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Abstract Microstructure and current velocity measurements were collected at a cross-channel transect
in the James River under spring and neap tidal conditions in May 2010 to study cross-estuary variations in
vertical mixing. Results showed that near-surface mixing was related to lateral circulation during the ebb
phase of a tidal cycle, and that the linkage was somewhat similar from neap to spring tides. During neap
tides, near-surface mixing was generated by the straining of lateral density gradients influenced by the
advection of fresh, riverine water on the right side (looking seaward) of the transect. Spring tide results
revealed similar findings on the right side of the cross section. However, on the left side, the straining by
velocity shears acted in concert with density straining. Weak along-estuary velocities over the left shoal
were connected to faster velocities in the channel via a clockwise lateral circulation (looking seaward). These
results provided evidence that in the absence of direct wind forcing, near-surface vertical mixing can occur
from mechanisms uncoupled from bottom friction.

1. Introduction

The spatial distribution of vertical mixing affects the exchange flow, stratification, residence time, and scalar
transport in estuaries [e.g., Geyer et al., 2008]. Vertical mixing can be generated in regions of the water col-
umn with increased vertical gradients in horizontal velocity. These vertical gradients are most often found
near the bottom, where flow interacts with the boundary, or near the surface, from wind stress. While verti-
cal shears in velocity promote mixing, vertical stratification of water density acts to inhibit it [Turner, 1973].
When compared to stratified and well-mixed estuaries, partially mixed or weakly stratified systems feature
the most robust exchange flow, which is driven by horizontal density gradients promoted by vertical mix-
ing. Therefore, it is essential to understand the mechanisms behind vertical mixing at various temporal and
spatial scales.

Peters [1997] explored the spring to neap and intratidal variability of vertical mixing in the Hudson River.
During neap conditions, the largest vertical eddy diffusivity values occurred at maximum flood, confined to
the portion of the water column underneath the pycnocline. However, during spring tides, the largest verti-
cal mixing extended throughout the water column by the end of ebb. The measurements supporting those
results were collected over the deepest part (the channel) of the estuary. Collignon and Stacey [2013] built
upon those observations by examining the turbulence dynamics at a channel-shoal transition in South San
Francisco Bay, under partially mixed conditions. They found enhanced turbulence near the surface during
late ebb, influenced by lateral flows. Their analytical framework evaluated various lateral flow mechanisms
and their influence on water column stability. Their main findings were that lateral straining of density and
velocity shears were the principal water column destabilizers.

The objective of the present investigation was to extend these previous findings in two ways. The first goal
was to examine near-surface water column stability across the channel and determine whether the same
mechanisms responsible for mixing in the channel extended to the shoals. The second goal was to provide
dissipation rates of turbulent kinetic energy (TKE) and values of vertical eddy viscosity derived from micro-
structure measurements, comparing to the acoustic techniques in Collignon and Stacey [2013]. This investi-
gation demonstrates that near-surface vertical mixing during the ebb phase was indeed linked to lateral
circulation. However, the destabilizing mechanisms varied across the estuary. Next, a background on lateral
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circulation in partially mixed estuaries is reviewed to lay the foundation for understanding how lateral flows
can be linked to near-surface mixing.

1.1. Lateral Circulation
Lateral circulation, sometimes referred to as secondary circulation, describes the across-channel flows that
develop in estuaries. These lateral flows are typically smaller than the along-channel component, typically
only 10% of the along-channel currents [Lerczak and Geyer, 2004]. However, they can still influence the
along-channel dynamics. Lerczak and Geyer [2004] used numerical simulations to show that lateral circula-
tion was about four times stronger during flood tides than ebbs. They indicated a flood/ebb asymmetry
that was influenced by tidal variations in stratification and feedback between lateral flows and along-
channel dynamics.

There are several mechanisms that govern lateral flows, including Coriolis acceleration, friction, flow curva-
ture, and lateral density gradients [Chant, 2010]. Li et al. [2014] developed a technique to evaluate these
mechanisms through the streamwise vorticity. They used numerical simulations in a tidally driven estuarine
channel under a variety of conditions to determine the key mechanisms. They found that in estuaries of
intermediate widths with Earth’s rotational effects, lateral Ekman forcing governed flows in the bottom
boundary layer. Lateral Ekman forcing, which represents the tilting of planetary vorticity, induced a one-cell
lateral circulation that switched direction with the phase of the tide. The vorticity budget exposed a three
way balance among the tilting of planetary vorticity by vertical shear in along-channel currents, lateral baro-
clinicity, and turbulent diffusion. The lateral circulation varied with estuarine width, producing two counter-
rotating cells in dynamically narrow estuaries, and one vortex focused on the left side (looking into the estu-
ary) in dynamically wide estuaries. The observations described in this study are placed in the context of
those theoretical findings.

1.2. Study Area
This investigation took place in the James River, which is the southernmost tributary to the largest estuary
in the United States, the Chesapeake Bay. The mean annual discharge of the James River in 2010 was
198 m3/s, according to the United States Geological Survey. The system is considered a coastal plain estuary
with a partially mixed water column [Shen and Lin, 2006], featuring density values that range from
1006 kg/m3 near the surface to 1018 kg/m3 near the bottom. Spring tidal amplitudes are approximately
0.45 m, while neap amplitudes are 0.2 m and both primarily semidiurnal. The typical residual circulation is
vertically and laterally sheared, featuring landward flow near the bottom in the channel, and seaward flow
near the surface and from surface to bottom over shoals [Valle-Levinson et al., 2000]. The Chesapeake Bay
region has intermittent pulses of wind lasting 2–7 days [Li et al., 2005]. A seasonal pattern yields dominant
southward wind during winter months (November to February) and northward winds during summer
months.

During this experiment, the Stokes number, Stk, representing the ratio of friction to local acceleration [e.g.,
Huijts et al., 2006; Souza, 2013], varied intratidally from <1 to >6 from ebb to flood phases. The James River
was observed to be periodically stratified, consistent with an average horizontal Richardson number, Rix, of
0.7. However, this value varied above and below 1 throughout the experiment. The James River features a
moderate dynamical width and moderate friction. The moderate width is given by a Kelvin number (ratio of
basin’s width to internal Rossby radius) K � 1. The moderate friction, in turn, is indicated by an Ekman num-
ber (ratio of frictional to Coriolis effects) of Ek 5 0.15 [Valle-Levinson, 2008]. This study was carried out along
a 2 km transect approximately 20 km landward of the mouth (Figure 1a). A cross section looking seaward
reveals that the bathymetry consists of a 10 m deep channel bisecting two 4–6 m shoals (Figure 1b). In this
cross section, the bathymetry south of the channel features a gently sloping incline that connects the south
shoal to the channel.

This presentation begins with an outline of the data collection and processing techniques. Section 3 follows
with a description of observations and is divided into Spring and Neap Tide Conditions subsections. Within
each of these subsections, observations exploring vertical mixing are provided showing the lateral variabili-
ty across the estuary. Also, the competition between stratification and velocity shear is studied through
Richardson numbers, where Collignon and Stacey’s [2013] analytical framework is used to explore the
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influence of lateral circulation on
water column stability. Vertical
mixing results are placed in the
context of lateral variability in
section 4, after which the
main message is presented in
section 5.

