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Abstract: Field observations were collected near the mouth of the Bagaduce River, Maine, in order
to understand how complex features affect the intratidal and lateral variability of turbulence and
vertical mixing. The Bagaduce River is a low-inflow, macrotidal estuary that features tidal islands,
tidal flats and sharp channel bends. Profiles of salinity, temperature, and turbulent kinetic energy
dissipation (ε) were collected for a tidal cycle across the estuary with a microstructure profiler. Lateral
distributions of current velocities were obtained with an acoustic doppler current profiler. Results
showed intratidal asymmetries in bottom-generated vertical eddy diffusivity and viscosity, with
larger values occurring on ebb (Kz: 10−2 m2; Az: 10−2 m2/s) compared to flood (Kz: 10−5 m2/s; Az:
10−4 m2/s). Bottom-generated mixing was moderated by the intrusion of stratified water on flood,
which suppressed mixing. Elevated mixing (Kz: 10−3 m2; Az: 10−2.5 m2/s) occurred in the upper water
column in the lee of a small island and was decoupled from the bottom layer. The near-surface mixing
was a product of an eddy formed downstream of a headland, which tended to reinforce vertical shear
by laterally straining streamwise velocities. These results are the first to show near-surface mixing
caused by vertical vorticity induced by an eddy, rather than previously reported streamwise vorticity
associated with lateral circulation.
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1. Introduction

Estuarine circulation is responsible for the transport and fate of sediments, pollutants, and
organisms between marine and freshwater environments. The strength of the circulation ultimately
dictates the productivity and overall health of an estuary [1], which are particularly important variables
in estuaries containing aquaculture operations, such as the study site in the present paper. This subtidal
flow was traditionally thought to be a balance between the barotropic and baroclinic pressure gradients
and friction [2,3]. In that classic balance, friction is linearized using a constant eddy viscosity acting
on the mean vertical gradients of velocity. More recent work identified that nonlinear advection and
tidal asymmetries in vertical mixing (stress divergence) had the potential to modify tidally averaged
flows [4–6]. Advection and mixing are both locally modified in estuaries, making asymmetries in
each very site dependent and variable in their importance on net flows. The new significance of
the stress divergence term in subtidal currents showed that circulation was not always dominated
by the baroclinic and barotropic pressure gradients [7–9]. Multiple other mechanisms could create
asymmetries in stress divergence and therefore influence subtidal currents.

The theory behind mechanisms responsible for tidal variations in stress divergence has evolved
through time, with recent research coining it as the eddy viscosity-shear covariance (ESCO) [10]. ESCO
circulation is represented by the vertical turbulent momentum flux [11]: Az

∂u
∂z , where Az is the eddy

viscosity and ∂u
∂z is the vertical gradient in along-channel velocity. In terms of traditional tidal straining,
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ESCO occurs when increased stratification reduces Az on ebb tide and subsequently enhances ∂u
∂z , with

the opposite occurring on flood (e.g., [8,12,13]). In that scenario, enhanced mixing on flood tides relative
to ebb enhances the classical estuarine circulation of seaward flow near surface countered by landward
flow at depth through ESCO. It has also been shown that the opposite case (stronger mixing on ebb
than flood) creates an ESCO flow countering classic circulation (e.g., [10,14]). Collectively, circulation
driven by mixing asymmetries from ESCO can be equally or even more important than traditional
buoyancy driven flow (e.g., [15]). The former work on ESCO circulation focuses on generally parabolic
or linear profiles of Az created from bottom-generated turbulence. Although the effects of varying
temporal patterns of Az from bottom stress on ESCO have been elucidated, the effect of non-classical
spatial patterns in Az, like enhanced near-surface mixing, are less obvious.

Near-surface mixing on the continental shelf has been observed and attributed to surface tides
interacting with steepening bottom bathymetry [16]. In estuaries, near-surface mixing can arise from
lateral processes that is decoupled from bottom stress. The lateral straining of velocity shears, lateral
density gradients and Coriolis acceleration have all promoted vertical mixing to form near the surface
or subsurface during mid to late ebb [17–19]. These previous studies have highlighted the importance
of channel–shoal morphology in the development of mixing driven by lateral processes. What has not
been previously reported is if lateral processes generated by along-channel variations in bathymetry
can cause near-surface mixing. Near-surface mixing is clearly important for the vertical exchange of
momentum and is increasingly being reported in various systems (e.g., [20–22]).

