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ABSTRACT

A series of obaervations of the density distribution across the
York River estuary documents distinct lateral differences in density and
degree of vertical mixing. The magnitude of the density differences
varies throughout the tidal cycle; maximum lateral gradients occur at
times of minimim current. When the density distribution is sufficiently
inhomogenous, longitudinal estuarine fronts are generated. These fronts
are axially aligned, up to several miles in length, and axe apparent for
legs than 2 hours at any given location. Although the demnsity
difference across the frontal boundary is often small, horizontal
pressure gradients acting over a broad frontal region generate the
convergent circulations necessary to maintain these fronts.
Measurements of the longitudinal velocities across the same section
reveals negligable phase difference but a significant amplitude
difference between the currents in the channel and those over the
shoals. Differential advection across the estuary due to this velocity

shear is the process by which the observed demsity distribution is
generated.

viii



LATERAL VARIABILITY IN A COASTAL PLAIN ESTUARY



I, INTRODUCTION

The classical picture of estuarine circulation emerged from esarly
studies by, amongst others, Stommel (1953) and Pritchard
(1952,1954,1956), From this viewpoint partially-mixed estuaries are
regarded as two layered systems, with the depth—averaged salinity
decreasing from the mouth to the head of the estuary, and a longitudinal
non-tidal circulation pattern which is directed down-estuary near the
surface and up-estuary near the bed. Wind stress at the surface may act
to produce circulations but this is not & requirement. Gemerally it is
assumed that these circulations are evenly distributed across the
estuary. There are indications however that this may not be correct,
and that lateral variability may play an important role in the dynamics
of partially-mixed estuaries (Dyoer, 1977). Lateral components to the
circulation may arise as a result of depth variations across the
estuary, longitudinal irregularities in the cross~sectional form,
channel bends, or the inflowing of waters from tributary rivers. Such
secondary circulations have been documented by, for example, Dyer
(1973), Doyle and Wilson (1978), and Boicourt (1982), Despite this,
field observations are frequently made only along the axis of the
ostuary and conditions are assumed constant across the width for a given
depth, Enrthermore the difficulty of three dimensional modelling has
caused many investigators to assume that the vertical circulation

effocts may be more important than the lateral, and thus treat estuaries
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as laterally homogenous. Due to the large width-to-depth ratio of many
coastal plain estuaries, plus the great changes in depth across a given
section, it is unlikely that these estuaries are, in fact, laterally
homogenous, Klemas and Polis (1977) noted regions of strong lateral
density gradients in the Delaware Bay., These region are termed

‘fronts’.

Fronts are a very widespread phenomena occurring on many spatial
and temporal scales, and in many different estuarine and oceanic
systems, As was noted by Denman and Powell (1984), there are almost as’
many definitions of fronts as there are scientists studying fronts!
Garvine and Monk (1974) in their study of the Commecticut River plume
followed Cromwell and Reid (1955) in defining fronts as 'a narrow band
on the sea surface across which the density changes abruptly'. A more
precise definition used by Fearnhead (1975) considered a front to be 'a
boundary surface formed by the horizontal juxtaposition of two distinct
water masses and the intersection of that surface with the air-sea
boundary’, Klemas and Polis (1977) on the other hand simply comsidered
fronts to be regions, within the estuary, of extremely strong gradients
in velocity and density. In this way the term 'front’ has z2lso been
used to describe the leading edge of the salt wedge intrusion into

estuaries.

The definition used by Denman and Powell (1984) will be used in
this study, namely a ‘front is a discontinuity in the horizontal
distribution of water mass proporties on the scale of observation’, In

estuaries, the most significant water mass property is salinity, and
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thus fronts can be taken to illustrate boundaries between water masses
of differing densities, Fronts are usuglly of greater length than width
by several orders of magnitude, and are usually considered to be zones
of convergent circulation. By continuity, convergence usually requires
compensatory vertical circulation. Frequently fronts are also recgions
of high curront shear and enhanced mixing and diffusion. Fronts found
within estusries vary widely in their relation to the tidal dynamics and
bathymetry. Within coestal plain estuaries, such as the York River, the
fronts seen are commonly aligned parallel to the axis of the estuary
and/or the main channell.- and exist for only a few hours. Similar
features have been documented in the Delaware Bay (Klemas and
Polis,1977). These fronts may be termed 'longitudinal fronts’, Their
short time scale suggests that they are linked to the intra-tidal
dynamics, :.:ather than the residual circulation., Their positioning

suggests that they are & result of the lateral dynamic balance.

The objectives of this study were to examine the lateral variation
in velocity and density, throughout the tidal cycle, across a partially—
mixed coastal plain estuary with a view towards developing an
understanding of the possible mechanism for genesis of these frontal
featuros, The field data were collected in two discrete series of
experiments: th'o‘ first examined the laterxal .density distribution, and
the second the variation in tidal currents across the estuary. The
method and results pertaining to each of these data sets have been
combined and are presented separately in Chapters 3 and 4. Chapter §

outlines the observations of fronts in the study area. The discussion
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of these results and ideas pertaining to frontogenesis in coastal plain

estuaries is presented in Chapter 6,
DESCRIPTION OF THE STUDY AREA

The York River is a partially-mixed coastal plain estuary situated
on the western shore of the Chesapeake Bay (Fig.1). It is approximately
52 km in length from Tue Marsh Light at the mouth, to West Point at the
confluence of the Mattaponi and Pamunkey Rivers. The constriction of
the channel between Gloucester Point and Yorktown provides a natural
division of the river into two segments., The lower part is 3 to 4 km
wide, has channel depths of 20m and is orientated east-west. The upper
York River is narrower with widths of 2 to 2,5 km and channel depths of
10m. It is orientated southeast-northwest and is quite straight for

much of it’s length. There are no significant tributary rivers.

The estuary is tidal throughout, the mean tidal xu:;ge increasing
from 0.,7m at the mouth to 1.1m at West Point, The tidal wave is purely
pr‘ogressive at Tuoe Marsh but tends toward arstanding wave further
upriver. At Clay Bank, a short distance down-estuary from the study
transect, the phase difference is on the order of 1.5-2 hours. The
average freshwater discharge into the York River is 56.4 mslseo (Hyer et
al., 1978). This inflow tends to be greater than average in the period
between January and April. Surface salinities vary seasonally and are

typically 15 ~ 21 at the mouth and 2 ~ 7 at West Point (Brooks, 1983).
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The study transect was deliberately located in one of the more
uniform reaches in order to minimize the possibility that any observed
lateral variability in density ox currents might be attributed to the
influence of bends in the channel, The river is 3,000 meters wide at
this point. For almost 50% of this distance the water depth is less
than 2 meters. The main channel is 10.5m deep and is located
aymmetrically in the section, Sampling stations were located at

positions on and between the inner edge of the bordering shoals.



11, LITERATURE REVIEW

PART I: LATERAL CIRCULATION IN ESTUARIES

One of the earliest investigations of the lateral dynamic balance
in estuaries was that of Pritchard (1956). Utilizing temperature,
salinity and current velocity data from two sections of the James River
he evaluated the magnitude of each of the terms in the lateral momentum
equation, For mean steady-state conditions (and using a left-handed
coordinate system with x postive down-estuary) this equation becomes

ap ’ a_ ’ a r a r
0 <a§§)° +by + fu-5=Kuv)d-=lwv) 6y<v v > (2.1)

1 . 2 3 4 5 6
To obtain this equation Pritchard assumed that (a) the mean lateral
velocity is zero and hence all mean field acceleration terms vanish and
(b) that the mean pressure force may be expressed as the pressure force
relative to that at the surface (Term 1), which can be computed knowing
the salinity and temperature distribution, plus a constant (Term 2)
representing the component of the pressure force at the surface,
Furthermore terms 4 and 6, the horizontal components of the turbulent
flux of momentum, were considered megligable. Evaluation of the
remaining terms led Pritchard to conclude that, in the lateral
direction, the primary force balance is between the Coriolis force (Term

3) and the lateral pressure force (Term 1), The difference between the



9
two terms was attributed to the turbulent eddy term (Term 5). Stewart
(1957) questioned the existance of a finite value for such a term and
also the assumption that the mean lateral velocity is zero. Instead he
proposed that the pressure gradient and Coriolis force are balanced by a
contrifupgal force due to flow curvature. Using velocity values taken
from Pritchard (1956), a radius of curvature was calculated which was

found to be in accordance with the channel ocurvature in the James River.

Dyer (1973) similarly examined the magnitude of the terms in the
lateral momentum equation which he formunlated (in a steady-state,

tidally-averaged condition) as:

it
ay av ay -13p -1 "yz
—— o = - = - - - A N
o3 °2 L P v ¥ C-fl+p o (2.2)

where C is 8 constant representing the sea surface slope. Dyer
considered that in a meadering estuary the curvature of streamlines of
the flow along the estuary is likely to be significant and give rise to
centripetal accelerations. These should be numerically equal to the
field accelerations on the left-hand side of equation (2.2). In
addition he eliminated the terms involving the sea surface slope and the
gradient in Reynolds stress, both of which can be assumed to be constant
with depth, by taking the difference between each term calculated at two
soparate depths, Thus equation (2.2) becomes:
v

9y %) 4 a(wdY) = —ap T 8R) _
A(IZT) + AVER) + AlNE) = —ap  (50) -A(fE) (2.3)



10
where A is the operator 3/d0z. Using data collected in the Veller estuary
and South#mpton Water the magnitude of each of the temms in (2,3) was
obtained and used to estimate the radius of curvature of the flow,
Widely varying results were obtained, many of which did not match the
physical dimensions of the'pa:ticulnr estuaries, illustrating the

difficulty of making sufficiently accurate measurements of velocities to

calculate the field acceleration terms.

The lateral dynamic balance across the lower Hudson estuary,
between Sandy Hook and Rockaway Point, was investigated by Doyle and
Wilson (1978)., Utilizing the *difference technique’ of Dyer and
similarly assuming that the.field acceleration terms are equivalent to
the tidally—averaged centripetal accelerations, the terms in the lateral
momentum equation were calculated from field data., Imn this instance the
field acceleration terms themselves were not estimated, instead the
tidally averaged values of speed and radius of curvature were determinaod
from current meter data. These authors concluded that across this
transect the centripetal and Coriolis accelerations are balanced by the
lateral pressure gradient. Although the numbers they cite contain some
irregularities it would seem that the primary dynamic balance at this

location could be desoribed by such & simple relatiomnship.

A quite different approach to the formulation of lateral dynamic
balance was adopted by Nunes and Simpson (1985). As part of a study of
axial convergonce in a small and well-mixed estuary they assume that the
latoral pressure gradiont is balanced by internal frictional stresses.

That is:



i1

9p =y ¥
Ay pNz azl (2.4)

where Nz is the vertical eddy viscosity and assumed constant and p is
the mean density. Thus no consideration is given to tﬁe role of
Coriolis and /or inertial accelerations. The lateral velocities are
considered to be maintained solely by horizontal density gradients.
Solving equation (2.4) results in an expression for v in terms of the
lateral horizontal pressure gradient and water depth. Such a result was
fouﬁd to fit with their observations, However this spproach may not be

as applicable in larger and more stratified estuaries,

Prych (1970) conducted a2 laboratory study of the lateral mixing of
tracer fluids in turbulent open—channel flow. In the experiments in
which there was a difference in density between the tracer and the
ambient fluid it was observed that density-induced secondary currents
enhanced the lateral mixing of the two fluids. An expression for the
lateral momentum balance was formulated by equating the pressure

gradient with eddy viscosity.

Many investigators have recognised the possible importance of
lateral gradients in density and velocity to the longitudinal dispersive
characteristics of estuaries. The flux of salt through & channel cross-

section is given by

Fs(t) = ffus dA 2.5)
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Hansen (1965) decomposed this expression into the flux due to the
sectional mean current and salinity plus a flux due to local deviations
of salinity and current. This latter has been termed the ’shear effect’
and is due to both density currents and bottom friction. Using data
taken across a section near the mouth of the Columbis River estuary,
Hansen showed that this effect balanced sbout 45% of the salt advected
seaward with the mean river discharge., In this analysis no distinction

was made between the vertical and lateral shear effect.

Fischer (1972) examined the magnitude of various mass transport
mechanisms in partielly mixed estuaries. In a manner similar to Hansen
(1965) he decomposed the instantaneous velocity and salt concentration
into temporally and spatially averaged term plus their deviations,
Neglecting'the contribution of the ‘phase effect', the total dispersion
was shown to be the sum of four terms representing transverse net
c¢irculation, vertical net circulation (more often called gravitational
circulation), transverse oscillatory shear and vertical oscillatory
shear. Each of these terms he ovaluated using previously published
theoretical or empirical results, From this he found the dispersion due
to the transverse net circulation to be an order of magnitude greater
than the vertiocal net circulation. Whilst the values he calculated are
subject to some degree of assumptions and errors this result does
illustrate the potential importance in transverse gradients in velocity

and salinity.

Dyer (1974) extended Fischer's method of calculating the salt flux

by including the tidally-fluctuating cross—sectional area. Using field
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measurements from three separate estuaries he calculated the magnitude
of each of the most important terms., In Southampton Water and the
Mersey estuary, both partially-mixed, it wes found that in contrast to
Fischer’s prediction, the magnitﬁde of the net transverse circulation
was equivalent to that of the vertical circulation, In the Veller
ostuary (salt-wedge) however the net transverse circulation was much
less than the vertical circulation. Dyer (1974) concluded that the
proportion of the salt balance effected by lateral circulation is
greater in partially-mixed estuaries than in salt-wedge estuaries.
Indeed, with a furthet decrease in stratification, and development of a

vertically homogeneous estuary, lateral effects should predominate.

This hypothesis was investigated by Murray and Siripong (1978) who
examined the salt—-flux in a shallow well-mixed estuary. Using analysis
of variance techniques the time averaged salt flux was decomposed into
10 terms. Only three of these were considered significant: the
advective flux, the vertical gradient flux and the lateral gradient
flux. These terms were evaluated from field data and it was found that
in this estuary the lateral gradient flux is 1.5 times that of the
vertical, Using this same analytical method Uncles et.al. (1984)
examined measurements made in the upper reaches of the Tamar estuary, a
partlnlly—mfxed estuary, They found that the transverse shear
dispersion was very small in narrow sections near the head of the
estuary but was comparable with the vertical shear dispersion at the
widest soction, West and Mangat (1986) collected velocity and salinity
profiles at five stations across a section of the Conway estuary for

parts of an ebb and flood tide. Their data showed that the magnitude of
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the vertical and transverse shear dispersior varied both spatially and
temporally. It was found that both vertical and transverse shear
contribute to the dispersion, The value of the resulting dispersion
coefficients were generally larger for the ebb tide than for the flood

tide.