2. Methods

A field campaign had the pur-
pose of determining the tempo-
ral variability in the lateral
structure of vertical mixing dur-
ing a neap and a spring tide in
May 2010. Profiles of velocity
and hydrography were collected
on 5 and 7 May (neap) and 25
and 27 May (spring) 2010, across
a 2 km transect for one tidal
cycle (�12.4 h). Velocity meas-
urements were obtained with a
1200 kHz RDI Acoustic Doppler
Current Profiler (ADCP), pointing
downward on a 1.2 m catamaran
that was towed alongside of a
boat at speeds of 1.5–2 m/s. The
ADCP sampled at 2 Hz with a
0.25 m vertical resolution rang-
ing from 0.5 to 10 m depth.

In addition to the ADCP, a Self-
Contained Autonomous Micro-
structure Profiler (SCAMP) by
Precision Measurement Engi-
neering (PME) was deployed

repeatedly at four locations across the estuary. The instrument descended at 10 cm/s and collected temper-
ature and conductivity measurements at 100 Hz. The four hydrographic stations, denoted by red circles in
Figure 1b, were selected to represent two shoals, the deepest section of the channel, and a gently sloping
inclination that connected the south shoal to the channel. Hydrographic measurements were collected
hourly as the ADCP sampled continuously. The fundamental theory behind the calculation of vertical mixing
from the above mentioned measurements is outlined next.

2.1. Mixing Theory
The objective of this study was to ascertain variations in vertical mixing from channel to shoal across an
estuary and to determine whether fortnightly variability modulated the distribution. The momentum bal-
ance in the along-estuary direction x is:

@�u
@t

1�u
@�u
@x

1�v
@�u
@y

1w
@�u
@z

2f �v52
1
q
@P
@x

2
@

@z
u’w’
� �

(1)

where x is along-estuary direction, y is across channel, z is vertical, t is time, �u, �v , and �w are the Reynolds-
averaged along-channel, cross-channel, and vertical velocity, respectively; f is the Coriolis parameter; qo is
a reference density; P is pressure, and u0 and w0 are the fluctuating components of along-channel and ver-
tical velocities. The first term on the left-hand side (LHS) of equation (1) represents the local changes in
velocity, while the second, third, and fourth terms represent the advective accelerations. The remaining

Figure 1. (a) Study area map of the James River. Black line denotes transect, and white
arrow represents the perspective of results (i.e., looking seaward). (b) Cross section of tran-
sect displaying bathymetry. Red circles represent the four hydrographic station locations.
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term on the LHS is the Coriolis
acceleration. On the right-hand
side (RHS), the first term
denotes forces per unit mass
caused by pressure gradients,
while the remaining term is the
leading order term of the Reyn-
olds stress u’w’ divergence,
which denotes frictional effects.
Horizontal diffusivity of momen-
tum (friction, or the other stress
divergence terms) is neglected
because the estuary is shallow;
the horizontal length scales are
much larger than the vertical
length scales [Nihoul and
Jamart, 1987; Sinha et al., 2010].

The Reynolds stresses can be parameterized using a vertical eddy viscosity, AZ, and the vertical gradient in
Reynolds-averaged velocity:

u0w0 5 2Az
@u
@z

(2)

The vertical eddy viscosity Az can be calculated in stratified estuaries [Kay and Jay, 2003] using Osborn’s
[1980] parameterization, given by the product of a mixing efficiency, mef, times the ratio of turbulent kinetic
energy (TKE) dissipation, e, to squared vertical shear, S25 @u
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Values in the vertical shear estimates that were smaller than the velocity resolution of the ADCP
(@u
�
@z <

1 cm=s
�

25 cm < 0:0004 m=s) were removed and linearly interpolated. Estimates of e (numerator in
equation (3)) were obtained from Batchelor fits [Batchelor, 1959]. Following the method of Ruddick et al.
[2000], the temperature gradient spectrum was fit to the theoretical Batchelor spectrum, SB, which is a uni-
versal passive scalar spectrum (for an example fit, see Figure 2):
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where q is a universal constant taken to be 3.4 [Ruddick et al., 2000], kB is the Batchelor wavenumber, Dt is
the diffusivity of temperature (1.4 3 1027 m2/s), k is the wave number in rad/m, and vh if the dissipation of
temperature variance, which can be determined from integrating the observed temperature gradient
spectrum.

Values of kB were obtained from the fit and used to estimate e with the molecular viscosity of water, m:

e5kB
4mDt

2 (5)

The fits were conducted using the SCAMP processing software, which implemented a maximum likelihood
spectral fitting approach [Ruddick et al., 2000]. Fits were applied to segments consisting of 256 scans, repre-
senting �0.25 m bin sizes. For details on the uncertainty associated with segment sizes, see Appendix A.
Poor fits were identified by large R values (spectral fit criterion outlined in Ruddick et al. [2000]), which
occurred before the instrument reached a constant decent rate of �0.10 m/s. Therefore, measurements col-
lected at depths shallower than 1 m were not usable in estimating e.

The efficiency of mixing (equation (6)) by a turbulent flow is calculated from the flux Richardson number, Rf.

Figure 2. Example fit of the observed temperature gradient (blue) to the Batchelor spectrum
(red). Green represents the noise spectrum. v is the dissipation of temperature variance and
R is a spectral fit criterion, where large values (i.e., greater than 3) indicate poor fits.
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mef 5
1

12Rf
(6)

where Rf represents the ratio of the buoyancy term to the shear production term in the TKE budget. The
Richardson number (equation (7)) represents the ratio of buoyancy frequency, N252

g q
@q=

@zð Þ= where q is a
density, to squared vertical shear (given in equation (3)).
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N2
.
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(7)

Values of Rf can be estimated by using a turbulent Prandl number, Prt, and Ri (equation (8)).

Rf 5Ri Prt (8)

Tjernstrom’s [1993] parameterization (equation (9)) was used to estimate a flux Richardson number by deter-
mining Prt as a function of Ri.

Prt5 114:47Rið Þ0:5 (9)

When estimating Ri, constraints were taken into consideration regarding the limiting value of Ri. Baumert
and Peters [2009] demonstrated that turbulence does not exist when Ri> 0.5 because TKE is converted to
wave energy. Following the method of Ilicak et al. [2008], Prt 5 10 was used for all Ri values larger than a
less restrictive threshold of Ri 5 1. Turbulent Prandtl numbers in the present James River investigation were
largest (>1) where the water column was stratified, and close to unity near the fully mixed bottom layer. It
was assumed that Rf ranged between 0 and 0.19 [Peters et al., 2005]. Provided that stratification in partially
mixed estuaries is periodic and varies with depth, the assumption of a constant mef is unlikely valid. This is
why Rf was used to determine mef. The specifics of data processing are detailed in the next section using
the framework for mixing theory outlined above.