The goal of this work, therefore, is to use field observations to determine whether along-channel
variations in bathymetry, and specifically headlands, can influence mixing decoupled from the bottom.
The research objectives are to (1) identify near-surface turbulence and mixing in a headland-induced
eddy and (2) diagnose the forcing mechanisms responsible for vertical mixing. The remaining sections
of this paper begin with a background on the study area and data collection/analysis (Section 2).
A detailed account of observations is presented in the Results (Section 3), outlining a more mixed
water column on ebb tide with enhanced bottom-generated and near-surface mixing relative to flood.
In Section 4, an analysis of flow structure and mixing shows the importance of shear straining, induced
by an eddy formed by a headland, in destabilizing the near-surface water column. The conclusions are
presented last in Section 5.

2. Materials and Methods

2.1. Study Area

Data for this experiment were collected in the Bagaduce River, which is a tributary to Penobscot
Bay on the central coast of Maine in the New England region of the United States (Figure 1). The
Bagaduce River is a short and shallow estuary, extending approximately 20 km from the mouth inland
to a small dam at Walker Pond, the primary source of freshwater. Aquaculture in the form of oyster
farming has increased in the estuary over the past decade, renewing interest in understanding the
hydrodynamic processes and water quality of the system [23]. This work was conducted to better
elucidate these processes in the estuary and is the first hydrodynamic study of the Bagaduce River.
The estuary has variable morphology, including extensive tidal flats, islands, and constrictions. At the
mouth, the estuary is approximately 550 m wide, while the smallest constriction is located at a bridge
near the head and is approximately 15 m wide. That location is known as the “reversing falls”, as a
hydraulic jump occurs on either side of the constriction depending on the phase of tide. The widest
cross sections with tidal flats exceed 2 km in the middle reaches of the estuary. Channel depths range
from approximately 30 m at the mouth to 3 m near the head. A watershed approximately 195 km2

in area drains into the estuary. The Bagaduce River is a low-inflow system and has a mean annual
freshwater discharge of 4.4 m3/s. High runoff periods generally occur during the spring freshet in May
while the lowest runoff period is typically September, with mean monthly discharges of 14 m3/s and
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0.85 m3/s, respectively [24]. Nonlinear tide-surge interaction has been observed at the mouth of the
Bagaduce River from overtide enhancement during storm events [25].
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Figure 1. (a) The study area in relation to Maine, with the Bagaduce River located in the red box. (b) A
zoom in on the Bagaduce River with depth indicated by contours. Weather station/water level (triangle)
and buoy (diamond) locations are marked. Approximate locations of oyster farms are indicated by gray
boxes. (c) A zoom in on the data collection transect location at the mouth of the estuary. An acoustic
doppler current profiler (ADCP) sampled along the magenta line and MicroCTD profiles were taken at
each station (stars).

The Bagaduce River is connected to the hydrodynamic processes of Penobscot Bay given its
proximity. In the Penobscot River, the tide is primarily semidiurnal with a neap/spring range of
approximately 3 to 5 m, making the estuary macrotidal [26]. Tidal ranges are similar in the Bagaduce
River at the mouth, then damp to 0.3 to 0.38 m at the head (for neap and spring, respectively),
upstream of the reversing falls [27]. Tidal velocity amplitudes average near 1 m/s, with neap to spring
ranges of 0.7 m/s to 1.3 m/s. The Penobscot River is relatively well-mixed at the confluence with the
Bagaduce River, existing approximately 10 km seaward of a salt-wedge/partially stratified region
(depending on river discharge) [26]. River discharge in the region is from the combined Penobscot
River and Kenduskeag Stream (flows into the Penobscot at Bangor), with a mean annual discharge
at the confluence of 369 m3/s [28]. High run-off periods generally occur during the spring freshet
(April to May), with a mean monthly discharge of 1105 m3/s, while the lowest runoff period is usually
September, with a mean monthly discharge of 140 m3/s [29].

The study location was located near the mouth of the Bagaduce River, seaward of a small island
known as High Tide Island (Figure 1c). At low tides, depths of less than 1 m often separate High Tide
Island from the mainland, making the island behave more as a headland. A point of similar shallow
water depths also extends from the island towards the channel, before sharply increasing. For the sake
of this paper, the island and shallow water that surround it will be referred to as a headland. Many such
islands and headland features exist in Maine estuaries, which are often morphologically complicated,
i.e., many constrictions, islands, headlands, sharp bends, tidal flats, etc. Bottom sediments near the
sampling location are unknown.
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2.2. Data Collection

A tidal cycle survey was performed near the mouth of the Bagaduce River on 16 October 2017. The
ship towed a 1200 kHz RDI Workhorse Sentinel acoustic doppler current profiler (ADCP) downward
facing on a trimaran across the estuary every 30 min, which measured lateral distributions of east–west
and north–south velocities at 1 Hz. Measurements were taken in 0.5 m bins for one semi-diurnal tidal
cycle (12.42 h), resulting in 25 transects from station 1 to 3 (Figure 1c). Station 1 was located on a sharp
channel-shoal interface near the north-west shoal, station 2 was in the channel, seaward of the High
Tide Island headland, and station 3 was located on the south-east shoal, directly seaward of High Tide
Island. During ADCP transects, the boat speed was maintained around 1.3 m/s.

