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The Formation of Longitudinal Fronts in a Coastal Plain Estuary

Linpa M. Huzzey! AND JOHN M. BRUBAKER

Virginia Institute of Marine Science, School of Marine Science, College of William and Mary, Gloucester Point, Virginia

Longitudinal estuarine [ronts, aligned parallel to the axis of the estuary, are characteristic of the York
River. Their time scale for genesis and decay is of the order of hours; they are usually located at the inner
edge of the shoals or over the main channel. Field measurements have shown marked intratidal differ-
ences in density and current speeds across this estuary. These can be correlated with changes in depth
and the strength of the advective processes. Differential advection between the channel and shoal regions,
when acting upon a constant longitudinal density gradient, is shown to be of sufficient magnitude to
generate strong lateral density gradients, and thus fronts, at particular times within the tidal cycle.

INTRODUCTION

Fronts are common and readily apparent features of many
estuaries. The surface convergent circulations associated with
these features bring foam and other floating debris into a line
along the position of the front. Within estuaries, fronts are
very often aligned longitudinally, parallel to the estuarine axis
or main channel. An extensive network of such fronts in the
Delaware Bay and their sequential position through a tidal
cycle was reported by Klemas and Polis [1977]. Bowman and
Iverson [1978] proposed that lateral shear is important in
maintaining these fronts. Similar features have been observed
in the Port Hacking estuary [Godfrey and Parslow, 1975] and
in the lower Chesapeake Bay and its tributaries [ Nichols et al.,
1972]. Longitudinal estuarine fronts of this type can also be
found in the York River estuary, a partially mixed coastal
plain estuary located on the western shore of the Chesapeake
Bay. They exist for periods of up to 2 hours in any given
location and are generally less than 4 km in length. Their
surface position is marked by a foam line, sometimes nested
within a broader slick zone. Figure 1 illustrates the position of
fronts noted in two successive aerial surveys on April 1, 1983.
The York River is characterized bathymetrically, throughout
much of its length, by having one main and relatively straight
channel bordered by extensive shoal regions. The fronts ob-
served here are generally aligned with the direction of the
main channel and located near the inner edge of the shoals.
The aim of this investigation was to examine the mechanism
by which such fronts may be lormed.

METHODS

The orientation, location, and relatively short time scale for
genesis and decay of these fronts suggest their dynamics to be
a result of the intratidal and lateral dynamic balance. To
evaluate this, density and velocity measurements were made
across a selected lateral transect. The location of the study
transect was chosen to be in a straight reach of the estuary,
removed from the influence of channel bends and tributaries.
The density distribution was determined by a series of
conductivity-temperature-depth (CTD) measurements made
hourly, throughout a tidal cycle, at six stations across the
transect (Figure 2). Sampling was repeated during 11 different

! Now at U.S. Geological Survey, Menlo Park, California.

Copyright 1988 by the American Geophysical Union.

Paper number 7C0873.
0148-0227/88/007C-0873%05.00

tidal cycles, encompassing times of spring, mean, and neap
tides, during May 1983 and May—June 1984 [Huzzey, 1988].
The magnitude and direction of currents were measured using
four General Oceanics current meters deployed at three lo-
cations across the estuary (Figure 2), from April 15 to May 21,
1985. At the two shoal stations, current meters were suspend-
ed from an arm which protruded at right angles to a pole set
upright in the bed. They were positioned 1.5 m below mean
low water (MLW). In the channel a regular taut wire mooring
was used with meters positioned at 40 m and 7.9 m below
MLW. The sampling interval was 15 min. The records were
analyzed to determine the phase and amplitude differences of
the longitudinal currents across the study transect [Huzzey,
1986].

Additional information on current velocities was obtained
from drogue tracking experiments conducted in a 3.2-km
reach surrounding the study transect during April 1985. The
drogues used were neutrally buoyant current drifters [ Davis et
al., 1982]. Up to four drogues at one time were released at
positions across the estuary between the main channel and an
adjacent shoal. Their subsequent locations were determined,
using LORAN C, every 10-20 min.