2.2. Data Processing
Underway current velocity data were temporally averaged (10 s) to obtain a spatial resolution of 10–20 m.
Current velocity data were also rectified from compass errors [Joyce, 1989]. Cross-estuary transects were
determined from the beginning and end time of each transect and were interpolated onto a uniform rec-
tangular grid with a vertical resolution of 0.25 m and horizontal resolution of 25 m. Principal component
analysis was used to rotate (�408) velocities from an East-West and North-South orientation to along and
across-channel components. Velocity time series for each station, corresponding to times when the SCAMP
profiler was released, were obtained at distances of 0.12, 0.55, 1.37, and 1.94 km from the northern end of
the transect. Vertical gradients in velocity were calculated by vertically differentiating (centered differences)
the along and across-channel velocity time series at each station. The raw SCAMP profiles were separated
by station and segmented into 30 cm bins. To find the temporal evolution of mixing at each station, vertical
eddy viscosity values were calculated with equation (3) and interpolated onto the velocity shear grid. A
two-dimensional nearest neighbor filter was applied to smooth the distributions of along and across-
channel velocity shears, buoyancy frequency, TKE dissipation, and vertical eddy viscosity at each station.

3. Results

The fortnightly and lateral variability of vertical mixing were explored from a neap and spring tide survey.
Hydrographic cross sections were presented for three transect repetitions during both flood and ebb
phases (total of six repetitions during a cycle). Time series of TKE dissipation, e, and vertical eddy viscosity,
Az, were displayed for each station and showed near-surface mixing during ebb. These results seemed to
link near-surface mixing to lateral flows. The controlling mechanisms of lateral circulation were examined
using streamwise vorticity, xx. Last, a time scale analysis was used to identify the lateral circulation mecha-
nisms that were contributing to low Ri values.

3.1. Neap Tide—Hydrodynamic Observations
All in situ observations were presented with a seaward facing perspective, where positive along-estuary
velocities represented ebb (Figure 1). Likewise, the right side of the cross section indicated the southern
shoal. Cross sections were presented initially to show density anomaly, rA, along and across-channel flows,
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u and v, Richardson numbers, Ri, and potential energy anomaly, for the beginning of ebb, peak ebb, and
end of ebb (Figures 3b.4–3d.4).

3.1.1. Beginning of Ebb
The largest along-channel velocities, u, (0.40 m/s) during the beginning of ebb (Figure 3a, �hour13) devel-
oped near the bottom over the southern shoal, while the smallest values (u< 0.10 m/s) appeared middepth
between the channel and channel slope (Figure 3b.1). A clockwise, single cell lateral circulation (facing sea-
ward) was characterized by a lower layer of northward v (20.10 m/s) values below an upper layer of south-
ward v (0.10 m/s) velocities. The interface, defined by 0 m/s v velocities, separated northward from
southward flow and corresponded with the depth of the subsurface u minimum velocities.

The spatial structure of density showed the largest values rA (15 kg/m23) in the channel and the smallest
rA values (7 kg/m3) in a 2 m layer over channel slope and southern shoal (Figure 3b.2). Correspondingly, the
channel displayed the greatest overall water column stratification, with / � 60 J/m2 (Figure 3b.4). The
shoals were less stratified, at values of /< 30 J/m2, while the channel slope displayed moderate stratifica-
tion (50</< 40). The near-surface advection of relatively fresh water enhanced stratification and was
driven by tidal and subtidal velocities that acted in-concert. The freshwater was most prevalent over the
southern shoal as influenced by Coriolis acceleration, causing the greatest surface flow to tend to the right.
The depth of enhanced stratification, identified by crowded isopycnals, occurred between 4 and 6 m across
the transect. This stratified region likely limited near-bottom mixing from influencing the whole water
column.

The spatial structure of Ri (Figure 3b.3) showed an unexpected result. Conditions for vertical mixing
(Ri< 0.25) developed preferably in the upper 2 m of the channel slope and southern shoal. Reduced Ri

Figure 3. Neap tide cross section for ebb phase (looking seaward): (a) depth-averaged along-channel velocity where red dots depict column (early, peak, late ebb) observations.
(b.1–d.1) Gray filled contours depict along-channel flow, while contour lines represent the lateral flows. Black dashed line denotes v 5 0. Yellow represents the flow to the right (south) and
red is flow to the left (north). (b.2–d.2) Density anomaly (density—1000 kg/m3). (b.3–d.3) Richardson number contours presented in logarithmic scale. Black dashed line denotes threshold
between conditions favorable for mixing and suppression (i.e., Ri 5 0.25). Darker values (more red) indicate Ri< 0.25. (b.4–d.4) Potential energy anomaly, / values for each station.
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values corresponded with the surface layer of freshwater that developed over the southern shoal. The lack
of near-bottom Ri< 0.25 values was likely influenced by enhanced stratification established in the lower
water column. Low Ri values might have existed in the lowermost portion of the water column, which was
unresolved by the measurements. The contours are likely influenced by different horizontal resolutions for
current velocities and microstructure measurements. The microstructure measurements were much coarser
(four locations across the estuary) than velocity measurements (77 profiles across the estuary). More micro-
structure profiles across the estuary could produce variants from these results.

3.1.2. Peak Ebb
During peak ebb velocities (�hour 15), the largest u values (0.5 m/s) occurred subsurface from the channel
to the channel slope (Figure 3c.1) and coincided with the pycnocline depth between 2 and 4 m (Figure
3c.2). While the lateral flow structure still featured near-bottom northward v values, the surface layer was
interrupted in the center of the transect. Dense near-bottom rA migrated from the channel slope and
southern shoal toward the channel. This was identified by less dense water between the channel slope and
the southern shoal (Figure 3c.2), compared to the beginning of ebb (Figure 3b.2).

Conditions for mixing occurred in the upper 2 m throughout the transect, except over the channel slope
(Figure 3c.3). Stratification increased in the channel, marked by / � 70 J/m2, while the shoals and channel
slope featured values similar to the beginning of ebb (Figure 3c.4). Sporadic regions of low Ri values devel-
oped in the channel and over the channel slope, indicating conditions for mixing that were influenced by
bottom friction from peak along-channel velocities.

3.1.3. End of Ebb
At the end of ebb (�hour 17), reduced u values occurred near the bottom and surface (Figure 3d.1). A
three-layered lateral flow structure was related to the transition from clockwise to counterclockwise flow at
the bottom. Dense water built up in the channel, while weaker stratification developed over the channel
slope and southern shoal (Figure 3d.2), which was evident in Ri values. Conditions for mixing were identified
near the bottom over the channel slope and near the surface from the channel to the southern shoal
(Figure 3d.3). Low Ri (<0.25) values appeared near the surface of the southern side of the transect through-
out ebb. Conditions during flood were explored at the same cross section during beginning of flood, peak
flood, and end of flood.