Tho occurrance of non-uniformity in salinity and velocity across
partially-mixed estuaries has been documented in many studies,
Pritchard (1952) found that the mean salinity in the Chesapeake Bay and
James River was consistantly higher on the right-hand side of the
estuary (looking up—estuary) - a distribution he attributed to the
influence of earth’s.rotation. In a series of experiments in the Mersey
estuary Bowden and Sharaf-el-Din (1966) obtained similar results with a
salinity difference as much as 1.19 at the surface and 0.69 at the bed
over a horizontal distance of 1 km. The tidelly-averaged distribution
of sigma—-t across the Sandy Hook—-Rockaway Pt. transect during august
1982 revealed horizontal density gradients as high as 0.6 kg/mslkm at
mid-depth in the section, again with the higher density water on the
~ right-hand side of the estuary (Doyle and Wilson, 1978). In the
Columbia River estuary at times of high discharge this pattern of

salinity distribution was also apparent (Hansen, 1965).

All of these examples pertain to tidally—averaged conditions,
Quite different distributions may be scen at times within the tidal
cycle, Dyer (1973), using an extensive set of measurements of the
Southampton Water, found that there was a significant gradient in

surface salinity across the estuary, both at high and low water, but in
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this instance the fresher water was on the right-hand side, This is
opposite to that expected as a result of the Coriolis force, and Dyer
attributed the distribution to topographic effects. He also found that
the lateral salinity gradient increased with river discharge and
decreasing tidal range. At one location the meximum lateral gradient

was found to be about three times the longitudinal salinty gradient.

Observations of the velocity and salinity profiles were made
throughout a tidal cycle across a section of the Rio Guayas estuary
(Ecuador) by Murray et al. (1975). This study investigated not only
lateral varjability but the intra-tidal changes in lateral
distributions. The section studied was 2280m wide and had an average
depth of 6,5m. Hourly measurements were taken at six stations across
the estuary over three successive tidal cycles. These were assumed to
give a nearly synoptic picture due to the minimal diurnal inequality in
temperature, salinity and tidal height at that location. The data were
combined and maps of the cross—sectional distribution of speed and
salinity were constructed for each lunar hour. Lunar hour zero was
cheosen as the time of slack before flood. In fact only the mid-section
of the water column appeared to be slack at this time, the surface layer
was still ebbing whilst the currents at the bottom had started to flood.
The salinity throughout the sectionm was at it’s tidasl cycle minimum,
The water overlying the central channel was weakly stratified whilst
that to the sides was weli-mixed. The least dense water was found at
the surface on the right—-hand side (looking upstream). Two hours later,
at approximately maximum flood, current speeds of up to 150 cm/s were

observed over the upper and eastern (right—hand) side of the channel,
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the vertical stratification over the channel had sharpened and a lens of
markedly less dense water was found on the surface left—hand side of the
estuary. As the flood current weakened the higher velocities were still .
found to the right—hand side of the estuary, and the salinities
continued to increase. The water column remained weakly vertically
stratified and zones of strong lateral salinity gradieﬁt developed,
particularly at the sides of the channel. At glack before ebb =
distinct lateral current shear occurred, with the flood still in
progress on the eastern {(right-hand) side whilst the other side of the
estuary had begun to ebb. The water column over the channel was now
well-mixed, that to the sides partirlly stratified. As the ebb phase
progressed the maximum velocities continued to be found in a sub-surface
jet over the eastern side of the channel. The salinity distributions
showed regions of strong lateral gradients with 2 well-developed plume
of fresher water forming on the surface to the western (left-hand) side
of the channel. At lunar hour 10 the edgeq of this plume showed a change
in salinity of 7 over a horizontal distance of only 200m. These
observations clearly illustrate the possible magnitude and variation in
the lateral salinity gradients whick may occur in a partially-mixed
estuary., As this estuary is located in the southern hemisphere the
distributions cannot be considered due to rotational effects. The

authors consider them to be possibly due to channel shape,

Other than the influencoe of the Coxiolis force, lateral circulation
effects in estuaries result from topographic or channel irregularities,
the influence of tributary rivers and flow around channel bends. Dyer

(1977) proposed that, in partially-mixed estuaries, flow around a bqnd
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would prodnce a secondary current from the outside to the inside of the
bend at the surface, looking seaward, and in the opposite direction in
the lower layer. The pycnocline would thus be expected to slope
downward toward the inside of the bend. To test this hypothesis
Boicourt (1982) attempted to qbtnin direct measurements of the direction
and magnitude of lateral velocity components near a bend in the Potomac
River., An array of 39 current meters on 19 moorings in an 8 km segment
of the river was deployed. Lateral velocity components up to 40 cm/s
wore measured, and whilst the circulation pattern did not exactly follow
Dyer's proposed model, distinct secondary flows were evident in the
tidal currents as were topographically gonerated eddies, both along the
side boundaries and over the deep chanmel, The data collected by West
and Mangat (1986) was taken at a section immediately down—estuary of a
large bend., Resulting cross—sectional distributions of wvelocity and
salinity show highest velocities and lowest salinities in the deepest
paf:t of the channel near to the outside of the bend. The salinity
distribution is consistant with a secondary flow toward the inside of

the bend at the surface.

In some wide, shallow and well-mixed estuaries a lateral separation
of the residual flows has boen observed (Dyer, 1977) with the ebb
currents dominant in the deeper channel and flood currents dominant inm
the ;hallower parts. For partially-mixed estuaries however, Fischer ot
al. (1979) proposed that the upstream flow is concentrated in the deeper
portions of the channel whilst the return current occurs in the
shallows, A met transport from deep to shallow areas is required to

complete the circulation, It should be noted that it was this pattern
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of transverse variation in the residusl circulation that Fischer (1972)
presumend to be generating the transverse met circulation term in the
salt balance. However Dyer (1974) in his examination of the same term
considered such lateral circniations to arise from the influence of

Coriolis and centrifugal forces.

In the sounthern part of San Francisco Bay Cheng and Gartner (1985)
concluded that the residual tidal currents, which showed a distinct
lateral variation in direction and magnitude, are topographically
goenerated when the wind is low and varisble., In the summer months
however, when the winds are moderate and steady, wind-driven residuals
dominate., In the Potomac River Boicourt (1982) found that cross-estuary
winds drive a lateral circulation cell, with upwelling on the lee shore
and downwelling on the windward shore. The return flow occured

immediately below the pycnoclinme.

Irregularities in cross-sectional bathymetry were shown
oxperimentally by Sumer and Fischer (1977) to generate transverse
currents whose direction reversed with the tide. The channel section
used was 8 nearly triangular traspazoid whose longer sloping side was
made undulating in an attempt to introduce large—scale transverse oddies
into the flow. Thoey found that the transverse salinity gradient varied
throughout the tidal cycle due to the increased vertical mixing along
the wavy side, plus a frictionally—induced phase lag between the shallow
and deeper parts of the channel, The density distribution generated a
transverse flow which was directed onto the shoal areas at the surface

during flood tide, with a return flow along the bottom, and in. the
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Opposife direction during ebb tide. The marked difference in depths
gcross many coastal plain estuaries may influemce lateral circulations
in other ways also. Schijf and Schonfeld (1953) proposed that the shoal
areas may act as storage basins and in this way influence the
longitudinal mixing. Lateral seiching in Southampton Water measured by
Dyer (1982) was considered to be due to internal waves generated by the
periodic intrusion of the pycnocline on to the shallow shoals to the
sides of the channel. Cannon (1969) measured significant velocity
fluctuations in the Patuxent estuary with a period that matched a

calculated cross—estuary surface seiche,

In well-mixed estuaries significant lateral gradients in density
can be generated by differential advection of the longitudinal density
gradient. This was first noted by Imberger (1976) and examined in more
detail by Smith (1980). Using this principle Nunes and Simpson (1985)
explained the transverse circunlations and distinct axial convergence
which they observed in the Conway estvary in North Wales. The cross-
estuary salinity difference and associated flows occurred only during
the flood tide phase, and only in the region of the estuary whore the
longitudinal gradients are largest. Transverse velocities up to 10
cm/s, or 20% of the axial velocity, and horizontal sslinity differences

across the 200m wide channel of 1 were measured.

In conclusion therefore, this reviow of the literature has shown
that there have been few studies of the lateral density distribution in
ostuaries, and especially of the changes in density which occur on an

intre—-tidal time scale, Lateral wvariability in demnsity and velocity
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may, however, be dynamically important, and characteristic of many

estuaries.

PART II: SMALL SCALE FRONTS

Fronts are widespread phenomena of oceanic systems. They occur at
all scales, from those which are hundreds of kilometers in length and
persist for months at a time, to those of only a few hundred meters,
found in estuaries and other shallow coastal areas, whose existance can

be very tramnsitory.

For the purposes of this review only ’'small-scale’ fronts will be
considered. Here ’‘small-scale’ is taken to mean that rotation does not
play a major dynamical role in either the formation or meintainence of
t_he fronts., A front is generally defined as a boundary between water
masses across which there is an appreciable gradient in density and
.other physical properties. Small-gscale fronts can be broadly divided
into:

(i) estuarine fronts — occurring within estuaries
(ii) plume fronts — occurring at the boundaries of buoyant ocutflows
issuing from the mouths of rivers and/or estuaries
(iii) shelf-sea fronts — ocourring at location across the continental
| shelf where there is a transition from a stratified -
to a woll-mixed regime,
This latter type is considered to be quasi—-geostrophic. Beyond the

shelf and within the ocean are other types of fronts, eg, bordering the
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Gulf Stream and in association with areas of upwelling, but these are

2ll of a much larger scale,
1. ESTUARINE FRONTS

Although fronts observed within estuaries appear to be varied, and
possibly even site—specific, they are all characterized by:
a. an jintra—tidal time scale |
b, spatial predictability, which is sometimes due to a stxong
bathymetric influence on their location.
The details of their dynamics are determinea by the circulation and

mixing of water masses within the particular estuary.

The possible importance of fronts to the circulation of an estuary
was first noted by Godfrey and Parslow (1975) who described two kinds of
fronts within the Port Hacking (Australia) estuary: one which occurred
on the ebbing tide when the bathymetrically modified tidal currents
brought dissimilar wator masses together, and another which formed on
the flooding tide at the boundaries to inmer basins. These latter
'rising-tide' fronts were further studied by Huzzey (1982) who confirmed
their dynamics as being due to the incoming flood tide entering the more
brackish innor basins as a turbuleant density current, The position of
the front was found to be dependant on the water depth and density

difference between the two water masses.

A similar tidally-induced front in the Saint Lawreonce ostuary was

studied by Ingram (1976). There it was found tﬁat a sharply defined
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boundary, marked by a color change and density difference of up to 5§
kglma. moved laterally across the estuary within the first hour after
high tide. This boundary extended 8~10m below the surface and it's
final position appeared to be limited by bathymetry. Convergent
velocities of 45~50 cm/s were recorded. It was concluded that the
driving mechanism was the cross shannel pressure gradient resulting from

tidal height ineguality.

In shallower and partially-mixed estuaries fronts are frequently
found bordering shoais, and other bathymetric features. ’A_n extensive
network of such froats, which may be termed 'longitudinal’, can be seen
in the Delawarc Bay. Obsorvations by Klemas and Polis (1977) revealed
that some of these fronts may cxtend- for many miles parallel to the axis
of the Bay’s channels. In the vicinity of the surface front salinity
gradients of 4/m and convergent velocities of 10 cm/s were recorded.
There appeared to be a change between vertically well-mixed and
stratified conditions across the frontal zone, the frontal boundary
moxging into the normal pycnocline at depth. Sequential mapping, using
Landsat images, showed »thlut -there are great changes in the positions of
these froants over ‘one- hour pe:’jods. indicating rapid generation and
decay, and that-their ‘iocntioh ;pﬁoared to be related to the b.nthymetry.
Aerial photo;rnjahy and satellite imagery were used to delineate frontal
zones in the James River lnd lowere Chesapeske ﬁay (Nicholf: et a1,,1972,
Nichols,1975). MHeasurements of the water properties in th; vicinity of
these boundaries revealed no marked discontinuity in temperature and
salinity, It was noted however that f.heu features recurred at

comparable stages of successive tides and in similar positions.
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Within the smaller and frequently well-mixed estusries around the
United Kingdom two other examples of estuarine froants have been
observed, both of which occur during flood tide. Simpson and Nunes
(1981) describe a 'tidal intrnsion' front which occurs at the mouth of
the River Soiént as the incoming tide stems the down-estuary fresh water
flow., The surfnpe front is V shaped and extends across the entire width
of the estuary. Convergent velocities of 15 om/s and a change in
salinity of up to 30 across the frontal zone were recorded. Upstream of
the front the flow is two layered and a simplified two-dimensional model
of this front, consideiing the upper freshwater layer as a buoyancy
current, was developed. In contrast'fo this type of front an 'axial
convergence zone'’ has been found in several well-mixed estuaries (Nunes
and Simpson,1985 Simpson and Turrell,1985). This forms as a result of
transverse density gradients produced by the nomuniform advection of
the longitudinal salinity gradient along the estuary. It only occurs in
Fhe latter part of the flood cycle, and in regions of the estuary where
the longitudinal density gradient is the greatest. A diagnostic model
of this latetni circunlation wag developed and verified using field data
obtained from a specially developed boat-mounted sensor system.

Converxgont velocities of up to 20 om/s were measured.

2,PLIME_FRONTS

As the relatively frosher water discharges from an estuary or river
mouth into the adjacent coastal ocean it frequently forms a plume or
coastal jet, at the boundaries of which fronts can be found. These

boundaries are often strikingly apparent due to the difference in color
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end turbidity between the plume and ambient coastal water, VWright and
Coleman (1971) noted the apparent convergence associsted with the plume
boundary of the Mississippi River. Extensive investigations of the
frontal zone of the Connecticut River plume (Garvine,1974, Garvine,1977,
Garvine and Monk,1974) have revealed convergent velocities up to 50 cm/s

"and & change in ﬁensity across the surface front of up to 9 kglms. The
frontal boundary appeared sinous. Benecath the surface the interface
sloped downward over a horizontal distance of the order of 50m until it
attained a depth of 1 to 2 metres, Beyond that the isopycnals were
approximately level and it was therefore postulated that the cross—
frontal c¢irculation is generated by the horizontal pressure gradients
within the frontal zone, continuity being maintained by a downward
vertical mass flux across the interface., Bowman (1978) observed frontal
zones surrounding the Hudson River plume across which there was a change
in salinity of 5. Studies of the Great Whale River plume (Ingram, 1981)
showed it to be characterized by a thickness of 1-2m and very stroag
horizontal and vertical salinity gradients in the frontal zone.A more
fine scaled sot of measurements across a frontal zone associated with
the Collie River outflow (Brubaker, 1982) revealed large amplitude
undulations in the density field and strong dissipation of kimetic
-energy goenerated by wind stirring and interfacial shear. Analagous
plume fronts ﬁiy bo found within estuaries following a period of intense
rainfall (Godfrey and Parslow,1975, Wolanski and Collis,1976). These
are usually transitory features with a residence time on the oxder of

days.
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3, SHELF-SEA FRONTS

Beyond the vicinity of estuaries and rivers and their brackish
effluents, another type of small-scale front can be found within the
relatively shallow continental shelf seas. i‘hese 'shel f~sea' fronts
were first noted by Simpson (1971) who observed that a region of weak
tidal currents in the Irish Sea was strongly stratified during the
summer months, and bounded by marked temperature fronts. This was
further investigated by Simpson and Hunter (1974) who used remote
sensing techniques plus ship surveys to map the positions of regions of
maximum surface temperature gradient. These regions were found to be
similarly located on all surveys and correspond to boundaries between
stratified and vertically-mixed water masses., They hypothesised that
this transition between stratified and unstratified regimes was
controlled by the level of tidal mixing. This idea vas. expressed
mathmatically by considering the ratio between the buoyanocy input in the
form of solar hoating and the kinetic energy genorated on the bed by
tidal motion, When simplified, this model predicted that a critical
value of the parameter hln’ (vhere h=watexr depth and u=amplitude of the
tidal veloeity) should mark the division between a mixed and stratified
water column. Mapping valunes of this parsmeter for the Irish Sea they
found that a vu.lue of 65-100 corresponded to the observed position of

fronts.