RESULTS

The CTD measurements revealed a significant and cyclical
variation in density across the estuary through a tide cycle.
Stratification was restricted to the main channel; the shoal
regions remained relatively well mixed at all times. Laterally,
however, distinct density differences were observed between
the water over the shoal regions and that of the main channel.
These density differences were greatest at or near times of
slack tide and least during maximum flood or ebb current.
Figure 3 illustrates the changes in lateral density structure
through the tidal cycle. For purposes of analysis, the tide cycle
was divided into 12 tide hours, hour 1 (H1) being taken as the
time of slack before ebb, hour 7 being the time of slack before
flood, and maximum currents occurring therefore at hour 34
(ebb) and hour 9-10 (flood). The data for each hour was stan-
dardized by subtracting the section-averaged density; then
values for similar times and tidal ranges were combined and
averaged (for more details see Huzzey [1988]). As can be seen
from Figure 3, the regions of maximum lateral density gradi-
ent are located at the inner edge of the shoals where the
bathymetry shows a distinct break in slope. The baroclinic
component of the horizontal pressure gradient was calculated,
as a simple linear gradient between adjacent CTD stations, at
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York River

.~ Front

Fig. 1. The positions of fronts in the York River observed during
an aenal survey, April 1, 1983, at (a) 1247-1315 EST (late flood) and
(b) 1525-1600 EST (early ebb).

0.25-m depth increments for each of the hourly sections. These
gradients were found to be of the order of 0.01 to 0.1 kg m 2
§72

The phase difference across the study transect was deter-
mined using cross-spectral analysis between pairs of current
meter records [Huzzey, 1986]. The results indicate that the
currents at the dominant (semidiurnal) frequency in the
channel (station CM2U) lead those on the northeast shoal
(CM1) by no more than 14 min and are essentially in phase
with those on the southwest shoal (CM3). Although there is
negligible difference in phase, there is considerable difference
in amplitude of the tidal currents between the channel and
shoals. This is illustrated by both the current meter records
and drogue releases (Figure 4). The average observed flood
currents during the measurement period at station CM2U
were approximately 0.38 m s~ !, while those at station CM1
and station CM3 were 0.18 m s~ and 0.20 m s~ !, respec-
tively. This indicates a reduction in flood velocities between
the channel and the shoals of up to 53%. The change is even
greater during the ebb cycle, with average ebb velocities at
stations CM1, CM2U, and CM3 of 0.13, 0.41, and 0.19 m s~ !
respectively. This relation between current speeds and water

Huzzey AND BRUBAKER: LONGITUDINAL FRONT FORMATION IN ESTUARY

depth is consistent with observations of currents in south San
Francisco Bay [Cheng and Gartner, 1985] and can be at-
tributed to frictional attenuation. Calculating the temporal
variation in the velocity difference between the channel and
stations CM1 and CM3 on the shoals reveals an oscillatory
difference essentially in phase with the channel velocity. This
velocity difference is minimal near times of slack water; maxi-
mum velocity differences occur at times of maximum current.

The drogue track lines in Figure 4 similarly illustrate the
large difference in current speeds between the shoals and
channel. The drogue positions at 30-min intervals along the
path lines are marked. On April 18 (Figure 4a), over a 1-hour
period the drogue in the channel (A) traveled almost twice as
far as drogue C, located in approximately 3 m of water. The
track lines obtained on April 23, 1985 (Figure 4b) suggest that
the region of maximum lateral gradient of the longitudinal
velocity is in the vicinity of the 2-m isobath. On several oc-
casions the drogues, while continuing to move longitudinally,
were also carried laterally across the estuary for distances of
up to 100 m and became trapped in a frontal zone (Figure 5).
As noted by observations throughout these field studies, fronts
occur most frequently at the inner edge of the shoals and over
the main channel (Figure 5) and between late flood (H10) and
early ebb tide (H3).

Using the least squares method of harmonic analysis [Boon
and Kiley, 1978], the amplitude of the M, tidal component
was estimated to be 0.58 m s~ ! at station CM2U and 0.24 m
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Fig. 2. Location of (a) the study site and (b) the CTD and current
meter stations across the study transect.
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Fig. 3. Standardized cross-sectional density distribution through

the tidal cycle for mean tide conditions. H1 refers to tidal hour 1 etc.;
isopycnals are in 1.0 ¢, intervals.

s~ ! at station CM1. Owing to some data loss and the require-
ments for a 29-day record, the data from station CM3 could
not be analyzed in this way. Asymmetry in the duration and
magnitude of the flood and ebb portions of the tidal cycle was
observed at station CM1, which may indicate the greater in-
fluence of shallow water tides, the M, and M, harmonics, at
that station [Aubrey and Speer, 1985]. The M /M, ratio at
station CM1 was 0.16, while in the channel, at station CM2U,
it was only 0.09.