3.1.4. Beginning of Flood
The beginning of flood (�hour 18) featured the smallest u values at middepth, between the channel and
the southern shoal (Figure 4b.1). Everywhere else, flow into the estuary was already well established. The
lateral flow structure depicted mainly southward flow throughout the transect, with a thin layer of north-
ward flow at the surface over the channel slope. The spatial structure of rA showed dense ocean water in
the channel and the remainder of a thin layer of fresher water from ebb confined to the surface of the
southern shoal (Figure 4b.2). Smaller velocities during the beginning of flood resulted in Ri> 0.25, which
indicated hindrance of vertical mixing across the transect (Figure 4b.3). The overall water column stratifica-
tion was similar to ebb and featured the largest / values (60 J/m2) in the channel (Figure 4b.4).

3.1.5. Peak Flood
Maximum flood velocities (0.5 m/s) occurred at the surface (Figure 4c.1). A single cell, counterclockwise (fac-
ing seaward) lateral circulation featured a 2 m upper layer of northward flow atop a relatively thicker layer
of southward flow. Denser water (>15 kg/m3) appeared along the bottom over the southern shoal (Figure
4c.2), than during the beginning of flood (Figure 4b.2). Conditions for vertical mixing were observed at
depth in the channel and in a very thin layer <1 m from the channel to the southern shoal (Figure 4c.3).
Stratification in the channel reduced to /< 60 J/m2.

3.1.6. End of Flood
The largest u values at the end of flood (�hour 22) appeared below the surface (Figure 4d.1), influenced by
the baroclinic and barotropic pressure gradient forces acting in concert [Lacy et al., 2003]. Southward v val-
ues encompassed most of the water column, with a thin layer of northward return flow at the surface. Inter-
mediate density (12 kg/m3) occupied most of the water column (Figure 4d.2) and the overall stratification
was slightly less than in the ebb stage (Figure 4d.4). Conditions for mixing established near the bottom
from the channel to the southern shoal from the combined influence of bottom friction and a shallower
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pycnocline (Figure 4d.3). The overall water column stratification decreased in both the channel and over
the channel slope, featuring / values <50 and <40 J/m2, respectively (Figure 4d.3).

Key findings during neap tide (Figures 3 and 4) included a single-cell lateral circulation that adjusted direc-
tion with the phase of the tide. Conditions for mixing developed near the surface during the ebb phase.
These conditions were explored further with values of TKE dissipation and vertical eddy viscosity.

3.2. Neap Tide—TKE Dissipation and Vertical Mixing
Time series of squared buoyancy frequency, N2, squared vertical shear, S2, TKE dissipation, e, and vertical
eddy viscosity, Az, are shown for each station across the transect to display the lateral and intratidal variabil-
ity of turbulence and vertical mixing (Figure 5). During ebb (hours 12–18), a well-defined pycnocline was
identified by elevated N2 values (0.03 s22) between 2 and 4 m depths across the channel, channel slope,
and southern shoal (Figures 5d.1–5f.1). Moderate S2 values (0.012 s22) developed along the base of the pyc-
nocline in the channel and channel slope, yet elevated values (0.02 s22) coincided with the depth of the
pycnocline over the southern shoal (Figures 5d.2–5f.2). Enhanced e values (1025.521026 m2/s3) developed
in the upper 2–4 m across the transect and were uncoupled from bottom-related peak e values (1025 m2/
s3). The near-surface and near-bottom dissipative regions were separated by weaker dissipation (1027 m2/
s3) that was influenced by stratification (Figures 5c.3–5f.3). The greatest Az values (1023.5 m2/s) were con-
fined (shallower than e) to a 1–2 m layer across the transect (Figures 5c.4–5f.4), which was detached from
2 m of moderate near-bottom mixing (1024 m2/s).

During the flood stage (hours 18–22), the stratification in the pycnocline reduced to N2 � 0.02 s22 and coin-
cided with the location of elevated S2 values (0.02 s22). A e structure similar to ebb was observed, except
that the enhanced bottom e values (1025 m2/s3) extended higher in the water column (Figures 5c.3–5f.3).

Figure 4. Neap tide cross section for flood phase: (a) depth-averaged along-channel velocity where red dots depict column (early, peak, late flood) observations. (b.1–d.1) Gray filled con-
tours depict along-channel flow, while contour lines represent the lateral flows. Black dashed line denotes v 5 0. Yellow represents the flow to the right (south) and red is flow to the left
(north). (b.2–d.2) Density anomaly (density—1000 kg/m3). (b.3–d.3) Richardson number contours presented in a log base 10 scale. Black dashed line denotes threshold between condi-
tions favorable for mixing and suppression (i.e., Ri 5 0.25). Darker values (more red) indicate Ri< 0.25. (b.4–d.4) Potential energy anomaly, / values for each station.
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The near-surface e during flood did not result in enhanced near-surface Az over the channel slope and
southern shoal. The greatest Az values were confined to the lowest 2–3 m of the water column. In summary,
enhanced e was observed across the transect throughout the tidal cycle, which was an expected influence
of bottom friction. However, elevated e only induced near-surface mixing during ebb. This is explored in a
subsequent section that describes Collignon and Stacey’s [2013] framework to assess the destabilizing effect
of lateral flow mechanisms on water column stratification. This approach quantitatively explores near-
surface mixing during ebb. Next, the drivers of lateral flows are examined with the help of streamwise
vorticity.

3.3. Neap Tide—Lateral Circulation
The dynamics of lateral circulation were evaluated using along-channel vorticity, xx5 @w

@y 2 @v
@z, which can be

simplified to xx52 @v
@z because the horizontal length scales are much larger than the vertical length scales,

and the vertical flow components are much smaller than the horizontal. The equation for the temporal
changes of xx consists of a primary balance among tilting of planetary vorticity, baroclinicity, and vertical
diffusion [Li et al., 2014]:

dxx

dt
5f

@u
@z

2
g
q
@q
@y

1
@2

@z2 Azxxð Þ (10)

where q is the density. According to Li et al. [2014], the first term on the RHS represents generation of
along-channel vorticity by lateral Ekman flow (or tilting of planetary vorticity), while the second term is
related to lateral density gradients, and the third term is the turbulent diffusion. It was assumed that along-
channel changes are negligible, therefore presuming a two-dimensional system where the diffusion term

Figure 5. Neap tide: (a) depth-averaged velocity in the channel, positive-ebb, and negative-flood. (b) Cross section displaying station location of each column (b—north shoal, c—chan-
nel, d—channel slope, e—south shoal), (c.1–f.1) buoyancy frequency, N2, for each station (s22), (c.2–f.2) squared shear, S2, for each station, (c.3–f.3) TKE dissipation, e at each location, pre-
sented in log base 10 scale, (c.4–f.4) vertical eddy viscosity, Az for each location across the transect, presented in a log base 10 scale.
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can be approximated from the
other terms in equation (10).