Investigations of 2 similar front in the English Chennel by Pingee
et al, (1974) showed that the water on either side of the front was

differentiated by temperature and salinity, and the frontal boundary
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itself very turbulent and sinuous, with wavelengths of the order of
100m. Convetgent velocities of approximately 25 cm/s were estimated
from drogue studies and, due to the lack of strong along front flow,
they concluded that the dynamic balance in the frontal region was not
simply geostrophic. However subsequent studies by Simpson (1976) and
Simpson et 21.(1979) revealed the presence of residual along-front
velocity components whose magnitude was of the same order as the
geostropic shear inferred from the density gradient. These studies
confi:.;mcd that the location of such fronts does conform to the hlu'
model, even though in the instance of the Islay front (Simpson et al,,
1979), temperature plays a secondary role in controlling the density.
This study additionally showed that the distribution and concentration
of phytoplankton in the frontal region was closely related to the
physical structure. Shelf-sea fronts have also been found in the
Eastern Bering Sea where Schumacher et al. (1979) identified a
_pcrs.istnnt front parallel to the 50m isobath during the ice—free
seasons, separating a well-mixed coastal domain from s two layered

central shelf domain,

Renote _uns:lhg. particularly by IR imgcry.-hns proved useful in
not only mapping the position of these fronts but slso identifying large
soale (20-40km) cyclonic eddies which are thought to play a role in
cross—frontal mixing {(Pingree, 197>8). Simpson and Bowers (1979) used
this techniqu? t(; investigate the extent to which the mean position of
such fronts adjusts to variations in both the rate of tidal mixing and
sﬁtt‘lce heat flni. They found that these fronts move very Iittle,’

suggesting the existance of a feedback mechanism, In this way, once tih



27
stratification is established the efficiency of mixing is redvced, so
that even when increased tidal stirring occurs at spring tides, the
stratified condition persists. Schumacher et al. (1979) suggest that
such & feedback mechanism is important to the process of frontogenesis
in the Eastern Bering Sea. Field investigations of the structure of
shelf—-s'on‘ fronts using an undulating towed CTD (Allen, Simpson and
Carsc;n. 1980) have confirmed that although the frontal structure does
respond to the semi-diunrnal tidal cycle it’s mean position remains

constant and it is not affected by the neap—-spring cycle.
4. MODELS OF SMALI~SCALE FRONTS

Many attempts have been made to characterize the observed small-
scale frontal structures by mathmatical models. Most such models are
concerned with either shelf-gea or plume fronts whose dynamios appear to
be more consistant and more easily generalized than those of ‘estuarine’

froats,

Following his field investigations of the Connecticut River plume
Garvine (1974) developed an integral and steady state two-dimensional
model of piume fronts. In this model he prescribes the form of the
vertical donlity and velocity variation and assumes that the driving
force for the motion is tho horizontal pressure gradient generated in
the frontal zome by the sloping free surface and isopycnals. This
pressure gradient is balanced by the turbulent dissipative processes of
intorfacial friction and mass entrainmeant, This model also showed the

strong convergence at the surface front and associanted downwelling along
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the inclined frontal interface which had been observed in the field, It
was found that an overall dynamic balance could be achieved when the
frontal system advanced into the ambient fluid at & speed which made the

bulk Richardson number of order one.

This integral model was subsequently expanded to incorporate the
effects of rotation and wind stress (Garvine, 1979a, 1979b). The
predicted circulation th;an contained a jet of velocity parallel to the
front with speeds below geostrophic values, as well as the two-sided
convergence and sinking normal to the front., The model was compared to
field observations of fronts of various scales ranging from river plume
fronts to the Gulf Stream front. Unfortunately these field observaions
often contained limited data, especially of the vertical velocity
profile, so the model was not rigorously tested. This concept was
further extended by the inclusion of a thermodynamic or buoyancy
equation (Garvine, 1980) which was used to evaluate the various
components of the potential and kinetic enexgy equations for the
differont scale fronts. This model showed that the direction of
turbulent mass entrainment is always downward. It should be noted that
all of i:hese modols developed by Garvine pertain only to the hydrography
of established and persistant froants. ‘-They do not ooﬁsido: the

mechanisms of frontosenesis.

A markedly different approach to modelling of plume fronts was
taken by Kao et.al.(1977) who numerically solved, vis an initial
boundary vzlue problem, the full two-dimensional Navier-Stokes and

diffusion equations. A turbulence model using the Munk-Anderson
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parsmeterizetion for density stratification was included. The results
showed that the plume propagates as a gravity current, with a front at
it's outer boundary, and attains a constant velocity with magnitude
dependant on the densimetric Froude number of the inflow. The structure
within the plume showed the features of a headwave with shoaling
isopycnals towards the surface front, downwelling circulatjon and a two-
sided surface cdnvergent flow at the front, These results compare
favourably with the field observations of Garvine and Monk (1974) and
incidentally help justify some of the assumptions made in the steady
state model of Garvine (1974). In this model the evaluation of frontal
spood utilizes inviscid theory but the other aspects (confluence at ‘the
front, upwelling/downwelling etc) depend on friction, In addition to
describing the spreading demsity current, this model contributes to our

understanding of the dynamics of establishment of the front itself.

Inclusion of the effects of rotation and ambient stratification
(Kao et.al.,1978) showed that the deflection, due to the Coriolis
offect, of the foward motion of the buoyancy current decreases the
foward speed of the front. When steady state is achieved the front
becomes stationary rﬁlative to the ambient fluid and exhibits a strong
-baroclinic along-—front jot in addition to surface convergence and
downwelling at 'the front, It was also found that internal waves could
be formed during frontal progressiom when the downwelling jot impinges

on the thermocline,

In contrast to his earlier (and mathematically complex)

thermodynamic model of upper ocean dengity fronts Garvine (1981,1982)

.
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proposed that buoyant plumes could be diveded into two domains - =
frontal domain where dissipative effects are important and an interior
region of the flow where the dynamics of inviscid non-linear
gravitational spreading dominate, In this way the front itself is
treated as moving discontinuity across which the flow properties are
related by the appropriate jump conditions. This approach, which
neglects rotation, was used to model the steady state flow produced by
the supercritical outflow of buoyant water i.nto coastal water with a
uniform alongshore current. The results were considered to explain many
observed features of the Coanecticut River plume, O‘Donnell and Garvine
(1983) developed a numerical scheme to include time dependance into the
governing equations and Garvine (1984) used this model to investigate
the mechanism for the formation of multiple rings of fronts which have

been observed in some shallow buoyant plumes.

Stigebrandt (1980) considered the problem of the motion of non-
rotating plume fronts in terms of hydraulic theory. It was assumed that
the felocity of the front and depth of the layer upstresam of the froat
is controlled by a transition section behind the current head where the
Richardson number becomes critical. The dynamics of the head, or
frontal zone, are not important to the propagation of the density
current, nlthoﬁgh this zone is the site of interfacial mixing which
generates the observed convergent circulation néu- the front. Thus the
secondary circulation is viewed as being superimposed on the first order

hydraulic motion of the front.
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Models of the shelf-sea fronts have largely followed the postulate

of Simpson and Hunter (1974) that these fronts occur where the ratio of
kinetic and potential emexrgy within the water column attains a critical
value., This 'stratification pa:rametor' was contoured over a part of the
British continental shelf by Fearnhead (1975) who found a critical valune
of 2,0 - 2.5, depending on latitude. Pingree and Griffiths (1978)
undertook similar contouring on the entire_ shelf seas surrounding the
British Isles and, by comparison with infrared satellite images and
observational date obtained a critical value of 1.5. The mixing model
was oxtended by Simpson, Allen and Morris (1978) to include the effect
of wind mixing. Thus they consider the overall potential energy balance
of the water column to be the sum of the stabilizing force of buoyancy
input due to solar heating, plus the destabilizing influences of tidal
and wind mixing. 7This model assumes a constant 'efficiency’ or rate of
conversion of kinetic energy, from wind or tidal mixing, to potential
energy. Such a model predicts that l_:he position of the fromt will
oscillate over the neap-spring tidal cycle. However observations have
suggested the ocourrance of a feedback mechanism whereby this efficiency
iz influenced by the existing level of stratification. Accordingly
Simpson aad Bo_vers (1981) nodifiod the -onergy model to allow for
variable cfficiency. Alth?ugh tﬂese energy models appear to
successfully predict the mesn positions of sholf-sea fromts, they do not
predict the detailed structure of ‘the front, aﬁd éonsiderionly vertical
mixing processes. The circnlat@n in the frontal zone was;inve stigated
by James (1978) in a two-dimensional numerical model. By incorporating

both friction and Coriolis force he showed that convergent flow and
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upwelling can occur at the transition between well-mixed and stratified

water masses.

Assuming non-rotating and frictionless flow Nof (1979) proposed
that the mutual intrusion {(driven by pressure gradients) of water bodies
which had been exposed to varying degrees of vertical ﬁixing could
generate regions olf strong horizontal densgity gradients, These
predictions were tested via a tank experiment and the density structure
produced was found to be similar to that observed in shelf seas. It was
suggested that this mechanism may also generate estuarine fronts. This
concept was elaborated upon by Wang (1984) nsing a two—-dimensional
numerical model. The flow adjustment between two initially separated
water masses of different density was found to gemnerate a surface and
bottom front propagating in opposite directions and strong recirculation
in the frontal zome. Including viscosity slowed the frontal propagation
and including rotation generated s baroclinic along—front jet. The
instance of a sloping bed was al‘so considered. Xn the non-rotating case
it was shown that the flow adjustment will be affected downslope
gravitational acceleration. The propagation of the surface plume into
the deep water is the same as in the flat bottom case. However the
shoreward ptopagat-ion of the bottom front is retarded by gravity. Thus,
because the h;av:lar wn.ter cannot intrude into the shallow region, a
stationary front is formed at the break in slope. The findings of this
model were shown fo compare favourably with observations of the frontal
structure and mean southward current associasted with the New England

shelf-slope froat,
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To date, no numerical models have been developed to specifically
examine the dynamics of the type of estuarine froants considered in this
study. There have been many observations of such 'longitudinal fronts’,
most notably by Klemes and Polis (1977) in the Delaware Bay. However
the conditions associated with their formation and maintainence arxe
still uncertain, This study aims to develop an understanding of
possible frontogenesis mechanisms, in conjunction with a detailed study
of the intra-tidal lateral variation in velocity and density across the

York River estuary.



111, LATERAL DENSITY DISTRTBUTION

A. METHODS
A series of experiments was conduoted with the aim of documenting

the variability of the lateral density structure scross the York River

throughout a tidal cycle.

Six stations, marked by buoys, were set up across the study
transect (see Fig.3.1). A vertical CID cast, using a continuously
recording Neil-Brown CTD. was made at each station once every hour.
Only one boat was used, thus the stations were sampled sequentially,
always starting at station 1. The transect took approximately 15
minutes to complete. Each days sampling was timed to start at the time
of predicted slack tide. With the exception of two tidal cycles, the

flood and ebb portions of the tidal cycle were sampled on separate days.

Provious studies (Haas,1977, Ruzecki and Evans,1986) have shown
this ostuary to undergo a noap-spring varistion in stratification. To
assess the influence of this destratification cycle on the lateral
donsity structure the experiments weres conducted during times of
predicted spring, moan and neap tides. For the purposos‘ of this study
the tidal range was divided in the following way:

spring - tidal range of greater thanm or equal to 0.8 meters

mean -~ tidal range of 0.7 or 0.6 meoters

34
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neap -~ tidal range of less than or equal to 0.5 meters

Sempling was repeated on several occasions for each tidal range
condition to enable a more generalized picture of the density structure

to be obtained.The dates are listed below.

SPRING MEAN NEAP
12 May 1983 10 May 1983
FLOOD 13 May 1983 17 Mey 1984 *s
18 May 1984

15 June 1984

12 May 1983 25 May 1984 21 June 1984
EBB 13 May 1983 7 June 1984 22 June 1984

8 June 1984

*%¢xperiments abandoned due to adverse weather conditions

In order to standardize and compare the results for similar phases
of the tidal cycle from different days, thg tide was divided into 12
*Tide Hours', HOUR 1 being the time of predicted slack-before—ebd (U,S,
Dept. of Commérce, 1983, 1984)., Using this scheme maximum ebb falls
betweoen Hour 3 and Hour 4, meximum flood between Hour 9 and Hour 10 and

Hour 7 is the time of slack~before—~flood.

The main disadvantage of this method is that the tidal oycle is not

exactly 12 hours in duration. There may also be & difference in tidal
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phase across the estuary although it is unlikely that this is as great
as one hour. Grouping the data in this way however makes it possible to
obtain an understanding of the generalized change, through the tidal
cycle, of the lateral density structure, which was the aim of these

experiments.

As it is only the relative density difference, in both the lateral
and vertical direction, which is of interest here, the data for each
transect or section was further standardized by subtracting the section
average, Thoen the data for the same tide hour on all days (of the same

tidal range) was then combined and averaged.

Although the 1984 data set for mean and neap tides was collected
over a total period of one month the freshwater flow conditions, and
thus the average salinity, varied very little during this time. For
this reason the data collectp& on 10 May 1983 was not included in the
analysis of mean tide conditions because the salinity was found to be
very different on that date. In an effoxt to eliminate the direct
effects of wind on the circulation, data was collected only on days when

the winds were 10 mph or less.
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B. RESULTS
1, DENSITY DISTRIBUTION

a) SPRING TIDES

The sequence of changes in the lateral density distribution through
a spring tide cycle is illustrated by data collected on 12 May 1983
(Fig.3.2), as well as standardized and averaged sections (Fig.3.3). In
both instances lateral inhomogeneities in the density distribution
occur, particularly in the upper 2 meters of the water column, and there
is a persistant tilt to the isopycnals, gownwards toward the south-
western side of the estuary. As a result the boundary at the inner edge
of the south-western shoal is frequently the site of strong lateral
density gradients. This is especially so during the ebb cycle
(Figs.3.2a, 3.,3a), and may be attributeiﬂ to the influence of the

Coriolis force on the longitudinal flow.