DiscussION

The density distribution within any estuary is a result of
both advective and mixing processes. Differences in the mag-
nitude of advection and the amount of turbulent mixing can
be correlated with changes in depth. In shallow areas, bottom
friction would act not only to vertically mix the water column
but also retard current speeds. Observations made in the York
River have shown that the water column over the shoals re-
mains vertically homogeneous throughout the tidal cycle, the
inner edge of the shoal acting as a boundary between well-
mixed and partially stratified regimes. Furthermore, a marked
difference in the magnitude of the tidal currents over the
shoal, compared with those in the channel, was noted. Ne-
glecting diffusive processes and assuming that the density dis-
tribution is simply due to advection in the longitudinal direc-
tion, we can consider the observed lateral density distribution
that would result from differential advection between the
channel and shoal regions of the estuary. Under these assump-
tions the density at any given location is described by (with x
positive down-estuary)

dp dp
ar T hax =0 M

where dp/0x is the longitudinal density gradient and « is the
longitudinal velocity component. Assume that the current at
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two locations across the estuary oscillates at the same fre-
quency w but with different amplitude and phase, specifically,
u,(t) = A, sin wt over the main channel and u,t) = 4, sin
(wt + o) over the shoal. If the longitudinal density gradient is
constant throughout the region under consideration, then the
density at any point undergoes a simple oscillation 90° out of
phase with the longitudinal current. The expected density dif-
ference between the channel and shoal will be

d
Ap(t) = &~ 53[(A,,z — 24,4, cos a + 4,72
X

ccos(wt—yY)]+Ap (2

where y = arctan (4, sin o/4, — 4, cos a), and the overbar
indicates a time average over one period.

37°24')
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76°4Y7

76°37°

Fig. 4 Drogue track lines in the vicinity of the study transects.
Dots on the lines represent 30-min intervals; isobaths are in meters.
(a) April 18, 1985. (b) April 23, 1985.
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Fig. 5. The path lines of two drogues around the time of slack
before ebb on April 4, 1985. A front formed within 10 min of the
beginning of the ebb, drawing the drogues toward its position (see
inset). Fronts occur frequently at this location and at the inner edge of
the shoals.

If there is no phase difference between the channel and
shoal, this formulation reduces to a simple cosine function
which has extreme values of density difference at times of
minimum velocity and velocity shear. The magnitude of the
density difference oscillation is proportional to the difference
in current amplitudes, 4, — 4,. When o is nonzero, both the
magnitude and phase of Ap are modified. To illustrate the
relative role of current amplitude and phase differences on the
resulting oscillation of density difference, it is convenient to
form a nondimensional density difference d, representing the
variation of Ap about its mean value, scaled by the amplitude
of the density oscillation at the channel location:

__Ap—=bp _ 2)1/2 -

(A jo)op/ox (1 —2r cos a + r#)''* cos (wt — ) 3)
where r = A4,/4,. The behavior of this function for slight
{r = 0.8) and for substantial ( = 0.4) attenuation of currents
over the shoal is shown in Figure 6. For r = 0.4, the influence
of a significant phase difference, 30° (representing a time differ-
ence of approximately 1 hour for the M, tidal component) is
relatively minor. However, for r = 0.8, the same phase differ-
ence in currents causes a 52° phase shift in the Ap oscillation
and an increase in its amplitude by a factor of 2.5 relative to
the a = O curve. The ratio 4,/A, for the York River, taking A4,
and A4, to be the amplitudes of the M, tidal current at CM1
and CM2U, respectively, has a value of 0.41.

Observations of the density differences between the shoals
and main channel in the York River display the same general
trends as predicted by equation (2). The density differences
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were calculated by subtracting the depth average density over
the upper 1.0 m at the shoals (CTD stations 1 and 6) from that
of the main channel (station 3). This was done for each tide
hour, and for each of mean and spring tide conditions. The
results are plotted in Figure 7 where ¢ = 0 is taken as the time
of slack before ebb. The predicted distributions for Ap(), as-
suming zero phase difference and the M, tidal frequency and
using observed values of A_p, A, and A4,, are also plotted. A
value of dp/dx was obtained from the York River Slack Water
Survey (Virginia Institute of Marine Science, unpublished
data, 1983, 1984, 1985). Maximum positive and negative
values of Ap do occur at, or near, the times of minimum
current. However, the form of the variation between these
maxima shows a consistent anomaly during the ebb tidal
cycle. With the exception of the density difference between the
southwest shoal and the channel under mean tide conditions
(Figure 7a), the range of observed variation is slightly greater
than predicted. As is shown in Figure 7¢, the density difference
between the southwest shoal and the channel at spring tides is
greater than zero for all but 2.5 hours of the tidal cycle. That
is, the density over this shoal is almost always less than the
channel under these conditions.