The above terms were cross-
sectionally averaged and pre-
sented as a time series (Figure
6b). Intratidal variability of the
terms was clearly evident. The
maximum value of xx during
ebb was observed in the early
stage (at �12 h), which indi-
cated that the lateral circulation
was already established. This
observation was consistent with
lateral flow observations (Figure
3b.1) but inconsistent with the
timing of maximum xx during
flood. The peak value of xx dur-
ing flood was observed at

�21.6 h, �1.6 h after maximum flood. During ebb, Ekman forcing (tilting of planetary vorticity), and barocli-
nicity combined to drive lateral flows and were countered by vertical diffusion and the local changes term.
During flood, Ekman forcing dominated the generation of the streamwise vorticity while the lateral baro-
clinic forcing decreased. Ekman forcing was larger during flood than ebb, suggesting enhanced vertical
shear. Greater vertical shear in flood than ebb was an unexpected result and contrary conventional estua-
rine models [Jay and Musiak, 1994]. During ebb, the largest u velocities actually occurred subsurface,
whereas the largest flood velocities occurred at the surface. The distribution was typically reversed, where
the largest values were subsurface during flood and near-surface during ebb. Therefore, when the along-
channel vertical shear was depth averaged, the result was relatively small because of negative over positive
shear associated with the subsurface maximum. These findings were supplemented by a time scale
approach to determine the influence of temporally variable lateral flow mechanisms on water column sta-
bility near the surface and is discussed next.

3.4. Neap Tide—Time Scale Analysis
A time scale analysis determined the relative influence of four lateral flow mechanisms on the stability of
the water column [Collignon and Stacey, 2013]. Their analysis also involved the along-estuary vorticity com-
ponent xx, but in terms of the temporal evolution of the Richardson number Ri (see Collignon and Stacey
[2013] for the derivation of equation (11)):
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 �
(11)

where S2 is the amplitude of the squared vertical shear of u and v (i.e., the denominator of Ri); xx is repre-
sented as the negative vertical gradient of v; and R is a remainder term not involving xx. The terms within
the square brackets represent the contribution to Ri from density straining (first term), lateral straining of
along-channel velocity shears (second term), Coriolis forcing (third term), and unsteadiness (fourth term).
All terms on the RHS of (11) are associated with lateral circulation. Equation (11) can be used to quantify the
relative importance of the mechanisms destabilizing the water column. Instead of evaluating the terms
directly, Collignon and Stacey [2013] quantified time scales,s, of the four characteristic processes (the four
terms outlined above) and compared them to each other:

sq5
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Figure 6. Neap tide: lateral flow mechanisms in terms of streamwise vorticity: (a) depth-
averaged velocity-blue (positive-ebb and negative-flood) and streamwise vorticity-black. (b)
Green—tilting of planetary vorticity, blue—baroclinicity, red—vertical diffusion, and black—
unsteadiness.
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where sq is the time scale associated with the lateral straining of density by the lateral circulation; su is the
lateral straining of vertical shears in horizontal velocities; sf is Coriolis forcing and represents the conversion
of longitudinal vorticity to lateral vorticity; and st is the unsteadiness term evaluating the effect of temporal
variations of lateral circulation. A positive time scale value represents a process that stabilizes the water col-
umn (increases Ri), while a negative value indicates mixing by decreasing Ri. Each time scale (in hours) is
compared to half of the semidiurnal tidal period. Therefore, values greater than 6.2 h have lesser influence
than values shorter than half a period. This analysis was performed from the channel to the southern shoal,
resulting in time scales between the channel and channel slope and between the channel slope and south-
ern shoal. The time scales were depth averaged over the near-surface mixed layer during ebb (i.e., upper
2.5 m). The orientation used for this analysis was consistent with Collignon and Stacey [2013], where positive
indicated upward and to the right (south).

Time scales between the channel (Figure 7b) and channel slope (Figure 7c) during the beginning of ebb
(Figure 7a) showed that the straining of lateral density gradients initially (hours 12–13) destabilized the sur-
face region. During this time, fresh riverine water was introduced from the southern shoal to the channel
slope, which initially stratified the water column near the surface and set up a lateral density gradient that
forced flow toward the south. The lateral flow structure revealed that the fastest southward lateral flows
occurred at the surface (Figure 3b.1). Therefore, denser water from the channel was transported by the
combined influence of the lateral density gradient and lateral circulation over fresher water in the upper
2 m of the southern side. This resulted in local mixing at the surface, even though freshwater was skewed
to the southern half of the cross section by Coriolis deflection and initially acted to stratify the water
column. An example capturing this local mixing occurred for the second transect near hour 13, where den-
sity anomaly values averaged between the channel/channel slope (Figure 7d) and channel slope/southern
shoal (Figure 7e) displayed denser values in the upper 1 m of the water column beneath less dense values.
Local mixing was a feature exclusive to ebb phases. During the second transect repetition (hour 13), the Cor-
iolis term and the lateral straining of density gradient term acted in concert to induce mixing. At peak ebb
velocities (around 14.5 h), the lateral circulation was disrupted in the surface layer (Figure 3b.1), when verti-
cal diffusion transitioned from driving lateral flows to countering the driving forces, i.e., baroclinicity and
Ekman forcing (Figure 7b). This competition effectively inhibited the density straining and Coriolis terms
from inducing mixing near the surface, which was indicated by the absence of negative density straining
values at 14.5 and 15.5 h. Unsteadiness from the lateral circulation disruption (observable during peak ebb
in Figure 3c.1) was the only mechanism inducing near-surface mixing. In late ebb (>hour 16.5) after the lat-
eral circulation spun-up again, the density straining and unsteadiness terms favored mixing at the surface.

Between the channel slope and southern shoal, the behavior was less complicated. During the first half of
ebb, density straining induced near-surface mixing (Figure 7c). At peak ebb, when the along-channel veloc-
ities were largest, the Coriolis term destabilized the near-surface region. Similar to between the channel and
channel slope, both unsteadiness and density straining supported low Ri values in the surface region.

Neap tide results revealed that near-surface vertical mixing developed during ebb and was linked to lateral
circulation. The straining of lateral density gradient chiefly acted to destabilize the surface region, which
was linked to the along-channel advection of freshwater over the southern half of the transect during ebb.
A question that arose was whether near-surface mixing also appeared during ebb spring tide. This was
explored next.

3.5. Spring Tide—Hydrodynamic Observations
3.5.1. Beginning of Flood
The along-channel velocities associated with spring tide conditions were greater than during neap and the
largest values (u � 20.60 m/s) were subsurface across the transect (Figure 8b.1). The lateral circulation was
counterclockwise (looking seaward), which transported dense water from the channel along the bottom
toward the southern shoal. The density anomaly range was smaller during spring tide than in neap tides.
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The greatest densities (rA 5 12 kg/m3) occurred in the channel, while the smallest values (rA 5 8 kg/m3)
developed at the surface of the southern shoal (Figure 8b.2). An overall reduction in stratification was also
identified in smaller / values (Figure 8b.4). The greatest stratification was found in the channel, however,
markedly smaller than during neap tide (/< 20 J/m2). Values of Ri showed conditions favorable for mixing
(Ri< 0.25) confined to the near-bottom region over the northern shoal and channel (Figure 8b.3).