The sequence of ovents through a tida; cycle can best be traced by
obsexrving the sequential location of water of a particular density.
With reference to the 12 May 1983 deta (Fig.3.2), from which the section
averages have not been subtracted, and considering, for example, water
with a density between G.Sat and 7.0at as our ‘tracer’, it can be seen
that at Hour 1 (slack-beforo—ebb) this water is in & narrow band tilted
downward between Stations 5 and 6. One hour later the layer has become
slightly thicker and more laterally extensive. By Hour 3 it can be
found in a horizontal band about 1 meter thick across most of the

estuary, from station 1 to between stations 4 and § it is at the
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surface, south-west of that it plunges downward. As the ebb phase
progresses, bringing in even less dense water at the south-western side,
this layer remains intact but gets depressed further down the water
column,., By Hour 7 (slack-before-flood) the water of this density
occupies the entire water column over the north~eastern shoal, extending
down in a layer across the main channel., There is little change in the
next hour but by Hour 9 the layer has thickened and started to move
vertically upwards. Then at Hour 10 it occupies most of the water
column from a depth of 3 meters to the surface at all stations except
station 6 on the south-western shoal, After Hour 10 there is =
significant change, the 6.5-7.0¢t water, having been displaced by denser
water flooding along the main channel, is once again located at the
inner edge of the south-westexn shoal., The observed distribution at

Hour 12 is almost identical to that at Hour 1,

A similar sequence can be seen in the standarxdized sections
illustrated in Fig.3.3. As the sigma—t values contoured are relsative to
each section mean a particular water mass cannot be followed in the same

way. However the change in lateral density structure can be observed.

At tine beginning of the ebb cycle (Hour 1) the freshost wator is
located ovof both shoals, and a very strong lateral density gradient
forms at the inner edge of the south~western shoal where the isopycnals
intersect the bed., The stratification in the chanpnel is much less than
at mean tide (soe Fig.3.5), and remains so througbhout the ebb tide.
Although this section is within a portion of the York River that has

been identified (Ruzecki and Evans, 1986) as experiancing the least
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destratification, it is not suprising to find markedly less
stratification at times of spring tides. The isopycnals, except at the
inner edge of the south-western shoal, are gemerally level across the
estuary at Hour 2. One hour later however they start to show some
tilting, with the freshest water laying in a wedge extending from the
south-western side of the estuary across to the main channel. The
pycnocline in the main channel becomes more well-defined (see Fig.3.4)
and by maximum ebb (Hour 4) the secondary channel also becomes
stratified., This is in contrast to mean tides where stratification is
almost entirely restricted to the main channel, At Hour 5§ a regiomn of
marked lateral density gradient is located in the centre of the estuary,
and by Hour 6, the pycnocline has broadened and the freshest water is
found in a lens at the surface over the main channel and again on the

south-west shoal.

This density distribution continues through the eutly part of the
flood cycle (see Hour 7, 8, and 9, Fig.3.3b) the surface fresh layer
over the channel becoming broa;let with time, There is a distinct change
however at Hour 10. The least dense water in the section is now once
again located over the south-western shoal. The inner boundary to this
shoal is marked by steeply tilting isopycnals, although the upper layer
over the remainder of the estuary is laterally homogenous. Some lateral
density gradients develop by Hour 12 where the density distribution is

transitional to that of slack-before—~ebb.
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b) MEAN TIDES
Looking at the sequence of isopycnal contours illustrated in Fig
3.5 reveals once again a cyclical pattern. In this instance
stratification is restricted to the main channel, the more dense water

below the pycnocline rarely intruding onto the neighbouring shoals.

With reference to Fig.3.5a, at slack-before—ebdb (Hour 1) the least
dense water is located over the shoal areas (less then or equal to 2m
deep) to the sides of the estuary. A zone of strong horizontal demsity
gradient forms at the inner edge of both of these shoals, One hour
later (Hour 2) the ebb tidal phase has begun and lateral gradients in
the upper layer are considerably diminished. The freshest water can now
be found in a wedge extending from the north-east bank to midway across
the estuary, and again on the south-west shoal. A pycnocline has begun
to form over the mein channel. As the ebb progresses (Hour 3 ~ Hour §5)
this pycnocline becomes increasingly well-defined (see Fig.3.6). Latoral
gradients in the upper l-zm disappear, this layer becoming uniformly
fresh over the complete width of the estuary. The isopycnals across the
channel show some downward tilting on the south-western side of the
channel whilst the secondary channel becomes partinlly stratified. A_t
the junction between this minor channel and the south-western shoal the
isopycnals turn downward and intersect the bed making a distinct
boundary between a partially stratified and well-mixed regime. At the
end of the ebb cycle (Hour 6) the lateral density structure changes
greatly. The pycnocline vitually disappears (see Fig.3._6) and the most

dense water is located along the right-hand bank of the channel bed.
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The lateral homogeneity of the upper water column is disrupted by a

small lens of less dense water isolated over the main channel.

One hour later, at slack-before-flood (Hour 7), this lens of less
dense water has become deeper and broader, spreading over the ontire
width of the channel., As =& conseqnénce. the estuary once again shows
latoral inhomogeneity at the surface, only now the least dense water is
over the main channel, Below this the density is uniform laterally and
vertically, below this in the channel the density increases linearly
with depth. Hour 9 is the time of maximum flood current and a minimum
in density difference both laterally and vertically across the section,
Through the subsequent flood tide cycle lateral inhomogeneities develop
as the water over the north-eastern shoal area becomes relatively
fresher (see HBours 10,11,12, Fig.3.5). Vertically the channel becomes
less stratified through the latter part of the flood cycle (see
Figs.3.5b, 3.6) until Hour 12 is reached. At this time the density
structure shows a transition towards that of Hour 1. The pycnocline is
now domed upwards over the main channel and as result abuts the much
fresher water located over the ndjacent north—-eastern shoal, This forms

a region of very strong lateral density gradient.

From this generalized picture of the tidally varying density
distribution during mean tide conditions it is apparent that the times
at which the lateral density differences are greatest are at, or close
to, the times of slack tide. Spatially these regions of maximum
gradient are found at the inner edges of the shoals whexre the bathymetry

shows a distinct break in slope.
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c) NEAP TIDES
The data set for the cross-sectional demnsity distribution during
neap tides encompasses only the ebb cycle and the time of slack
beforeflood, thus no assessment can be made as to the change in lateral
densgity throughout a complete tidal cycle. For the sections measured
however several features are apparent (Fig.3.7). During the early part
of the ebb cycle (H2,H3) sloping isopycnals in the upper layer create
lateral density differences, particularly at the inner boundary of the
south-western shoal, This region has also been seen to be one of strong
lateral density gradients under other tidal range conditions. As the
ebb progresses (H4,H5) the upper mixed layer deepens and the pycnocline
narrows (see Fig.3,.8) resulting in laterally homogenous conditions
across much of the upper layer, The end of the ebb brings a sudden
change in lateral density distribution, and by H7 lateral and vertical
density differences across the section are at a minimum, By comparison
with mean and spring tide conditions it seems that, at least during the
ebb, much of the estunary is laterally homogenous, that stratification is
roestricted to the main channel (except during H2 and H3 when the
secondary channel is partially stratified) and that the total surface to
" bottom density difforence in the channel is less than under mean tide

conditions (see Fig.3.5a).

In summary therofore, it eppears that the generalized change in the
lateral density distribution through a tidal cycle is independant of the
tidel range., With exception of the ecarly part of the flood cycle, the
freshest water is located over the shoals, particularly the south-

western shoal. The isopycnals across the section are frequently tilted.
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Thé direction of this tilt is in accordance with geostrophic
predictions. The magnitude of the slope, estimated from contour plots
of the tidally—-averaged density for mean tide conditions, is —4.3x10*‘.
This is slightly greater than predicted using the thermal wind equation,
Using representative values of density difference and velocity shear,
the slope was estimated to be —2.0110—4. The difference between these
values is not large and thus it can be supposed that the isopycnal
slopes observed are largely due to the influence of the Coriolis force.
Comparison of these results with the observations of Murray et al,(1975)
shows some similarities. The Rio Guayas estuary has a much larger tidal
range (3.3m) and a more uniform depth in the cross—section, thus the
shoal and channel areas are not so clearly delineated. However they
found that, as we have seen in the York River, the shallow areas to the
sides of the estuary remained well-mixed throughout the tidal cycle and
that the vertical stratification is least during the time of flooding

tide. -
2. PRESSURE GRADIENTS
The observed lateral differences in density will generate

horirontal pressure gradients which play a significant role in estuarine

dynamics. Assuming pressure to follow the hydrostatic law :

a9z _ PB

or p(z)-p' = [pgdz

where p' is a constant. Differentiesting this with respect to y gives:
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9 .3 gm
ay ~ 3y fz pgdz (3.1)
where n is the free surface elavation. Using Leibnitz's rule equation

(3.1) can be reduced to:

gfr o p(n)g-g—-g + g{“ %gdz (3.2)

(1) (2)
Thus the pressure gradient can be considered the sum of two parts — one
due to the free surface slope, the barotropic component {(Term 1), and
the other due to the density distribution, the baroclinic component

(Term 2).

The barotropic componont cannot be evealuated as n will always be an
unknown. This problem has been circumvented by other researchers in
various ways, Pritchard (1956) notes this term to be constant but does
pot evaluate it expllicitly nor include when considering the relative
magnitude of terms in the lateral momentum equation. When examining the
lateral dynamic balance Dyer (1973) eliminated the surface slope by
taking the difference betwoen each term in the lateral momentum equation
calculated at two soparate depths. This approach was also followed by
Doyle and Wilson (1978). In the formulation of the lateral momentum
equation used by Nunes and Simpson (1985) the barotropic term was
removed when solving the equation for v, the lateral velocity, by

judicious use of boundary conditions.
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For the purpeses of this discussion no attempt is made to evaluate
the barotropic term, instead it*'s role in the proposed lateral

circulation will be considered qualitatively.

Returning to equation (3.2), and dividing the equation through by

p(n)., the baroclinic component becomes:

d
P = &= ap .
&) {" e (3.3)
Substituting p(n) by a reference density, in this instance the cross-
sectional mean density, and making equation (3.3) applicable to data
measured at discrete depths results in the following expression for the

lateral horizontal pressure gradient:

gz Ao,
P = &2 Z — 3.
Po Ay (3.4)

where S, is 8 depth—averaged value,

Using this equation the horizontal pressure gradients were
calculated as simple linear gradient between adjacent stations at 0.25m
depth increments for each of the hourly sections representing mesan,
spring and neap tides. By way of illustration, the magnitude and
direction of these pressure gradients at depths of 0.5m, 1.0m, 2.0m and

3.0m were plotted in Figs.3.9, 3.10, 3.11.
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For this section of the York River, Ruzecki and Evans (1986) found
values for the longitudinal pressure gradient varying between 18 Pa/km
and 29 Pe/kn at s depth of 3.0m below the surface, The numbers
calculated here are in general an order of magnitude greater, although
there is considerable variation within the tidal oycle and under
different tidal range conditions. As can be secen by a comparison of
Figs.3.9, 3.10 and 3.11, the pressure gradients at mean tides are
generally greater than at spring or neap tides, and for each tidal range
condition, the greatest horizontal pressure gradients are found at, or
near, the times of slack water, This is in accordance with the
previously discussed density distributions, Conversely the times of
maximum current are the times of minimal lateral density gradients and

hence minimal horizontal pressure gradients.

During mean tides the largest horizontal pressure gradients are
found over tl_xc main channel and/or at the innexr edge of the northeast
shoal. At Hl (Fig.3.9a) there are significant pressure gradients at the
inner edge of the southwest shoal alsn. The largest pressurec gradients
during the spring tide conditions are located over the main channel,
espocially during the early flood cycle (see H7,H8, Fig.3.100b).
Similarly during meap tides whom the largest pressure gradients occur at

slack-before—-£flood (see Fig.3.11) and over the main channel.
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3, LATERAL CIRCULATION

The lateral momentum equation can be formulated, using & right—-
handed coordinate system with x positive up-ostuary, in the following

way:

dv , _ '@ -y %v_
dt ay PR ¢ (3.5)

where C is the centripedal acceleration, Assuming that this
acceleration is negligable for the section of the Yerk River under
consideration, and that for relatively small increments of time steady—

state conditions pertain, this equation is reduced to:
-*dp - N 8y
1] p 3y + fu - N (3.6)

Under tidally-averaged conditions the Coriolis acceloration and pressure
gradient terms are of similar mngnitude (approx. lod'mlsecz) and likely
to dominate the lateral dynamic balance. On a more localized spatial
scale however, the pressure gradient varies significantly, and mey at
times be of sufficient magnitude to drive lateral circulations. Such
circulations, if they occur, would be transitory and exist only over a

portion of the width of the estuary.

In a completely homogenous water mass any horizontal pressure
gradient is caused by a surface slope. Under stratified conditions the
densgity distribution contibutes, the value of this baroclinic temm

usually increasing with depth such that the barotropic contribution is
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graduslly compensated. This principal is the gonerally accepted
explanation for non-tidal lomngitudinal estuarine circulation
(Prych,1970, Officer,1977). The longitudinal surface slope acting in a
down-ostuary direction drives the upper layer flow, whilst the
longitudinal énlinity gradient acting in the up-estuary direction drives
the lower layer flow, Thus the upper layer flow is primarily

barotropic, the lower layer primarily baroclinic.

This same approach can be appliad_ to lateral circulation,
. Considering only mean tide conditions in the first instance, and using
H1 (slack-before—ebb) as an example: returning to Fig.3.9a, the
horizontal pressure gradients at this time between stations 4 and 3,
stations 3 and 2, and stations 2 and 1 are directed to the right—hand
gside of the estuary, their magnitude increasing with depth. Between
stations 5 and 6 they are directed in the opposite direction, towards
the south-western bank. A flow will be induced in the‘dircction of
these pressure gradients, This flow will be directed bankwards on both
sides of the estuary. If we assume, from the density distribution, that
there will be a corresponding set-up of the free surface over the shoal
arecas, the surface slope will drive a return flow towards the centre of
the estuary. Thus a cellular ciroculation pattern can be inferred which
is largely baroclinic within the water column and barotropic near the

surface, This is illustrated in the section labelled H1l in Fig.3,12.

Utilizing the same reasoning lateral circulation patterns can be
drawn for all the times when there are significant horizontal pressure

gradients. For mean tides those have been compiled in sequence in
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FIG.3.12 Patterns of lateral circulation
at Mean tides.