Despite the model’s many simplifying assumptions, there is
close agreement between the predicted and observed lateral
density differences which suggests that the observed intratidal
changes in lateral density distribution can be explained, at
least to the first order, by simple differential advection. A
similar result was obtained by Sarabun [1980]. With no phase
difference across the estuary, this results in periods of maxi-
mum lateral density gradient at times of minimum longitudi-
nal velocity.

Horizontal pressure gradients associated with these density
distributions may drive lateral circulations between the
channel and shoals. During the latter part of the flood, and at
slack before ebb, horizontal pressure gradients will be directed
from the central part of the estuary towards the banks
[Huzzey, 1988]. At H12 (mean tides), such pressure gradients
could induce a lateral circulation which would be surface con-
vergent in the vicinity of the junction between the main
channel and northeast shoal (Figure 8). This is also the time
and location when distinct fronts can be observed. At slack
before flood, the freshest water is at the surface over the main
channel and the horizontal pressure gradients are oppositely
directed, creating a zone of surface divergence across the

T 27
wt

Fig. 6. The distribution of the dimensionless density difference,
according to equation (3), assuming an amplitude ratio r of 0.4 and
0.8 and a phase difference « of 0° (solid lines) and 30° (dashed lines).
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Fig. 7. Observed and predicted density differences between the channel and shoals for (@) channel-southwest shoal,
mean tides; (b) channel-northeast shoal, mean tides; (c) channel-southwest shoal, spring tides; and (d) channel-northeast

shoal, spring tides.

channel. Fronts are generally absent from the estuary at this
time.

Fronts represent the location of a discontinuity in the hori-
zontal distribution of water mass properties on the scale of
observation [Denman and Powell, 1984]. This means therefore
that two differing water masses have to be brought into juxta-
position, or there has to be a strong lateral gradient in mixing
processes which would change the characteristics of the water
mass. Water masses in estuaries are usually distinguished by
their density, and quite large density differences have been
observed across some river plume fronts [Garvine and Monk,
1974; Ingram, 1981]. In other 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. As was noted
earlier in the Delaware Bay, fronts are frequently located at
the transition between a vertically well-mixed and a partially
stratified regime.

Longitudinal fronts in the York River are formed when
differential advection of the longitudinal density gradient gen-
erates distinct differences in the density of the shoal and
channel waters. At such times the horizontal pressure gradi-
ents, acting over a distance much greater than the width of the
frontal zone, drive lateral circulations. The associated lateral
flows, although small, may be of sufficient magnitude to gener-

ate surface convergence, as is evidenced by the drogue experi-
ments and the existence of foam lines. When the longitudinal
velocities increase once again and thus become much greater
than the lateral flows, and/or redistribute the density so that
the horizontal pressure gradients are reduced, these fronts will
decay. Field observations indicate that this can occur quite
rapidly.

Differential advection was similarly found to generate axial
convergence zones in several small and well-mixed estuaries
[Nunes and Simpson, 1985]. Pressure gradients produced sur-
face convergent circulation cells during the flooding tide, the
cells extending over the full width of the estuary, and having
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Fig. 8. Horizontal pressure gradients and possible lateral circula-
tion cells at H12, mean tides.
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lateral velocities as great as 10 cm s~ ' [Simpson and Turrell,
1986]. The estuaries studied by Simpson and his coworkers
are small, but the velocity shear across the estuary they ob-
served may be equally important in larger and more complex
systems. In the York River the greatest density differences
were noted at the boundary between the shoal and channel,
suggesting that the shear may be locally maximized at that
location. Similar differences in the density and velocity over
the shoals and channels may be characteristic of other coastal
plain estuaries and may be of great importance to the genesis
of longitudinal estuarine fronts.

CONCLUSIONS

The York River is characterized by distinct differences, lat-
erally, in density, and in magnitude of the longitudinal flows.
Density differences can be closely correlated with the semi-
diurnal tidal cycle and the water depth. In the shallower areas
the water column remains relatively well mixed at all times.
The density differences between the shoals and channel are
generally greatest at times of minimum currents. Lateral dif-
ference in current magnitude, and thus the strength of the
advective processes, when acting upon a constant longitudinal
density gradient, is sufficient to generate the observed lateral
density gradients. When the density differences are greatest,
longitudinal fronts are formed, their associated convergent
flows driven by horizontal pressure gradients acting over a
distance greater than the width of the frontal zone.

Lateral variability may be characteristic of many coastal
plain estuaries where there are great changes in depth across
the estuary. Longitudinal estuarine fronts and other lateral
circulations may result and, despite their transitory nature,
play an important role in the intratidal dynamics.
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