3.5.2. Peak Flood
The largest u values (�20.75 m/s) were again observed subsurface and corresponded with the depth of
the interface of the counterclockwise lateral circulation (Figure 8c.1). Dense rA water (�12 kg/m3) was trans-
ported toward the southern shoal, while fresher waters at the surface (rA 5 8 kg/m3) were advected from
the southern shoal toward the channel (Figure 8c.2). This was observed in / values, which depicted a mar-
ginal increase in the channel (Figure 8c.4). Low Ri values developed in the lower region of the water column
across the transect, likely an influence of velocity shears from the enhanced tidal velocities interacting with
the bottom (Figure 8c.3).

3.5.3. End of Flood
Along-channel velocities by the end of flood were quite weak (u<20.10 m/s) (Figure 8d.1). Dense rA values
encompassed most of the transect, ranging from 9 to11 kg/m3 top to bottom across the transect, which

Figure 7. Neap tide time scale analysis for ebb: (a) depth-averaged velocity, red dots denote transects. (b) Between channel and channel slope. Blue—straining of lateral density gra-
dients, red—straining of velocity gradients, black—unsteadiness and green-Coriolis forcing. (c) Between channel slope and southern shoal. Gray boxed denote less important time scales
(i.e., >6.2 h). Positive stabilizes the water column while negative destabilizes. (d and e) Surface density anomaly between channel/channel slope and channel slope/southern shoal,
respectively, during transect repetition 2 near hour 13.
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was also represented by reduced / values in the channel and channel slope (Figure 8d.4). Favorable condi-
tions for mixing developed near the bottom of the channel, shoals, and middepth over the channel slope
(Figure 8d.3).

3.5.4. Beginning of Ebb
The along-channel velocities (Figure 9b.1) at the beginning of ebb (hour �17.5) showed the greatest values
at the surface (u � 0.60 m/s), in contrast to the subsurface maxima observed during neap tides. A clockwise
lateral circulation, in the initial stages of development, featured northward flow in the lower water column
of the channel and in the whole water column over the southern shoal. A thin, subsurface region of south-
ward velocities extended from the northern shoal to the channel slope. The spatial structure of density
showed the densest values (rA � 12 kg/m3) along the bottom of the southern shoal, channel slope, and
channel, which drew a lateral density gradient in the lower layer (Figure 9b.2). However, the lightest water
(rA � 8 kg/m3) appeared at the surface over the southern shoal in a manner similar to that observed during
neap tide conditions. Low Ri values occurred near the bottom and middepth in the channel and over the
southern shoal (Figure 9b.3). A thin region of Ri< 0.25 was found at the surface over the channel slope,
which differed from the low Ri values that spanned from the channel slope to the southern shoal during
neap tide. Greatest values of stratification (/ 5 15 J/m2) were found in the channel, over the channel slope,
and over the southern shoal (Figure 9b.4). These values were almost 1 order of magnitude smaller than in
neap tides.

3.5.5. Peak Ebb
The largest along-channel ebb velocities (u � 0.7 m/s) appeared over the southern half of the cross section.
A clockwise lateral circulation featured northward velocities below a 2–4 m layer of southward surface flow
(Figure 9c.1). The dense values that were previously observed along the bottom from the southern shoal to

Figure 8. Spring tide cross section for flood phase: (a) depth-averaged along-channel velocity where red dots depict column (early, peak, late flood) observations. (b.1–d.1) Gray filled
contours depict along-channel flow, while contour lines represent lateral flows. Black dashed line denotes v 5 0. Yellow represents flow to the right (south) and red is flow to the left
(north). (b.2–d.2) Density anomaly (density—100 kg/m3). (b.3–d.3) Richardson number contours presented in log 10. Black dashed line denotes threshold between conditions favorable
for mixing and suppression (i.e., Ri 5 0.25). Darker values (more red) indicate Ri< 0.25. (b.4–d.4) Potential energy anomaly, / values for each station.
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the channel were restricted to the channel (Figure 9c.2). The surface region of freshwater encompassed
most of the cross section from the southern shoal to the channel slope. Increased values of / displayed the
greatest stratification (20 J/m2) over the channel slope, which was influenced by the lateral advection of
freshwater toward the north (Figure 9c.4). Conditions favorable for mixing developed near the bottom
across the transect, throughout the water column over the northern shoal, and in a thin surface layer over
the southern shoal (Figure 9c.3).

3.5.6. End of Ebb
At the end of ebb, along-channel velocities were weak (u< 0.20 m/s) and the lateral circulation was three
layered (Figure 9d.1). Low-density values (rA � 8 kg/m3) were observed over the southern shoal and along
the surface in the channel and channel slope (Figure 9d.2). Most notable was that low Ri values developed
in a 2 m layer at the surface across the transect. The surface layer was separated from the bottom mixed
layer by the pycnocline (Figure 9d.3). The mixing at the surface resulted in overall low / values (<15 J/m2)
across the transect (Figure 9d.4).

Spring tide conditions during the ebb phase of the tide varied from the neap tide observations. While con-
ditions favorable for mixing were observed near the surface during both spring and neap ebbs, low Ri val-
ues developed in late ebb during the spring tide survey. Time series of TKE dissipation and vertical eddy
viscosity were next compared to the low Ri values observed during late ebb.

3.6. Spring Tide—TKE Dissipation and Vertical Mixing
During flood, stratification was weak, as indicated by uniform N2< 0.05 s22 and no visible pycnocline
(Figures 10c.1–10f.1). Elevated S2 values (1022 s22) were observed along the bottom as well as in a 4 m sur-
face layer across the transect (Figures 10c.2–10f.2). The largest e values (1024.5 m2/s3) were confined to the
bottom during peak velocities in the channel (Figure 10d.3), and channel slope (Figure 10e.3). Values of

Figure 9. Spring tide cross section for ebb phase: (a) depth-averaged along-channel velocity where red dots depict column (early, peak, late ebb) observations. (b.1–d.1) Gray filled con-
tours depict along-channel flow, while contour lines represent lateral flows. Black dashed line denotes v 5 0. Yellow represents flow to the right (south) and red is flow to the left (north).
(b.2–d.2) Density anomaly (density—100 kg/m3). (b.3–d.3) Richardson number contours presented in a log base 10 scale. Black dashed line denotes threshold between conditions favor-
able for mixing and suppression (i.e., Ri 5 0.25). Darker values (more red) indicate Ri< 0.25. (b.4–d.4) Potential energy anomaly, / values for each station.
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order 1026 m2/s3 were observed near the surface across the transect during peak flood at hour 14 (Figures
10c.3–10f.3). Vertical eddy viscosity values were greatest near the bottom after peak flood, featuring Az �
1023 m2/s. Over the channel slope (Figure 10e.4) and southern shoal (Figure 10f.4), moderate Az values
(1024 m2/s) developed subsurface at 2 m depths from hours 11 to 14.

