transverse
shear effects and effects duc 1o the estuarine circulation. The
upstream flux due to the correlation between the tidally
varying depth and velocity (tidal wave transport) is the
primary driver of along channel dispersion, but it is some-
what eounterbalaneed by an opposing dispersive flux due
to the correlation between tidally varying velocity and
salinity. Thesc results are similar to those obtained from
Kaluarachchi et al. [2003] with the Stokes term being the
most signifieant upstream transport of salt in Newark Bay
and Arthur Kill transects but since their model contains only
one gnd aeross the channels they eould not quantify trans-
verse shear effeets. These dispersive salt fluxes are gencrally
overwhelmed by the net adveetive flux of salt due to the
residual flow out of the creek. Residual flows in this envi-
ronment can be tied to changes in groundwater input, and

14 of 16




C01004

changes in rainfall and oceanic forcing from meteorological
cvents.

[61] Interaction between the main along channel flow and
the channcl edgc may rcsult in enhanced along channel
dispersion due to the trapping of water in dead zones, side
crecks and embayments, and intertidal marshes and mudflats
[Fischer et al., 1979]. This water is diverted from the main
flow on flood and rejoins it on a different stage of ebb, or
on a different ebb altogether, where it mixes with different
water masses both creating cross channel gradients and
enhancing (or retarding) effective along channel dispersion.
Trapping in dead zones, gencrally eddies associatcd with
channel bends or small cmbayments and obstructions at the
channel edge, is one of the more well studied eontributors
to enhanced dispersion due to trapping. A number of theo-
retical and numerical studics, gencrally in nontidal rivers,
[see, e.g., Purnama, 1988; Davis et al., 2000; Davis and
Atkinson, 2000; Lees et al., 2000] have cstablished that in
arcas of high curvature or channel edge irregularities this can
be a major factor in enhaneing along channel dispersion,
though the exact amount is highly dcpendent on the loeal
morphology.

[62] As can be seen in Figure 1, our deployment ts in an
area with a straight channel with few side crecks or
irregularities, which results in few dead zones to act on
along channcl dispersion. The nearest signifieant side ereck,
Barmn Creek, is located nearly an entire tidal excursion from
the mooring location, thus making it unlikely that it plays a
role in enhancing dispersion through tidal trapping in the
lower Duplin. While there are intertidal marshes bordering
the mooring site there is also extensive hard upland,
associated with Sapelo Island and several marsh hammocks,
or isolated areas of hard upland, which have bcen shown to
greatly reduce the effects of the intertidal areas on local
processes, especially as compared to areas further upstream
[McKay and Di lorio, 2008]. Due to thesc considerations it
is reasonable to negleet the eontributions of channel edge
effects and tidal trapping to the along channel dispcrsion for
the lower Duplin.

[63] The net water flux is generally out at spring tide. The
inereased tidal range on spring tide presumably inercases
the hydraulic head acting on the aquifer increasing the
groundwater flux into the middle and upper Duplin [Schultz
and Ruppel, 2002]. This increases the downstream pressurc
gradient and thus increases the net outflow of water. On neap
tide, groundwater input into thc upper and middle Duplin
decreases and tidal pumping, which is no longcr opposed as
strongly by residual export, brings salt in from Doboy Sound.

[64] The total salt flux due to tidal dispersive and advee-
tive fluxes eorrelates well with the trends in lower Duplin
salinity during the deployment period. Examining the net
horizontal flux, it beecomcs apparent that the Duplin shows a
net export of salt for a brief period on spring tide, which is
followed by a longer peniod of cither net import or near
neutral eonditions. Salt export is then in a pulsating pattern
tied to the fortnightly spring/neap tidal frequency.
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