A Rockland Scientific MicroCTD collected microstructure profiles at each station along transect
repetitions (Figure 1c). The 25 ADCP-only transects began at station 1 and ended at station 3, while
the transect repetitions that included MicroCTD profiles began at station 3 and ended at 1 each time,
totaling 23 transects over nearly one semidiurnal tidal cycle. The MicroCTD provides direct estimates
of turbulent kinetic energy (TKE) dissipation rates, ε, which were used to calculate the vertical eddy
viscosity, Az, and vertical eddy diffusivity, Kz, both of which are used as proxies for vertical mixing of
momentum and buoyancy, respectively [11]. The direct estimates from the MicroCTD allow for more
accurate calculations of ε, which has been difficult to parameterize in the past [11].

Two shear probes on the nose of the instrument measure the vertical shear in horizontal flow
velocity (∂u

∂z and ∂v
∂z ) at 512 Hz in two orthogonal components. The vertical shear was then used to

estimate ε at each probe. Electrical conductivity and temperature were also measured at the same
frequency with a conductivity probe and thermistor. The profiler was deployed downward and
achieved a terminal velocity of 0.85 m/s after 1.5 m. The instrument was deployed in bursts of 4 casts
at each station and averaged in order to limit bias from small scale intermittency. Averaging together
four casts has been shown to be sufficient in similar regions with complex morphology [30]. Vertical
casts did not reach the bottom, to avoid collision with the sea-bed and damage to the probes.

Water levels and wind data were collected at Castine, located 0.5 km from the transect location
(44.38694 ◦N, −68.79676 ◦W). Water levels were calculated using absolute pressure from a HOBO water
level logger sampling in 2 min intervals and barometric pressure from the Maine Maritime Academy
weather station. Wind speed and direction were also sampled at the weather station in 1 min intervals
and low-pass filtered over 2 hr. to smooth the data. A buoy in eastern Penobscot Bay near the mouth
of the Bagaduce River (called Dice Head [44.37619 ◦N, −68.83023 ◦W]) calculated density anomaly (σa)
at the surface (2 m) and bottom (25 m) in 20 min intervals. Penobscot River discharge was measured in
15 min intervals at a USGS gage (#01034500 at 45.23714 ◦N, −68.65085 ◦W) in West Enfield, 100 km
north of the transect location.

2.3. Data Processing and Analysis

2.3.1. Hydrographic Data

The velocity data collected with the ADCP were ensemble averaged (10 ensembles per average,
equaling 10 s each) and interpolated onto uniform grids with 2 m resolution across estuary and 0.5 m in
depth. Velocity measurements in the bottom 10% of the water column were excluded due to side-lobe
interference with the bottom. Any data ensemble with a signal return of less than 85% good data and
error velocities greater than 10% of maximum flow were excluded. Remaining data were corrected
through a comparison of bottom track velocities to GPS-determined velocities [31]. Vertical and lateral
gradients (shears) in velocities were bin averaged to show the statistical relationship between the
two variables.

On the microstructure transects, velocity profiles were extracted from the ADCP according to
MicroCTD cast times, thus resulting in velocity time series for each station. This allowed for accurate
measurement of currents at the exact times and locations the turbulence profiler was deployed. The
ADCP-only transects complemented these data by allowing cross sections of velocities through time. All
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currents were rotated from the corrected east–west (u) and north–south (v) components to streamwise
(u) and stream-normal (v) velocities according to Rhoads and Kenworthy (1998) [32]. Positive u is
current directed landward, while positive v is directed toward the southeast shoal. To organize and
compare the shear data in a statistically significant manner, a bin averaging technique was used which
averages shear values within particular ranges (bins) to one value per bin. This technique reduces
minor observation errors. Bins of ∂u

∂y were formed every 0.018 s−1 from a minimum of 0 to a maximum

of 1.5 s−1. Corresponding values of vertical shears (in both u and v) were then averaged to form one
point per bin. Only bins with a number of sample points, n, greater than 30 were used to reduce error
in averaging. Maximum n values were near 21,000.