During ebb (hours 16–21), a pycnocline was identified near the surface of the southern half of the transect
and featured moderate stratification (N2 � 0.01 to 0.02 s22). Enhanced S2 values (1022 s2) developed
throughout most of the water column over the northern shoal, channel slope, and southern shoal (Figures
10c.2, 10e.2, and 10f.2), yet were confined to near-bottom and near-surface regions in the channel (Figure
10d.2). The structure of e during ebb featured a similar distribution as flood, where the largest values were
confined near the bottom of the channel, channel slope, and southern shoal during peak velocities at hours
18–20. Moderate values appeared at the surface of the channel, channel slope, and southern shoal through-
out the ebb phase. The vertical eddy viscosity showed two regions of enhanced vertical mixing across the
transect near the surface and bottom during the second half of ebb. The surface layer featured Az � 1023 in
the upper few meters across the transect, which was consistent with Ri findings.

3.7. Spring Tide—Lateral Circulation
The maximum cross-sectionally averaged streamwise vorticity appeared �1 h after peak flood velocities
(Figure 11a). During ebb, xx attained a maximum later in the tidal stage, approximately 2 h after peak flows.
The vorticity analysis showed that the tilting of planetary vorticity (Ekman forcing) generated streamwise
vorticity during flood but was most prominent during ebb, which was expected because of the enhanced
vertical shears from maximum near-surface ebb velocities. This varied from the neap lateral circulation pat-
tern, which showed reduced Ekman forcing from the subsurface velocity maximum influenced small depth-

Figure 10. Spring tide: (a) depth-averaged velocity in the channel, positive-ebb, and negative-flood. (b) Cross section displaying station location of each column (b—north shoal, c—
channel, d—channel slope, e—south shoal), (c.1–f.1) buoyancy frequency, N2, for each station (s22), (c.2–f.2) squared shear, S2, for each station, (c.3–f.3) TKE dissipation, e at each loca-
tion, presented in log base 10 scale, (c.4–f.4) vertical eddy viscosity, Az for each location across the transect, presented in a log base 10 scale.
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averaged vertical shears. The
lateral baroclinicity forcing
remained positive since there is
a strong rotational control under
the weak stratification and the
isopycnals are tilted downward
on the southern shoal through-
out the flood-ebb tidal cycle.
Vertical diffusion opposed
baroclinity.

During ebb, the Ekman forcing
and baroclinicity drove lateral
flows and were countered by
local changes and vertical diffu-
sion. These results were consist-
ent with the results of the
widest channel run (K � 1.1) in Li
et al. [2014], where the influence
of Coriolis forcing was dominant.
Similar to the observations in
the present study, the lateral
density structure depicted fresh-
water confined to the right

(looking seaward), resulting in downward sloping isopycnals throughout the tidal cycle. This results in posi-
tive lateral baroclinicity regardless of the tidal phase.

3.8. Spring Tide—Time Scale Analysis
None of the lateral flow mechanisms acted to destabilize the surface layer between the channel and chan-
nel slope during the beginning of ebb (Figure 12b). At peak ebb velocities, unsteadiness supported low Ri

values because the streamwise
vorticity switched direction (Fig-
ure 10a). Density straining com-
bined with the lateral straining
of velocity shears to induce mix-
ing. The lateral straining of
velocity shears influenced a sub-
surface u maximum, which was
evident in the channel during
peak ebb (Figure 9c.1). The sub-
surface maximum was induced
by the lateral circulation, which
featured the strongest lateral
flows at the surface. Surface lat-
eral flow decreased with depth
to the interface of the lateral cir-
culation. Lateral flow at the sur-
face linked the slower water
from the northern shoal, influ-
enced by the shallow bathyme-
try over faster flow in the
channel.

The combination of the lateral
flows and shallowness at the
northern shoal imposed a

Figure 11. Spring tide: lateral flow mechanisms in terms of streamwise vorticity: (a) depth-
averaged velocity-blue (positive-ebb and negative-flood) and streamwise vorticity-black. (b)
Green—tilting of planetary vorticity, blue—baroclinicity, red—vertical diffusion, and black—
unsteadiness.

Figure 12. Spring tide time scale analysis for ebb: (a) depth-averaged velocity, red dots
denote transects. (b) Between channel and channel slope. Blue—straining of lateral density
gradients, red—straining of velocity gradients, black—unsteadiness, and green—Coriolis
forcing. (c) Between channel slope and southern shoal. Gray boxed denote less important
time scales (i.e., >6.2 h). Positive stabilizes the water column while negative destabilizes.
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vertical shear in the surface
region, which is characterized
schematically in Figure 13a. This
was evident in spring tides late
in the ebb phase (�hour 20) on
27 May (Figure 12b). Slower flow
(<0.05 m/s) from the northern
shoal extended along the sur-
face to the channel and was
located over faster subsurface
flow (�0.20 m/s). The change in
velocity magnitude toward the
surface represents how the lat-
eral straining of velocity shear
destabilized the water column.
Similar to neap tide observa-
tions, a lateral density gradient
developed near the surface from
the freshwater that was skewed
on the southern side by Coriolis
forcing. Even though the fresh-
water appeared on the southern
side initially stratified the near-
surface region, denser water was
transported over the light water
near the surface by lateral flows,
which resulted in local density
inversions.

Between the channel slope and
southern shoal, unsteadiness promoted low Ri values at peak (hour 18.5) velocities, similar to the channel/
channel slope observations (Figures 12b and 12c). After peak velocities, density straining was the main con-
tributor to near-surface instabilities. These results showed that near-surface mixing was linked to lateral cir-
culation, and that the mechanisms responsible for inducing mixing varied in space and time. Intratidal,
fortnightly, and spatial variability of these fields, along with the most relevant findings and their implica-
tions are considered next.

4. Discussion

This study compares the lateral variability of vertical mixing from spring to neap tides. The key and most
innovative finding was that vertical mixing developed near the surface during the ebb phase and was influ-
enced by lateral processes. During neap tide, the water column was more stratified than during spring tide
and tidal velocities were weaker. A single-cell lateral circulation developed and changed direction with the
phase of the tide. A vorticity analysis, used to evaluate mechanisms contributing to lateral circulation, pre-
sented a complex cross-sectional balance during ebb. During this phase, Ekman forcing and lateral barocli-
nicity drove streamwise vorticity, while vertical diffusion and unsteadiness acted to spin down vorticity.
These processes changed during the spring ebb tide, when Ekman forcing was larger and lateral baroclinicity
remained positive for the entire survey. The underlying difference was that the xx was not already estab-
lished at the beginning of spring tide ebb of the spring tide in contrast to the neap tide ebb. In consequence,
near-surface mixing developed later in the spring ebb phase. This was also observed in the lateral circulation,
which changed direction�2 h after the along-channel velocity transitioned to the ebb direction.