68
Fig.3.12, centred around ;lhck—before-ebb (H1, Fig.3.12) and slack-
before—flood (H7, Fig.3.12). At the times of maximum current, both
flood and ebb, when the estuary is most nearly laterally homogenous and
resulting pressure gradients minimal, such lateral circulations would be
essentially absent, At other times however they may be significant, As
can be soen from Fig.3.12 the last 3 hours of the flood cycle gemerate a
zone of surface convergence toward the right-hand side of the channel.
The strength of the flows on either side of the convergence may be
unequal creating what is sometimes termed a ‘one-sided convergence'. By
Hour 1 this convergence -has moved nearer the centre of the estuary.
Around th§ time of slack-before~flood a zone of surface divergence forms

over the channel.

Similar reasoning was invoked by Simpson and Nunes (1985) in their
discussion of the axial convergence fronts they had noted in several
small and well-mixed estuaries, In that instance the differential
Iongitudinal advection across the estuary brought more dense water into
the centre of the estunary during the flood tide, The resulting pressure
gradients are directed outwards from the centre within the water column,
and inward toward the centre at the surface, forming the observed axial
convergence. The density difference between the centre and the sides of
the ostuary was observed to be approximately 1 sigma-t., These authors
did not attempt to calculate the magnitude of the horizontal pressure
gradients, but instead solved the lateral momentum equation for v, the
expected latersl velocity, which was subsequently verified by direct

measurements (Simpson and Turrell,1985). Observations show good
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agreement with predictions suggesting that even small density

differences can generate lateral circulations.

In the same way, circulation patterns have. been drawn from the
distribution of pressure gradients at spring and neap tides. The
alternating zone of convergence and divergence over the main channel
noted previously can also be seen at spring tides (Fig.3.13).
Conditions during neap tides (Fig.3.14) appear to be anomolous to these

- general trends.

Experiments conducted by Sumer and Fischer (1977) in a flume showed
similar transverse circulations, Their flume, which was trapazoidal in
cross—section, had one side shallower and more gently sloping than the
other. Using stratified and oscillating flow they found that during the
ebb tide there was a transverse circulation from this side toward the
~ deeper channel at the surface, with a return flow at depth, and vice
versa during flood tide., The circulation pattern in the York River is
more complex but a definite reversal in flow directions can be seen
through the tidal ¢ycle. It should be remembored that these
circulations are very minor compared to the prodominate longitudinal
tidal flows. They may however be of sufficient strength to generate

convergences and assist in cross—estuary exchange of water masses.
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IV, CURRENTS

1. EXPERIMENTAL METHODS AND GENERAL RESULTS

The magnitude and direction of the currents in the study area were
measured using General Oceanics winged current meters, self-contained
inclinometer type moters, deployed at 3 locations across the eostuary
from 15 April to 21 May 1985. The station locations and water depths
are listed in Table IV.1l bolow and their position relative to the
bathymetry and CTD sampling stations is shown in Fig.4.1. At the two
shoal stations the current meters were suspended from an arm which
protruded at right-angles ‘to a long pole set upright in the bed. In the
channel a regular tant—wire mooring was used. All the current meters

were sot at & sampling rate of 4 observations (1.32 sec apart)/sample, 4

samples/hour.
TABIE 1IV,1
STN LAT/LONG WATER DEPTH METER # METER DEPTH MOORING
_(at WLW) {below MLW)

cM1 37 22.03 2.8 m 54 1.5 m pole
76 37.89

CH2 37 21,95 10.8 m 52 4.0 m buoy
76 21,95 56 7.9 m

CM3 37 21.58 2.8 m 53 1.5 m pole
76 38.75
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The current meters were not checked or cleaned during deployment,
hence upon retrieval several of the meters were found to be considerably
fouled, A post-deployment flume test was conducted to estimate the
effect such growth may have had on the recorded current speed. The
results showed that the fouled meters recorded higher current speeds,
but the difference was less than 5% and thus no rttempt was made to

include this e¢ffect in subsequent processing.

The data recovery was almost 100% on three out of the four current
meters deployed: the current meter at station CM3 was apparently hung up

on the mooring during the first 12 days of deployment,

The general features of the raw current meter records can be seen
from the time series ‘stick-plots’ illustrated in Fig.4.2. All exhibit
a flood/ebb direction of NW/SE in accordance with the alignment of the
estuary in this area. The largest magnitude currents occurred, not
suprisingly, in the channel with those at 4m (CM2U) being greater, and
more directionally wvariable, than those at 8m (CM2L). At stations CML
and CH3 the magnitudes wore much less. Despite being located at the
inner edge of a relatively broad shoal, the record from statiom CM3
shows minimal wind or wave induced scatter. By comparison the current
meter record from station CMl, on the north-east shoal, shows a marked
asymmotry in the magnitude of the flood and ebb tide, the ebb tide is

particularly variable in both magnitude and direction.

Further illustration of the directional variability, most prevalent

at stations CM2U and CMl, can be seen in the scatter plots shown in
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Fig.4.3. In addition, these plots show the extent of departure from
exeacot anti-parallelism between flood and ebb directions, the difference
being greatest in the channel and least at station CM3, At station CM2U
the flood curreant shows s change in orientation with strength, becoming
more northerly at higher speeds. The ebd current shows no such time
history and has a maximum velocity greater than the flood current. The
opposite ocours at station CM2L where the flood curreant is slightly
greater than the ebb curremt. The record from station CM1 shows
significant scatter at low speeds in both the flood and ebb directions,
and a maximum flood current which is almost 1.5 times that of the ebd
ourrent., At station CM3 the strength of the flood and ebb curreats is

equal, their directions very close to anti-parallel and scatter minimal.

- -

. v

The principal axis for these records is defined as the direction in
which the flow variance is maximized and is calculated using the

foliowing equation (Boicourt, 1982):

TN
2 1%

N3 wN_.3
(s Ei )

1
B 3 arctan

where u' and v’ are the north and esst velocity compoments, Due to the
marked non—-parallelism in flood and ebb directions, a separate flood and
ebb:prinoipal axis was calculated for each record. The dividing line
bet;een the flood and ebb portions of the record was obtained from
exuqination of the scatter diagrams in Fig.4,3. Using this method the

following directions were obtained.
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FIG.4.3a Scatterplots of observed currents, April/
May 1985,
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F1G.4.3b Scatterplots of abserved currents, April/
May 1985,



TABLE 1IV.2
STATION FLOOD EBB DEPARTURE FROM
ANTI-PARALLELY SM
M1 309.72 132.19 2.47
Ry 314.78 127.19 7.59
Q2L 322,35 128,83 13,52
CM3 311.57 133.71 2.14

The alignment of the main chanmnel in this section of the estuary is
° °
almost straight and orientated 321 /141 . The relationship between

these pricipal axes and the bathymetry is shown in Fig.4.4,

Additional information on current velocities was obtained from
drogue tracking experiments conducted in a8 2 mile reach of the York
River surrounding the study transect. Using up to 4 drogues at one
time, the drogues wore tracked through portions of several tidal cycles,
with the aim of establising the near surface Lagrangian currents at
particular phases of the tide. The drogues used were neutrally buoyant
current drifters (Davis et al,, 1982), illustrated in Fig.4.5. The

dates, times and locations of the experiments are listed in Table IV.3

below.
TABLE VI.3

DATE TIDAL RANGE TIME # OF DROGUES TIDAL PHASE LOCATION

(m) (EST) USED
4 Apr 1.1 0842-1139 2 max flood/SBE channel
7 Apr 1.1 0910-1414 3 max flood/SBE chnl/NEshoal
13Apr 0.7 06271042 4 ebb chnl/S¥Wshoal
14Apr 0.7 06140856 4 max flood/SBE chnl/NEshoal
18Apr 0.8 0808-1103 3 max flood/SBE chnl/SWshoal
19Apr 0.7 0752-1335 3 max flood/SBE  chnl/SWshoal
23Apr 0.6 0932-1414 4 flood chni/NEshoal



Capahosic

FIG.4.4 Orientation of principal axes and magnitude
of mean currents, April/May 1985 -



0.85m

Schematic diagram of neutrally-buoyant
drogue.

Construction: sails made of 150z
ripstop nylon; upper arms contain

1.14m lengths of capped PVC (1") pipe
banded by two 7.5cm sections of foam
pipe insulation; lower arms held rigid
by 3.5cm diameter aluminum pipe;;
surface float of polystyrene foam.
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The drogues were positioned using Loran C, Whilst the absolute
gccuracy of Loran C is not optimal for such s study, it was felt that
the relative accuracy of repeated fixes was sufficient to track the
movement of the drogues, The location of oach drogue was determined
every 10-20 minutes. Water depth and wind speed, using a hand-held
anomometer, were also recorded. A Loran fix was taken at a known
position, Pages Rock Light, every day to determine the offset to be

applied to that day's Iatitude and longitude readings.

The drogues could be easily deployed and retrieved over the side of
the 24' garvey used throuvghout the study. The drogues were released at
positions along a straight line across the estuary. The times of
initial release were within five minutes of each other. Only one boat
was used which limited the number of drogues which could be monitored.
Thus the experiments were conducted in the channel and on only one of
the adjacent shoals on a given day., Drogues which travelled beyond the
defined section of the river were picked up and re-deployed. The
experiments were conducted under a range of tidal conditions and only

whon the wind was less than 10 kts,

Fig.4.6 illustrates the tracklines and positions of the drogues at
30 minute intervals for selected days. The rosults of these experiments
clearly demonstrate the large difference in velocity between the shoal
and ol_unnel waters., This is especially apparent on April 7 (Fig.4.6b),
April 18 (Fig.4.60) and Aprii 2-3 (Fig.4.6e). On April 4 (Fig.6.42) a
distinot foam line formed down the channel between the two drogues just

prior to slack-before—ebb. The direction of trxavel of the drogumes after
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turning with the tide exhibits some convergence. The tracklines
obtained on April 19 (Fig.4.6d) are interesting becaunse, on this
occasion at least, the drogue in the channel and that midway between
channel and shoal both turned westward with the change in tide, whilst
that on the shoal turned ecastward, indicating an area of convergence at
the inner edge of the shoal, No surface featuro such as a foam line was
observed at this tinb however, The drogue experiments served as a clear
illustration of the velocity shear and possible lateral flows

characteristic of this seotion of the York River.

2. TIDAL ANALYSIS

The tidal component of the obsorved curronts was determined using
the least squares method of harmonic analysis. This procedure reoquires
29 day-long records and yeilds quantitative estimates of the amplitudes
of 25 tidal constituents, 10 of which are calculated directly, and the

.remainder inferred using formmlae of Schureman (Boon and Kiley, 1978).

The requirements for a 29 day record prevented the data from
station CM3 being anslysed in this way. After smoothing and
interpolating the raw curreant record to obtain hourly values, the
HAMELS.29 procedure (Boon l:nd Kiley, 1978) was run on the the other
three current meter records for a 29 day period starting at midnight on
the 16 April, 1985. The ﬁorth and east velocity components were

analysed separately and then recombined to obtain the amplitude
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estimates, Only 8 of the constituents were found to be significant.

They are listed in Table IV.4 along with their magnitudes.

TABLE I1V.4

CONSTITUENT PERIOD AMPLITUDE (m/sec)
(solar hours) cRu C2L CM1
01 25,82 0.044 0.036 0.023
K1 23.94 0.044 0.028 0.023
N 12.66 0.186 0.106 0.048
/) 12 .42 0.566 0.391 0.239
s2 12.00 0.088 0.073 0.047
Q 11,97 0.024 0.020 0.013
M4 6.21 . 0.048 0.051 0.038
M6

4.14 0.013 0.014 0.011

In general the results show the expected dominance of the semi-
diurnal tidal constituents, particularly the M2 whose magnitude is
approximately 5 times that of the N2 and 52 constituents. The Ol and K1
are the dominant diurnel constituents and are of mearly equal magnitude.
The magnitude of the other harmonics varies between locations. Of
particular interest is the non—-linearity indicated by the increase in
the relative magnitude of the shallow water tides, the ¥4 and M6

harmonics, both nearer the bed and in the shallow wator at station CM1,

In a study of non—linear tidal propagation in a shellow tidal inlet
Aubrey and Speer (1985) found that the amplitude of the height of the M4
tide showed a stoady increase with distance into the estunary. The rate
~ of growth differed between channels — the groatest being a change in the
N4/ ratio from .01 to .27 in a distance of 2km. The existance of
harmonics was seen in velocity records also. The phase relationship

betweoen the M4 and M2 tides will cause an asymmetry in the duration and
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magnitude of the the flood and ebb portions of the tidal cycle. In
Nauset Inlet, Aubrey and Speer (1985) found that the M2 and M4 were in
phage giving a velocity signal characterized by more intense flood than
ebb currents. The effect was more pronounced further within the estuary
where the tide is more non—linear. This study examined most closely the
variation in the tidal height longitudinally along the ostuiry. Latexal

and vertical variations in the tide were not considered.

The current meter records from the York River show similar non-
linearities whose magaltude varied vertically and laterally. The ratios
of the amplitude (of the velocity) of the M4 and N2, and M6 and M2,

tidal constituents for the different current meter records are as

follows:
Ci2L cMu Ci1
M4/ ratio: 130 .085 .159
M6/M2 ratio: .036 .023 .046

There is an almost 100% increase in both the M4/M2 and M6/M2 ratios
between the channel and adjacent shoal. The magnitude of the M4 and M6
harmonics, the so-called shallow water tides, are expected to increase
in the shallower upper reaches of any estuary. It is not suprising
therefore to find that they increase in the shoal areas to the sides of
the estuary. How characteristic these magnitudes are of similar coastal
plain estuaries is not Imown because qf the paucity of our knowledge of

this aspect of lateral variability in such estuaries,
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The non—tidal residual courrents, calculated as a muan over the
measurement period, gave results somewhat contrary to the expected
pattern of such estuarine flows, Their magnitudes and direction are
plotted in Fig.4.7. Although small, the magnitudes obtained here are
similar to the observations of Kiley (1980) for this reach of the York
River. The direotions show ; strong lateral component suprising in such
a8 straight section of the estuary, The reason for this is not clear.
The residual at station CM1 on the north-east shoal is directed north-
west along the axis of the estuary. This direction is opposite to the
proposal of Fischer (1976) who suggested that the non-tidal residual

currents would be directed down-estuary in the shallows,

3. LATERAL VARIABILITY IN CURRENT MAGNITUDE AND PHASE

Coastal plain estuaries are characterized by having one or more
mgjor deep channels bordered by extensive shallow shoal areas, Almost
50% of the width of the York River at the location of the study transect
is less than 2 meters deep. It would be expected that the currents in
such shallow reaches would be strongly affected by bottom friction.
This would lead to a reductiom in current magnitude, and possibly a
change in phasge of the: tidal currents across the estuary in such a way
that all phases of th§ tide should occur first on the shosls (Proudman,

1953).
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(i) LATYERAL PHASE DIFFERENCE

The phase variability across the study transect was determined
using cross-spectral analysis between pairs of current meter records.
For the purposes of this analysis, values of 'along‘channel’ velocity
weroe calculated from the observed record of speed aﬁd direction, the
channel orientation being taken as 321011410. The magnitude of these
values may vary slightly from the 'along-principal-axis? values but the
periodicities should be the same and such a technique allows comparison

batwoeﬁ different records,

Plots of the power spectrum for each of the time series obtained
from rthe shoal ;tations. plus that of the upper channel, are illustrated
in Fig.4.8. The greatest peak in spectral emergy in all three series
occurs at a frequency of 0.087 cph, a frequency closely equivalent to
the semi-diurnal tidal froquency. More minor peaks occur at a diurnal
frequency (0.040 cph) and, for stations CM1l and CM2U, at a quarter—
diurnal frequency (0.165 oph). The record from station CM3 on the
south-west shoal is notably different having an energy peak at 0.243 oph
(period of 4.12 hours) which is almost as great as the diurnal, and

negligable enorgy at the quarter—diurnal frequenoy.

Cross-spectral analysis between the record obtained at station CM2U
and each of station CH1l and CH."v. on the shoals, revealed the phase
differences listed in Table IV.5 below. The coherence at each of these
frequencies is significant at the 99% confidence level (Thompson, 1979).

A positive sign for the phase difference, and corresponding time lag,
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means that the shoal station (CM1 or CM3) leads the channel station,

cmu,
TABIE IV,.5
FREQUENCY PERIOD PHASE TIME DIFFERENCE
(eph) {(honrs) (degrees) (hours mins)
CM2 U/ CM1: 0.040 25.00 -40 2 . 48
0,087 11,50 -7 0 14
0.165 6.06 -143 2 24
Cl2U/CM3; 0.040 25.00 -31 2 09
0.087 11.50 -1 0 02
0.243 4.12 10 0o 07

Considering that the phase difference between each pair of current
meter records can be represénted by the phase difference at the dominant
frequency (0.087 oph), it can be concluded that there is no: more than 14
minutes difference between the phase of the currents in the channel and
those on the shoal. Moreover these results indicate that, if anything,
the currents in the channel lead those on the shoal. The sampling times
of the original data records, in the instance of stations CM2U and CHI1,
are 3 minutes ;part which may introduce an artificial phase difference.
However this would have a magnitude of only two degrees. The essential
rogsult remains: this analysis shows there to be negltigable phase
differenoce between th.o currents on the shoals and those in the l_lai.n

channel,

Qualitative field observations, the results of drogue
experiments,and the theoretical arguments of Proudman (1953) had led to
an a priori assumption that the shoals led the channel by a time

differenco of as mmch as one hour.
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The easiest phase of the tide to observe, and thus use as a guide

to phase differences, is that of zexo ourrent, or slack watexr. The
drogue experiments were conducted on both the north-east and south-west
shoals but only around times of slack-before-ebb. On the north-east
shoal on the 7 April drogue #4 looated in 6 feet of water reached SBE
approximately 7 minutes before drogue #3 in 20 feet of water, and 36
minutes before drogue #1 in the main channel. A similar gradatiomn in
times of slack water between the north—east bank and channel was seen on
the 14 April on that day drogue #5 (6ft) led drogue #3 (20ft) by 16
minutes and drogue #1 in the channel by 62 minutes, On the 23 April the
time difference bgtween shoal and channel was 52 minutes, again with the
shoal leading. An experiment on the south-westem side of the estuary
on 19 April gave similar results, the shoal leading the main channel by

44 minutes.

An understanding of these apparently conflicting results can be
obtained if we look at a time sorie:-; plot of the smoothed along—channel
values of velocity at the three stations under consideration, the
channe]-upper and the shoals. Such a time series is plotted in Fig.4.9.
¥hat is immediately apparent is the difference in form of the current
0scillation at all three stations. Theat of station CM2U most nearly
approximates a sinusoidal curve, but those on the shoals reflect the
groater influence of higher froquency tidal harmonics. The phase
rolationship between stution CM3 and station CM2U (Fig.4.9b) shows
groatest consistancy. The duration of the flood oycle at station CM3 is
greatoer than at station CM2U., As a result the flood gemerally starts

earlier and ends later on the south-west shosl giving an apparent phase
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difference, if only the times of slack water are considered. The
results of the April 19 drogue study are however incomnsistant with
thistrend. The phase rolationship between station CMl and station CM2U
is more complex. It appears to change through the month ag a comparison
of Fig.4.9a and b reveals. Around the 22—25 April, for example, both
slack-bofore—ebb and slack-before—flood occur first at station CMl,
Lator in the measurement period, around the 3rd and 4th of May the
opposito ococurs, This variability may indicate the presence of a longer

period tidal constituent modifying the flow characteristics on the

...............

the current record at station CM1, The average duration of the flood
cycle at this station is agein greater than the ebb (see Table IV.6),
but the standard deviations are greater than at station CM3, It appears
that the resultant currents at station CHl on any given day may be

strongly affected by wind events or bank-induced turbulence.

Thoe average duration of the flood and ebb portions of the along

channel velocity for the period of 22 April to 9 May was calculated to

be:
TABLE IV.6
FLOOD EBB
nean s.d mean s.d
Station 20U 6:00 .55 6:18 .78
Station 3 6:18 .45 6:00 .38
Station 1 6:30 .74 5:54 .76

Thus, in summary, it would seem that the currents at these three
stations are not fundamentally out of phase by more than 14 minutes but

that duration asymmetries in the flood and ebb portions of the tidal
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cyole, due to the role of the harmonic tidal constituents in the

shallower stations, generate much of the observed ’‘phase—lags’.
{ii) VELOCITY SHEAR

An ostimate of the velocity shoar across the York River in the
vicinity of the study transect oan be obtained from moorings of the
General Oceanic current meters, and from the drogue tracking
expoeriments., All of these data sources reveal a consistant, and at
times considerable, velocity difference between the surface waters of

the main channel and the waters over the bordering shoals,

........
...........

The maximum observed flood currents at station CH2U were
approximately 0.85 m/sec whilst those at station CMl were 0.50 m/sec and
at station CM3, 0.45m/sec., This indicates a reduction im flood
velocities between the channel and shoals of up to 47%. Tho change is
even greater during the obb coycle with maximum ebb velocities at
stationsgs CHM1l, CM2U and CN3 of 0.25, 0,90 and 0.50 m/sec ~ & 72%
attenuation between the channel and the north—east shoal, The depth
changes from approximately 10 meters in the channel to 3 moters in the
vicinity of stctiogl CMl and CM3, According to Mannings equation, which
states that velocity is proportional to depth to the two-thirds power
(Honderson, 1966), a 55% reduotion in velocity would be expected. The
values observed in tl_le York River are of this order of magnitude with
the exception of the ebb currents at station CM1. Thus the change in
velocity across this estuary may be primarily dune to the change in

depth.
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Caloulating the velocity difference between the values of along—
channel velooity at Station 2U, in the channel, and Stations 1 and 3 on
the shoals reveals an oscillatory difference essentially in phase with
the channel velocity. A representative 10 day segment of this record,
starting at spring (3 May) and ending at neap tides (12 May) is
illustrated in Fig.4.10. As v; have already seen there is only a small
phase difference in the tidal currents across the estuary. This means
that the flow velocities will approach zero at a similar time everyvwhere
across the section, and thus the velocity difference will also be
minimal at this time. Maximum velocity differences occur at times of
maximum current. Considering these velocity differences as lateral
shear results in very small values for the shear between stations CM2U
and CK3, due to the assymetrical positioning of the channel in this

reach of the estuary.

Using data from the Genersl Oceanics current meter moorings gives
only an average value for the shear betwoen the channel and the shoal
stations. The spatial variability of this shear on a smaller scale is
evident from drogue and surface current meter data. By way of example,
consider the drogue ipeed illustrated in Fig.4.11. The times seleoted
are all at or near the time of maximum current. Large differences in
current speed ‘oan be seen betweon the shoals and immediately adjacent
doepgr water. The greatest shear appears to be located in the water
dopths of 2 to 4 meters, and thus the shear is not evenly distributed

between the main channel and shoal.
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Futher evidence of this is revealed by data collected using
'surface current meters’ — an instrument developed by D. Johnson of
NORDA to measure the speeds and directions of currents in the very near—
surface layer. The nature of these instruments makes them susceptible
to erroneous readings when there are significant surface waves. Under
calm gonditions however they are considered to give reliable estimates
of current speeds and directions, On the 18th and 19th of April 1985, 4
of these instroments were moored at locations across the sounth-western
side of the estnary. The magnitude of velocity shear calculated between
adjacent pairs of current meters was observed to be locelly maximum

where the water depth was 2-3m.

The existance of a localized ;region of high velocity shear at the
inner edge of each of the shoals suggests that the water masses in the
upper layer can be divided into two regimes — 'channel’ and 'shosal’.
Those on the shoal are strongly affected by bottom friction and are
likely to be not oanly more turbulent and vertically well-mixed, but also
more turbid, This idea was first proposed by Welch (1979) who suggosteﬁ
that coastal plain ostuaries can be regarded as having what was termed
an ‘inviscid core', where frictional offects play a secondary role,
surrounded by boundary layers in which friction and buoyancy forces are
important; ~ Analogles can 1186 be made with studies of the inner

continental shelf whore a 'coastal boundary layer’ has been noted by

some researchers.



V. FRONTS IN THE YORK RIVER

Fronts are readily observable features of the York River estuary.
They can be seen in all parts of the estuary, are gonerally axially
aligned and may be several miles in lahgth. They are recurring features
but are not persistent, existing for periods of time varying between 10
minutes and 2 or 3 hours at any given location, Thus their time scale

is distinctly intra-tidal.

They are usually distinguished as a line of foam, and possibly a
change in surface roughness, about 10m wide. At times however no foam
line is seen, only a surface 'slick’ zome, It is uncertain whether
these features represent frontal zones with weaker comvergent
c¢irculations, or whether the amount of foam produced is dependent on the
chemistry of the surface layer. This varies seasonally, the level of
organic compounds , for example, is at a maximum in the spring during

times of strong algal blooms,

Aerial photography was used as a method of locating fronts, their
positions in relation to the bathymetry and their movement with time,
Large distances can be covered in &2 short time allowing a relatively
syoptic picture to be obtained, and the complete pattern of slicks can
"be seen more clearly from the air than from the sea surface. Although

strictly observational, comparison of the resulting aerial photographs
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with bathymetric charts allows determination of the relation, if any, of
such features to the bathymetry. Such photography was done on 4
different occasions; April 1,1983, November 8, 1984, and on May 5 and
May 19, 1985, The camera used throughout was a Hasselblad 500EL, with a
50mm, 1:4 Zeiss lens, mounted vertically in the bottom of the aircraft,
a de Havilland Beaver. To cover the entire width of the York River in
one freme, given the focal length and frame size of the camera, would
have required an altitude of 14,000 feet. Due to loss of clarity and
resolution when photographing from this height it was decided to fly at
8 lower altitude and cover the required ground distance by flying to the
northwest along one bank and returning southeastward aloag the other.
The necessary altitude was thus reduced to 9,500 or 10,500 feet. Only
the portion of the York River up-estuary from Gloucester Point was

included in these surveys.

On the 1st April, 1983, 2 flights were done — the first between
1247 and 1315 EST, the second between 1525 and 1600 EST. The time of
predicted slack-before—ebb at the study site on that day was 1438 EST.
The resulting photographs are illustrated in Fig.5.1. Distinct foam
lines can be seen at many places along the estuary. Spatially they are
most frequently located to the outer edge of the deeper chanmel regions,
The relatively short time for genesis and decay of these features is
illustrated by the changes apparent in the 2.5 hours between these two
flights., For instance, on flight #1 a very distinct foam line can be
scen just up-estuary of Ferry Point which has disappeared by flight #2.,
At other places, for example in the vicinity of Terrapin Point, it is

uncertain whether the same frontal system is moving laterally across the



FIG.5.1

a)
b)

Photo mosaic of pictures taken
during an aerial survey of the
York River on April 1l1lst, 1983.
Flving height -~ 10,500 feet.
White foam lines marking fronts
can be clearly seen.

1247 - 1315 EST
1525 - 1600 EST
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estuary, or whether the features scen are in fact different frontal
systems, The fronts seem in the vicinity of Gloucester Point show a

great deal of apparent movement and curvature.

A sequence of six flights was completed on the &th November, 1984,
21l at 10,500 feet. The foam lines seen on that day were not as
distinct or as nomerous. On the 5 and 19 May, 1985, the sequence of
flights formed a time sexies covering the entire tidal cycle. The
aircraft altitude in this instance was 9,500 feet. Examination of the
resulting photographs once again revealed the temporal and spatial
variability of these features. Looking at the section of the York River
between Clay Bank and Ferry Point, distinct fronts, marked by foam
lines, were seen on three different occasions: flight #4 (Hour 11/12),
flight #6 (Hour 2) and flight #7 (Hour 3/4), Their positions are
plotted in Fig.5.2. If these were the same frontal system, a lateral
movement across the cstuary is indicated. More likely however the front
seen at H11/12 on the northeast side of the channel is a separate
feature to those seen later during the ebb tide on the other side of the

estuary.

The position of any fronts observed whilst collecting CID or drogue
data was also noted., Although to a2 large extent this information is
qualitative it does show the most frequent times, and places, of
occurrance of fronts in the vicinity of the study transect. With
reference to Fig.5.3 it can bo seen that most of the fronts noted during
the lateral CTD transects (desoribed in Chapter 3) occurred during the

ebb tidal phase (H1-H6) and towards the sides of the estuary, between



FIG.5.2 Location and times of fronts noted
from aerial surveys on the 5th and
19th May, 1985.



FIG.5.3

Fronts ohserved during CTD transects,
May 1983 and May/June 1984.

% - spring tides
O - mean tides

6 ».neap tides
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station 6 and halfway to station 5, and from midway betwsen stations 3
and 2 to station 1. Positions of fronts, obtained from Loran-C, can be
plotted for fronts observed on other field days. As an example, fronts
observed during spring tidal conditions are illustrated in Fig.5.4. In
plan view these features are clearly aligned with the direction of the

main channel,

Unlike those observed at the boundaries of brackish plumes (eg.
Garvine and Monk,1974), the local density difference across these
frontal boundaries is very small. Use of a flow-through system
(Ruzecki, 1981) to continuously measure the conductivity and temperature
at a depth of 1 meter revealed very small gradients, and vertical CID
casts in the vicinity of these fronts showed little difference in the
vertical density structure, Despite this, these fronts were observed to
be active convergence zones, frequently drewing the boat into their

location,

The observational evidence indicates therefore that fronts can be
found in the York River, futhermore, those seen in the vicinity of the
study area are most frequently aligned parallel to the axis of the
estuary and occur during the latter part of the flood through to the

middle of the ebb tidal oycle.
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VI. DISCUSSION

Observational evidence has shown that the lateral density
distribution in the York River is not uniform: on the contrary it
exhibits a distinct spatial and temporal variability. How can this be
explained, and what are the implications for the formation of

longitudinal fronts?