A characteristic time scale approach was implemented to evaluate lateral circulation effects on near-surface
stability. Results revealed that the principal mechanism destabilizing the water column near the surface
(from the channel to the southern shoal during the ebb phase of the neap tide) was the straining of lateral

Figure 13. (a) Schematic detailing velocity shear straining. Red dashed arrows represent the
lateral flow, while blue circle denotes along-channel flow into the page. Black arrows show
velocity magnitude which rotates in direction with depth and highlights vertical shear in
horizontal velocities that is generated by lateral flows. (b) Ebb phase velocity magnitude
from �hour 20 on 27 May during spring tide conditions. Flow is going into the page (facing
seaward).
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density gradients. Coriolis acceleration forced relatively fresher water at the surface, but was confined over
the southern shoal, which set up a near-surface lateral density gradient that acted in concert with lateral
flows. Therefore, the lateral flows transported denser water from the northern side of the transect along the
surface toward the southern shoal. A statically unstable water column developed from the channel toward
the southern shoal and was specific to ebb.

Vertical mixing developed near the surface during the ebb phase of the spring tide, but it was most preva-
lent during late ebb rather than throughout the tidal cycle. The time scale analysis showed that between
the channel and channel slope, the straining of lateral density gradients combined with the straining of
velocity gradients to destabilize the water column. Straining of velocity shears developed from the influence
of lateral flows at the surface, which induced vertical shear in horizontal flows. The associated vertical shears
in velocity that developed, highlighted by a subsurface maximum, acted to destabilize the water column.
Though the same lateral circulation was present during neap, the enhanced stratification suppressed any
local mixing that could have developed from shear straining. From the channel slope to the southern shoal,
only the straining of lateral density gradients resulted in instabilities at the surface.

In a channel-shoal section in South San Francisco Bay, Collignon and Stacey [2013] indicated increased shear
production at the surface and increased depth-averaged TKE dissipation late in the ebb phase of the tidal
cycle. They suggested that the surface turbulence was being generated by lateral circulation. Their time
scale approach, implemented in the present research, revealed that the straining of lateral density gradient
and velocity shear were the chief drivers for destratifying the water column. Those findings complement
part of the main message of this investigation in the James River. While the same mechanisms were deter-
mined here to destratify the water column during late ebb spring between the channel and channel slope,
this study also showed fortnightly and lateral variability. Between the southern shoal and channel slope,
only the straining of lateral density gradients influenced near-surface mixing. Also, only density straining
promoted mixing between the channel and channel slope during neap tide. This was different from Col-
lignon and Stacey’s [2013] findings, whose observations were collected during spring tide and depicted the
combined influence of lateral straining of density and velocity shear. The similar findings imply that late
ebb near-surface mixing likely occurs in other partially mixed estuaries.

Overall, this study has shown that the mechanisms contributing to near-surface mixing vary from neap to
spring tide and across the transect, which adds another layer of complexity to Collignon and Stacey’s [2013]
findings. The near-surface mixing is uncoupled from bottom friction, which has important implications on
previous results regarding the dynamics of a partially mixed estuary. Geyer et al. [2000] suggested that estu-
arine circulation depended merely on the intensity of bottom-generated turbulence and proposed that the
residual flow could be modeled without any knowledge of the vertical eddy viscosity. However, the results
of this investigation showed that elevated near-surface vertical eddy viscosity values can dominate in some
locations across the estuary. This finding underscores the need for suitable representations of lateral proc-
esses and spatially varying vertical eddy viscosities for appropriate understanding of estuarine circulation.

5. Conclusions

The main message of this investigation was that lateral circulation is linked to near-surface vertical mixing
appearing during the ebb phase throughout the fortnightly cycle. During neap tide conditions, near-surface
instabilities were associated with the straining of lateral density gradients, set up by the influence of Coriolis
effects confining less-dense water on the right side of the transect. Spring tide observations showed similar
results from the channel slope to the southern shoal. However, the shear straining term combined with the
density straining term to influence near-surface mixing between the channel and channel slope. Such struc-
ture of straining-related processes highlighted lateral and fortnightly variability. These results indicated that
near-surface mixing is important and can develop from mechanisms decoupled from bottom friction. There-
fore, vertical mixing can indeed exhibit different vertical structures across the estuary.

Appendix A

This appendix describes uncertainties from estimating TKE dissipation rates, e. Ideally, multiple successive
profiles collected at each station could be averaged together in spectral space (spectral smoothing), which
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would provide uncertainty bounds. However, this sampling method could not be implemented during data
collection because of time constraints related to rapidly changing currents at all stations sampled. The tem-
perature gradient data must be segmented into statistically stationary segments for the measured spectrum
to resemble the Batchelor spectrum [Luketina and Imberger, 2001]. Therefore, it is optimal to choose a seg-
ment size that reflects homogeneous turbulence within a segment. Shorter segment sizes result in a noisier
profile and less of the temperature gradient spectrum is resolved [Steinbuck et al., 2009].

A sensitivity analysis was conducted to test the influence of stationary segment sizes in estimating e during
different phases of the fortnightly and intratidal cycles. We estimated e for the channel location (station 2)
throughout the tidal cycle during both spring and neap tide using three segment sizes: 128, 256, and 512
scans, which represent roughly 13, 26, and 51 cm bins. The neap tide results are plotted in Figures A1a–A1c,
which displays the ebb phase averages (Figure A1a) and flood phase averages (Figure A1b). Uncertainties
associated with using 128, 256, and 512 scans per segment were estimated using the bootstrap method,
where 95% confidence intervals were determined for each profile [Efron and Gong, 1983]. These values
were then averaged over ebb and flood phases to yield a single profile (Figure A1b). This was also con-
ducted during spring tide, where flood averages are presented in Figure A1d, ebb averaged are presented
in Figure A1e and the uncertainties are plotted in Figure A1f.

The results of this analysis showed that the 128 scans per segment profiles were noisier than the 256 scans
per segment profiles, as expected. However, 256 scans per segment yielded similar, yet smoother values.
The 512 scans per segment tended to overestimate the values during more stratified conditions (neap tide)
and near the bottom. The uncertainty between segment sizes was also largest during more stratified condi-
tions, such as neap tide and the ebb phase. The Ozmidov length scale represents the largest length scale of
an eddy before it is deformed by stratification, where scales are limited by greater stratification. Using

Figure A1. Neap tide: (a) ebb phase averaged e profiles using 128 (black), 256 (magenta), and 512 (blue) scans per segment, (b) flood phase averaged e profiles, (c) ebb (gray), and flood
(blue) phase averaged bootstrapped mean and 95% confidence limits. Spring tide: (d) flood phase averaged e profiles using 128 (black), 256 (magenta), and 512 (blue) scans per seg-
ment, (e) ebb phase averaged e profiles, (f) ebb (gray), and flood (blue) phase averaged bootstrapped mean and 95% confidence limits.
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segment sizes that are larger than this length scale could contain multiple eddies, leading to an overestima-
tion in e. The tradeoff in using smaller segment sizes is that they tend to be noisier, but give a higher vertical
resolution. Near the bottom, e was the largest and using the smaller segment sizes likely resulted in the
underestimation of e. It would be ideal to implement an adaptive segmenting algorithm that would use
varying segments through the water column (between mixed and stratified regions); however, Luketina and
Imberger [2001] reported biases in such algorithms. Overall, this sensitivity analysis supported that 256 scans
per segment was optimal for this analysis, with typical uncertainties of less than half an order of magnitude
during weaker stratification.
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