The density distribution within any estunary is a resnlt of both
advective and mixing processes. Differences in the magnitude of
advection and the amount of turbulent mixing can be correlated with
changes in depth, In the shallower areas bottom friction would act, not
only to vertically mix the water column, but also to retard current
speeds. Coastal plain estuaries have a cross—sectional bathymetry
distinguished by extensive shoal areas bordering the main chsannel.
Across such an estuary therefore, significant differences in the
magnitude of these processes can be expected. Observations made in this
study support this hypothesis. As was seen in Chapter 3, the water
column over the shoals remains verticaslly homogenous throughout the
tidal cycle, the innexr edge of the shoal region acting as a boundary
between well-mixed and partially—stratified regimes, Furthermore, in
Chapter 4, a marked difference in the magnitude of the tidal currents

over the shoal compared to those in the channel, was noted. Both
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Eulerian and Lagrangian measurements indicated that the shear between

the two areas was locally greatest near the inner edge of the shoal.

Combining this evidence allows the formulation of a conceptual
model by which the density variability can be explained. Neglecting
diffnnivo processes and assuming that the density distribution a2t any
given place and time is due simply to advection in the longitudinal

direction we can write:

dp(x,y,2,t)

= ap
7t u(x,y,z,t) o (6.1)

Teking 9p/dx, the longitudinal density gradient, as a constant, L, and
considering the depth—average density in a horizontal layer across the
estuary within which the longitudinal velocity is assumed to be constant

with respect to the x and z directions, gives:
3elLeE) = o(y,e) L (6.2)
The aim here is to evaluate the expected density difference between two

locations soross the estuary, specifically the channel and shoal, thus

we can write:
dap(t) _ _ _

where Ap = p(ya) - p(yb) and 'a’ refers to the channel and 'b’' to

theshoal.
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Thus, as described by equation (6.3), the density difference between the
shoal and channel and it's change with time, is considered to be simply

the result of differential advection.

This expession can be evaluated by assuming a functional form for
the longitudinal velocity, u. Taking
v = -A sin(wt)
a a

u, = -A sin(et + a)
and integrating with respect to time gives:

Ap(t) = Ap, + -g,{Ab(cos(mt+a) - cosa) + Aa(l - cos(ot))) (6.4)
where Ap, = Ap(t=0)i

To separate the relative contributions of phase and amplitude
difference, to the resulting density distribution, equation (6.4) was
evaluated for two different cases:
(i) a =0, (Ab—Aa’ of varying magnitude
(i) Ab and A‘ both constant, and o of varying magnitude.
Throughout these calculations the following values were used:
Ap, = 0.24 kg/m'
L=-2.0x10" kg/m
@ = 0,51 radians/hour or 1.4 x 10~‘ radians/sec
The value of Ap, was taken from the qbsetvational data of this study.
The longitudinal density gradient was obtained from the York River Slack

Water Survey data collected by VIMS, It represents a2 mean value, at a
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depth of 2m, for a 10km section of the York River centered on the study

transect,

Taking t=0 as the time of slack-before—ebb, the variation of the
density difference through a tide cycle under these different conditions
is plotted in Figs.6.1 and 6.2. A plot of the velocityf#iffctence is
included. in Fig.6.1. A positive value of Ap(t)‘indiﬁates that the
density in the channel is greater than that of tho the shoal. IXf there
is no phase difference betweon the channel and shoal, then the
expression for Ap(t) (equation 6.4) reduces to simple cosine function
which gives, as illustrated in Fig.6.1, maximum values of density
difference at times of minimum velocity and velocity shear. The larger
the velue of the amplitude difference, the more extreme the change in
Ap(t) through the tide cycle. The observed value of the amplitude
difference of the M2 tidal components between the channel and the north-
east shoal was 0.34 m/sec (refer TablelIV.4,p92). This is plotted in
Fig.6.1 as dashed line, A difference in the value of Ap,, the initial
density difference, will simply translate the curve up or down the Ap(t)

axis. It will not alter it's form,

Using the observed amplitude difference of 0.34 m/sec, but
including a phase difference, gives curves for Ap(t) which are not
significantly different (see Fig.6.2). Even a phase difference of 25°
which, for the M2 tidal component, répresents a8 time difference of 52
minutes, only alters the expected maximum negative value of Ap(t) by
0,06 kg/m : The observed phase difference between channol and shoal was

.
only -7 (refer Chapter 4)., The times at which these maximum negative
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values of Ap(t) occur are offset compared to the ‘no—phase’ case ~ if
the phase is positive they occur after, and if negative, before the time
of slack-before-flood. It would seem however that the amplitude.
difference plays a far greatex role in generating a density difference

that any phase difference.

Observations of the density differences between tﬁe shoals and main
channel in the York River display the same general trends as predicted
by the model. The density differences woere calculated by subtracting
the depth average density at 1,0m at the shoals (Stations 1 and 6), from
that of the main channel (Station 3). Thié was done for each tide hour,
and for each of ’'mean’' and ’spring’' tidal conditions, The results are
plotted in Fig.6.3. Maximum positive and negative values of Ap(t) do
occur at, or near, the times of minimum current —~-SBE and SBF. However
the form of the variation between these maxima shows a consistant
anomoly during the ebb tidal cycle. Instead of steadily decreasing to &
maximum negative value, the density difference drops rapidly to a local
maximum, followed by an increase for several hours before decreasing
sharply again, In other words, at slack-before-ebb the shoal is least
dense, but within an hour this trend is reversed and the least dense
water is found in the channel. This is so thfoughont the ebb cycle
although the density difference is minimal at times of maximum current.
With the exception of the density difference between the south-west
shoal and the channel under mean tide conditions (curve B,Fig.6.3a), the
tange.of observed variation is much greater than predicted. At spring
tides this can probably be attributed to a greater magnitude in (Ab-Aa).

As shown in Fig.6.3b, the demnsity difference between the south-west
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shoal and the channel et spring tides is greater than zero for all but
two and a half hours of the tidal cycle., That is, the density over this
shoal is almost slways less than the channel undexr these conditions.
This points to the influence of a Coriolis induced residual circulation
which superimposes additional density differences on those expected from

differential advection,

Difforences betweon the observations and the conceptual model used
here are to be expected because of the model's many simplifying
assumptions. In addition to the possible influence of residual
circulations, no account is taken of the possibility of lateral mixing
between watexrs of channel and shoal, inequalities in the duration of
flood and ebb cycles across the estuary or lateral differences in the
longitudinal density gradient. As s first approximation however it
would appear that the observed lateral density differences could be

explained by simple differential advection.

If this is so, then distinct density differences between channels
and shoals might be expected to occcur throughout not oanly the York
River, but other similar coastal plain estuaries. Such a lateral
density structure might influence other aspects of estuarine dynamics,
such as longitudinal dispersion, and allow tha formation of longitudinal

fronts,

By definition fronts represent the loccativn-of-a3 discontinuity inm
the horizontal disgtribution of water mass properties on the scale of

obsexvation (Denman and Powell,1984)., This means therefore that two
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differing water masses have to be brought into juxtaposition, or there
has to be a strong local gradient in mixing processes which would change
the characteristics of the water mass., In general when two such
dissimilar fluids are adjacent, horizontal mixing will operate to reduce
the gradients in water mass properties, In order to maintain a sharp
gradient or boundeary, advection of the water mass must overcome
diffusion. Water masses in estuaries are usually primarily
distinguished by their density characteristics and thus estuarine fronts
of all kinds may be delineated by a density difference across the
frontal boundary. This is very clearly so im river plume fronts where
the buoyancy difference is generated by a constant flux of brackish
river watex. In some estuarine fronts, such as the axial convergence
zones noted by Nunes and Simpson (1985), there may not be a marked
density difference at the frontal boundary, merely a discontinuity in

the velocity fields.

The observational evidence from the York River indicates that quite
strong fronts can occur even though the localized change in density
across the frontal boundary is small. Frequently these fronts occur at
the timos and locations of maximum lateral shear in the longitudinal
velocity., Presumably therefore, the locally high value of velocity
shear noted at the inner edge of the shoals augments the expected mean
value of the density difference between channel and shoal to such an
-extent that discontinnitigs in the density field occur. éuch condit ions
are favourable for the formation of fronts, Lateral pressure gradients
could then drive the surface convergent circulations which are gonerally

considered dynamically necessary to maintain a frontal boundary.
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If fronts occur when the density difference is greatest, then
fronts can be expected to occur at or near the times of minimum current.
This is true for slgck—befqrefebb. However fronts are very rarely seen
at the time of slack-before~flood — the time of maximum negative shear,
Why is this so, when the absolute density difference may be just as
great as at sl#ck—before-ebb? The answer would seem to be that not only
is a dengity shear necescary to produce fronts, but also a lateral
horizontal density distribution such that the associated pressure
gradients will generate convergent flows, The circulation inferred from
these pressure gradient were illustrated in Chapter 3 and are repeated
here in Fig.6.4. In general only the pressure gradients on the north-
eastern side of the river were considered to be of sufficient strength
to possibly generate circulations. These circulations are seen to be
convergent near slack-before—ebb and divergent near slack-before-—flood.
This is in accordance with observations of fronts in this part of the
York River, and suggests that the existance of convergent flows is not
necessary merely for the maintainence 6f fronts, but also for their

genesis,

As a further complication to this analysis of frontogenesis is the
vory freqnent.observation of fronts at the inner odge of the south-west
shoal during'the mid-part of the ebb tidal cycle (H3,H4,HS5 - see
Fig.5.3). At this time the difference between the depth average density
for the upper 1.0m at stations 6 and 5 is very small, and horizontal
pressure gradients between these stations are also very small, However
this location mﬁrks the transition betwsen a stratified and well mixed

weter column. This is clearly seen in the observations made at H3 on 7
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June, 1984 (Fig.6.5). Fronts are commonly found at such a boundary in
shallow shelf seas, and the longitudinal fronts in Delaware Bay
described by Klemas and Polis (1977) were found to occur, at least im

one instance, at a transition between stratified and mixed waters.

The goneral structure for such a front is depicted schematically in
Fig.6.6a, the density in the well-mixed zone being intermediate between
the upper and lower layers of the stratified zone. It has been observed
in many shelf-ses situations that the surface front is much less
pronounced than the bottom front (Van Heijst,1986). Although the
location of these tidal mixing fronts can be predicted using the emergy
criterion of Simpson and Munter (1974), understanding of their
frontogenesis and associated circulations is less well developed.
Garrett and Loder (1981) found, semi-analytically, that the cross-
frontal flow pattern has a two-cell stxructure as shown in Fig.6.6b,. The
circulation in the upper cel_l is expected to be weaker as the largest
horizontal density differences occur in the deeper parts of the water
column, Such & vertical variation in horizontal density differences was
noted also at the inner edge of the south-west shoal, The dynamics
used by Garrett and Loder (1981), however, incorporated rotation, and
therefore their results are not directly applicable to ostuaries. As
with the fronts noted at other times and places during the tidal cycle,
the maintainence of these fronts is very depgndnnt on the surrounding
vertical density structure. In estuarine envirbnments changes in this

structure may occur very rapidly, and therefore it is not suprising to



FIG.6.5 Isopycnals (0.5 sigma-t intervals)
between the inner edge of the south
west shoal and adjacent channel as
measured on 7 June, 1984.



a).

stratified frontal zone mixed

b)

FIG.6.6 a) a schematic diagram of a tidal
mixing front. (solid lines
represent isopycnals)

b) streamlines of cross-frontal flow,
dashed lines represent isopycnals.
(from Garrett and Loder, 1981)
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find that estuarine fronts have a relatively short time scale between

genesis and decay.

The lateral circulations associated with horizontal pressure
gradients, and at times ftoﬁ.ts. will act to enhance cross—estuary
mixing, Material which enters the estuary from the fringing marshes and
small tidal oreeks will be transferred from the shoals to the faster
flovinj weters of the chennel during certain times of the tidal cycle.
In this way the effective longitudinal dispersion of such material is
groatly increased., The idea ti:at shoals may ac;t as temporary storage
bas‘ins and thﬁs influence longitudinal mixing was first propo'sed by
Schijf and Schonfeld (1953). Similarities also exist in the coastal
ocean where the nearshore zone may be characterized by high turbidity
and lower salinity, The seaward boundary of this zone is often
delineated by front;. In a study off the Georgia coast, Blantonﬂand
Atkinson (1978) concluded that although the transfer of material
alongshore is dominated by the mean alongshore flow, the transfer of
material across the nearshore zone is due to the mean freshwater
discharge, tidally-induced fluxes and fluxes due to gravitational
o:i.renrlation. Tidally-varying and density—driven lateral circulations
aie quite possibly characteristic of many estuaries, and measurement of

their magnitudes an important topic for future estuarine research.



VII. SUMMARY AND CONCLUSIONS

The dens ity distribution across the York River is characterized by
distinct inhomogeneities, especially in the upper 2 meters of the water
column. The pattem of variability is repetative and closely correlatel
with the semi-diurnal tidal cycle and the water depth. In the shallower
areas the water column remains vertically well-mixed at all times. The
density differences are greatest at times of minimum curremts. At
slack-before~flood the least dense water is locatel in a shallow lens
over the main channel. Towards the end of the flood e¢ycle, and at
slack-before-ebb, this is reversed with the least dense water situated
over fhe,shoals. These density differences result in horizontal
pressure gradients which at times may be of sufficient strength to
generate lateral circulations. Such circulation patterns would form
zones of conver'éence or divergence across the estuary depending on the

particular density distribution.

In the shoal areas bottom frictionm plays a major role, not only in
providing sufficient turbulence to fully mix the water columm, but also
by reducing the longitudinal velocities. Lateral differences in the
strength of the associated advection processes result. This difference,
when acting upon & constant longitudinal density gradient, is of
sufficient magnitude to generate the observed lateral demnsity
differences.
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This lateral variability in demsity and velocity is not evenly
dis‘tributed across the estuary. Zones of large velocity and density
shear can be found, most notably at the inner edge of the shoals. At
this location also, lateral differences in density, and/or vertical
density structure, may generate estuarine fronts. The presence of these

fronts, although transitory, may further enhance lateral flows.

In conclusion therefore,vthis study has shown that differential
advection, and possibly mixing, between areas of “shoal” and “channel”
in partially-mixed estuaries may create distinct density differences
across the estuary. These density differences may then generate lateral

circulations and estuarine fronts.



LITERATURE CITID

Allen, C,M.,J.H.Simpson and R.M.Carson, 1980, The structure and
varisbility of shelf-sea fronts as observed by an CID system,

Oceanologica Acta, 3(1):59-68.

Aubrey, D.G. and P.B, Speer, 1985, A study of non-linear tidal
propagation in shallow inlet/estuarine systems, Part I:

Obgervations, Estuarine. Coastal and Shelf Science, 21:185-205.

Boicourt, W.C., 1982, The detection and analysis of the lateral
circulation in the Potomac River estuary, Chesapeske Bay Institute
Beporte.

Boon, J.D.,III and K.P. Kiley, 1978, Harmonic analysis and tidal
prediction by the method of least squares, Virginia Institute of
Marine Science, S.R.A.M.S.0.E. Report No. 186.

Bowden, K.F. and S.H, Sharaf-el-Din, 1966, Circulation and river
discharge in the Mersey Estuary, Geophvsical Journal of the Royal
Astrophysical Society, 10:383-399.

Bowman, M.J., 1978, Spreading and mixing of the Hudson River effluent
into the New York Bight. In: Hydrodynamics of Estuaries and Fjords,
ed,. Nihoul.

Brooks; Tc.Jo, 1983, York River slack water data report - temperature,
salinity and dissolved oxygen 1971-1980, VIMS Data Report #19.

Brubaker, J.M., 1982, Observations of the small-scale structure of a
coastal front. Dept. of Civil Engineering, Centre for Water
Research, Report # ED-82-016, Univ. of Westem Australia.

Cannon, GeA., 1969, Observations of motion at intermediate and large
scales is a coastal plain estuary, Chesapeske Bay Institute
Technical Beport #52.

Cheng, R.T. and J.W. Gartner, 1985, Harmonic analysis of tides and tidal
currents in south San Francisco Bay, California, Estuarine. Coastgl
and Shelf Science, 21:57-74.

Cromwell, T. and J.L. Reid. 1956, A study of oceanic fronts,Iellus,
8(1) :94-101.

Davis, BeE., J.E., Dufour, G.J. Parks and M.R. Perkins, 1982, Two
inexpensive current-following drifters, Scripps Institute of
Oceanography Beference Ko. 82-28.

137



138

Denman, K«Le, and T.M. Powell, 1984, Effects of physical processes on
planktonic ecosystems in the coastal ocean, Oceanopraphy, Marine
Biological Annual Review, 22:125-168.

Doyle, B.E. and R.E. Wilson, 1978, Latersl dynamic balance in the Sandy

Hook to Rockaway Point transect, Estuarine, Coastal Marine Science,
6:165-174,

Dyer, K.R., 1973, Estuaries: A Physical Introduction, Joln Wiley and
Sons, London.

Dyer, Ke.R., 1974, The salt balance in stratified estuaries, Estusrine,
Coastal and Maripne Science, 2:273-281.

Dyer, K«Be, 1977, Lateral circulation effects in estuaries. In:
Estuaries, Geophys:.cs and the Environment, Natmnal Academy of
Sciences, Washington, DC.

Dyer, Ko.R., 1982, Mixing caused by lateral intemal seiching within a

partially mixed estuary, Estuarine, Coastal and Shelf Science,
15:443-457,

Fearnhead, P.G., 1975, On the formation of froats by tidal mixing around
the British Isles, Deep Sean Research, 22:311-321.

I-‘:.scher, H.B., 1972, Mass transport mechanisms in partially stratified

estuaries, Journal of Filuid Mechanics, 53(4):671-687.

Fischer, H.B,, 1976, Mixing and dispersion in estuaries, Annual Review
of Fluid Mechapicg, 8:107-133.

Fischer, H,B., E.J. List, R.C.Y, Koh, J. Imberger, N.H. Brodcks, 1979,
Mixing in Inland and Coastal Waters, Academic Press, New York.

Garrett, CosJ+R. and J.W. Loder, 1981, Dynamical aspects of shallow sea

fronts, wwm:mmmmmﬂ.
A302:563~581.

Garvine, R.W., 1974a, Physical features of the Connecticut River outflow

during high discharge, Journal of Geophysical Research, 29(6):81-
846,

Garv:l.ne, RW., 1974b, Dynamics of small-scale oceanic fronts, Journal of
Bhysical Oceanography, 4:557-569.

Garvine, R.W., 1977. Observations of the motion field of the Connecticut

River plume, Journal of Geophysical Research, 82(3):441-454.

Garvine, R.W., 1979a, An integral hydrodynamic model of upper ocean
frontal dynamics: Part I. Developement and analysis, Journsl of

Bhysical Oceanography, 2:1-18.



139

Garvine, R.W., 1979b, An integral model of upper ocean frontal dynamics:
Part II. Phya:.cal characteristics and comparison with cbservations,

Journal of Physical Oceanggraphy, 2:19-35.

Garvine, R.W., 1980, The circulation dynamics and thermodyamics of upper

ocean density fronts, Jourpnal of Physical Oceancgraphy, 10:2058-
2081,

Garvine, R.W., 1981, Frontal jump conditions for models of shallow,
buoyant surface layer hydrodynamics, Tellus. 33:301-312,

Garvine, R.W., 1982, A gteady state model for buoyant surface plume
hydrodynamics in coastal waters, Tellus, 34:293-306.

Garvine, R.W., 1983, Stationary waves on oceanic density fronts, Deep

Sea Reseaxch, 30{3A):245-266.

Garvine, R.W., 1984, Rad:.al spread ing of buoyant surface plumes in
coastal waters, lnnmal_af_ﬁennhy.mnl..xmmh 89(¢2) :1989-1996.

Garvine, R.W. and J.D. Monk, 1974, Frontal structure of a river plume,

Journal of Geophysical Research, 79:2251-2259,

Godfrey, J.S. and Je. Parslow, 1975, Description and preliminary theory
of circulation in Port Hacking estuary, CSIRO Division of Fisheries
and Oceanography Report No. 67, Cronulla, Australia.

Haas, L.W., 1977, The effect of the neap-spring tidal cycle on the
vertical salinity structure of the James, York and Rappahanncck

Rivers, Virginia, U.S.A., Estuarine, Coastal and Marine Science,
2:485-496.

Hansen, D.V., 1965, Currents and mixing in the Columbia River estuary,

Engineering, 2:943-955.
Henderson, MJF., 1966, Open Channel Flow, MacMillan, New York.

Huzzey, L.M., 1982, The dynamics of a bathymetrically arrested estuarine
front, wund_&hﬂf_m:m 15:537-552.

Byer, P.V.,, A.Y. Kuo, CeS. Fang and W,J. Hargis,Jr., 1978, Hydrography
and Hydrodynamics of Virginia Estuaries XVII: Mathmatical ecosystem
modeling study of the York River, Virginia Institute of Marine
Science S.R.A.M.5.0. Report No. 205,

Iuberger, J., 1§76, Dynamice of a longitudinally stratified estuary,
L] - [] - '

3108-3117.

Ingram, R.G.. 1976, Characteristics of a tide-induced estuarine front,

-Inurnnl_n.t'_ﬁannlmmﬂ.l_hnmch 81:1951~1959.



140

Ingram, R.G., 1981, Characteristics of the Great Whale River plume,
Journal of Geophysical Research, 86:2017-2023.

James, I.Des, 1978, A note on the circulation induced by a shallow-sea

front. Estuarine,Coastal and Shelf Science, Z:197-202,

Kao, T.W., H-P, Pao and C. Park, 1978, Surface intrusions, fronts, and

internal waves: a numerical study. Journal of Geophysical Reseaxch,
83: 4641-4650.

Kao, T.W., C. Park and H-P. Pao, 1977, Buoyant surface discharge and
small-~scale oceanic fronts: a numencal study, Journal of
Geophysical Research, 82:1747-1752.

Klemas, V. and D,F, Polis, 1977, A study of density fronts and their

effect on coastal pollutants, Remote Sensing and Environment, £:95-
126.

Murray, S., D. Conlon, A.Siripong and J. Satoro, 1975, Circulation and
salinity distribution in the Rio Guayas estuary, Ecuador. In:
Estuarine Research II:345-363, ed.L+E. Cronin, Academic Press, New
York.

Murray, S., and A, Siripong, 1978, Role of lateral gradients and
longitudinal dispersion in the salt balance of a shallow, well-mixed
estuary. In: Estuarine Transport Processes, pp 113-124, ed.B.
Kjerfve, University of South Carolina Press.

Nichols, M., M. Kelly, G. Thompson and L. Castiglione, 1972, Sequential
photography for coastal oceanography , Virginia Institute of Marine
Science, SeReA.M.S5.0.E. Report No. 95.

Nichols, M., 1975, Southern Chesapeake Bay water color and circulation
analysis, Virginia Institute of Marine Science, S.R«A:M.S.0.E.
Report No. 96.

Nof, D., 1979, Generation of fronts by mixing and mutual intrusion,

Journal nf_lhujnnl_ﬂnmnmnnhy. 9:298-310.

Kunes, R.A. and J.H, Simpson, 1985, Axial convergence in a well mixed
estuary, Wﬂlﬁ.ﬁuﬂm 20:673-649.

O'Donnell. Je and R.W. Garvine, 1983, A time-dependant, two-layer
frontal model of buoyant plume dynamics, Iellus, 35A:73-80.

Officer, ©.B.,1976, Physical Oceanography of Estuaries (and Associated
Coastal Waters), John Wiley and Sons, New York.

Pingree, Re.De, 1978, Cyclonic eddies and cross—frontal mixing, Journal
of Marine Biol. Assn. of UK., 38:955-963.

Pingree, R.Des, G.R. Forster and G.K. Morrison, 1974, Turbulent

convergent tidal fronts, Journal of Marine Biol. Assp. of U.R.,
54:469-479,



141

Pingree, R.De. and D.K. Griffiths, 1978, Tidal fronts on the shelf seas

around the British Isles, Journal of Ceophvsical Reseamch,
83(C9) :4615-4622,

Pritchard, D.W., 1952, Salinity distribution and circulation in the
Chesapeake Bay estuarine system, Journal of Marine Regearch, 11:106~
123

Pritchard, D.W., 1954, A study of the salt balance in a coastal plain
estuary, lnumal_o.f_uame_nanam:nh. 13:133-144

Pritchard, D.W., 1956 The dynamxc structure of a coastal plain: est:uary.

Journal of Marine Regearch, 13:33-42
Proudman, J., 1953, Dynamical Oceanography, Joln Wiley and Sons, London.

Prych, E.A., 1970, Effect of density differences on lateral mixing ‘in
open—channel flows, Keck Laboratory of Hydraulics and Water
Resources, California Institute of Technology, Report No. KH-R-21.

Ruzecki, E.P., 1981, Temporal and spatial variations in the Chesapeaske
Bay plume. In: Chesapeake Bay Plume Study, Superflux 1980, NASA
Conference Publication 2188.

Ruzecki, E.P. and D.A. Evans, 1986, Temporal and spatial sequencing of
destratification in a coastal plain estuary. In: Tidal Mixing and
Plankton Dynamics, M«J. Bowman et.al. (eds), Springer—Verlag,
Berlin.

Schijf, J«B. and J.C. Schonfeld, 1953, Theoretical considerations on the
wotion of salt and fresh water, mﬁmﬂmal_uznn‘_ﬂxdxmlin
Research, Praceedings of the Minnesota HBydraulics Convention, pp
321-333.

Schumacher, J.D., TeHs Kinder, D.J, Pashinski and R.L. Chamell, 1979, A
structural front over the continental shelf of the Eastern Bering

Sea, Jgnrnn1_gf__hxa;snl.gnsannzxnnhx 9:79-87.

Simpson, J.H., 1971, Density sttucture and microstructure in the westem

Irish Sea, Deep Sea Research, 18:309-319.

Simpson, J.He, 1976, A boundary front in the summer regime of the Celtic
Sea, Estuarine, Constal and Marine Science, 4:71-81.

Simpson, J.H., C,M, Allen and N.C.G. Morris, 1978, Fronts on the

continental shelf, Journal of Geophypical Reseamh, 83(C€9):4607-
4613,

Simpson, J.Hs and D, Bowers, 1979, Shelf sea fronts” adjustments
revealed by satellite IR imagery, Nature, 280:648-651.

Simpson, J.Bs and D, Bowers, 1981, Models of stratification and frontal

movement in shelf seas, Deep Sea Research, 28(7):727-738.



142

Simpson, J.He, D.J. Edelsten, A. Edwards, N.C.G. Morris and PF.B. Tett,
1979, The Islay front: physical structure and phytoplankton
distribution, Estuarine. Coastal and Marine Science, 9:713-726.

Simpson, J.H. and J.R. Hunter, 1974, Fronts in the Irish Sea, Nature,
250:404-406 .

Simpson, J.H, and R.A., Nunes, 1981, The tidal intrusion front: an

estuarine convergence zone, mw_mgm.
13:257-266.

Simpson, J.H. and W.R. Turrell, 1985, Convergeant fronts in the
circulation of tidal estuaries, paper presented at 1985
Intermational Estuarine Research Federation conference, Hew
Hampshire.

Smith, R., 1980, Buoyancy effects upon longitudinal dispersion in wide

well-mixed estuaries, Philosophical Transactioms of the Royal
Society, London, A296:467—496.

Stigebrandt, A., 1980, A note on the dynamics of small-scale fronts,

Geophysice, Astropbysics and Fluid Dypamics, 16:225-238.

Stommel, H.. 1953 The role of dens:l.ty currents in eatuar:.ea.
A D : n g H Regean Y 305-‘312-

Sumer, S.M. and H.B, Fischer, 1977, Transverse mixing in partially

stratified flow, ASCE Journal of Bydraulics Division, H{6:587-600.

Uncles, ReJe, ReCeA. Elliot and S.A. Weston, 1984, Lateral distributions
of water, salt and sediment transport in a partly mixed estuary,
paper presented at: Coastal Zone Engineering Conference, Houston.

Ue.Se Dept. of Commerce, 1983/4/5, Tidal Current Tebles 1983
(1984)(1985) : Atlantic Coast of North America, National Ocean
Service, Rockville, Maryland.

Van He:._]at:, G.J.F., 1985, A geostrophic adjustment model of a tidal
mixing fromnt, Inuml_nf_lhzam_ﬂnennmaphy. 15:1182-1190.

Wang, D-P,, 1984, Mutual intrusion of a gravity current and demsity

front formation, Journal of Phygical Oceancgraphy, 14:1191-1199.

Welch, C.5., 1979, The evidence for an inviscid core in some coastal
plain estuaries, paper presented at: International Symposium on the
Effects of Nutrient Enrichment in Estuaries, Williamsburg.

West, J.R. and J.S. Mangat, 1986, The determination and prediction of
longitudinal dispersion coefficients in a narrow, shallow estuary,

Estuarine, Coagtsl aod Shelf Science, 22:161-18l.

Wolanski, E. and P. Collis, 1976, Aspects of the aquatic ecology of the
Hawksbury River. I. Hydrodynam:.cal processes, Australiasn Journal of
Yarive apd Freshwater Research, 27(4):565-582.



143

Wright, L.Ds and J.M. Coleman, 1971, Effluent expansion and interfacial
mixing in the presence of a salt wedge, Mississippi River delta,

Journal of Geophvsical Research, 16(36):8649-8661.



144

VITA

" Born in Mansfield Australia; 14 September 1954, Graduated from
Wangaratta High School in 1970. Recieved B.Sc.(Honours), with a major
in Geology/Geography, from the University of Melbourne, Australia in
1974, Recieved M.Sce. from the University of Sydney, Australia in 1982,
Thesis topiec: Circulation associated with topographically-arrested
fronts, Port Hacking, New South Wales. Entered doctoral program at the

College of William and Mary, School of Marine Science in 1981,