2.3.2. TKE Dissipation Rate, ε

Values for ε were determined by integrating the velocity shear spectrum, ψ, in wavenumber
space [33] with the assumption that turbulence is homogeneous and isotropic:

ε =
15
2
µ

ρ

(
∂u
∂z

)2

=
15
2
µ

ρ

∫
ψ(k)dk, (1)

where µ is the dynamic viscosity and k is the wavenumber. Spectra were integrated using the RSI
vertical profiler processing software, ODAS, which uses the Nasmyth spectrum to integrate beyond
the unresolved part of the spectral variance. A fast Fourier transform (FFT) length of 0.5 s was chosen
to resolve the wavenumbers of interest. Each profile was then individually checked for several quality
controls. The Goodman noise removal algorithm was used to correct for profiler vibrations [34].
Profiles where the instrument inclination exceeded 5◦ on descent were excluded. At each depth for each
cast, estimates of ε for each probe were compared and averaged. If the estimates between probes varied
by more than a factor of 2, the larger value was not used in the averaging as they likely represented
particulates hitting the shear probe [35]. Finally, burst averaged profiles of εwere then interpolated
onto a uniform depth grid with 0.5 m intervals (the same as the ADCP grid).

2.3.3. Turbulent Mixing

Using TKE dissipation estimates, Az and Kz were calculated at each station over the tidal cycle to
quantify intratidal variation in vertical mixing throughout the water column. The process followed
that of Kay and Jay (2003) [36]:

Az = Γm
ε

S2 , (2)

Kz = Γm
ε

N2 , (3)

where Γm is the mixing efficiency factor (Equations (5) and (6) below) and S2 is the squared vertical
shear in velocity, calculated as:

S2 =

(
∂u
∂z

)2

+

(
∂v
∂z

)2

, (4)

where z is the vertical coordinate with positive being upward. Vertical shear estimates that were
smaller than the velocity resolution of the ADCP (∂u

∂z , ∂v
∂z < 0.1 cm/s/50 cm/s < 2 × 10−5 m/s) were

removed and interpolated.
The mixing efficiency factor used in Az was calculated as:

Γm =
1

1−R f
, (5)
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whereas, for Kz:

Γmk =
R f

1−R f
, (6)

where Rf is the flux Richardson number. Rf is estimated using the turbulent Prandtl number, Prt, and
the gradient Richardson number, Ri, as:

R f = RiPrt, (7)

The upper limit of Rf was set to 0.18, as values above that do not allow turbulence to be maintained
at a steady state [37]. The Richardson number used in Equation (7) is a ratio of the buoyancy frequency,
N2 =

−g
ρ0

∂ρ
∂z , where ρ is density, to squared vertical shear (Equation (4)):

Ri =
N2

S2 , (8)

with Ri = 0.25 taken as the critical threshold (Ri > 0.25) where stratification can suppress shear-driven
mixing [38,39]. Prt is then a function of Ri according to Tjernstrom’s parameterization [40]:

Prt = (1 + 4.47Ri)0.5. (9)

3. Results

The intratidal and spatial variability in currents, stratification, and vertical mixing were explored
from the 16 October 2017 tidal cycle survey. Cross sections of currents are presented for two transects
taken during maximum flood and ebb tidal phases; and time series of currents, buoyancy frequency,
Richardson number, TKE dissipation rates, and vertical mixing were presented at stations 1 and 2, as
those locations exhibited the most notable mixing patterns.

3.1. Environmental Conditions and Penobscot River Forcing

The tidal range in the Bagaduce River at the time of the survey was typical of an average tide
(3.75 m), part way between a neap and spring tide (Figure 2a). The top-to-bottom density differences
near the mouth of the Bagaduce River were generally smallest at the end of ebb tides (<2 kg/m3) and
largest at the end of floods (>2 kg/m3), although there was not always a noticeable intratidal variation
(day 15 in Figure 2b). This indicated a more stratified water column on flood relative to ebb. Winds
blew approximately south and east during the survey, and wind speeds were relatively weak (<3 m/s)
throughout sampling (Figure 2c). Discharge in the Penobscot was typical of the dry season (140 m3/s)
during sampling (Figure 2d).
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Figure 2. (a) Water level at Castine from mean sea level, (b) difference between bottom (25 m) and top
(2 m) density anomalies at the Dice Head buoy, (c) wind speed [black] and wind direction [magenta] at
Castine, and (d) Penobscot River discharge at West Enfield, ME. Sampling period is shaded in gray.

3.2. Hydrodynamics

3.2.1. Spatial Variability between Peak Flood and Ebb Tides

During maximum flood currents (hour 18.5) u reached 1.1 m/s subsurface (5 to 15 m depths) over
the channel between stations 1 and 2 (Figure 3a(1)). Streamwise velocities decreased toward station 3
and exhibited a combined lateral and vertical shear typical of channel-shoal interfaces from increased
friction (e.g., [17]). Maximum v (0.2 m/s) occurred in the upper 5 m of the water column flowing toward
the northwest shoal. v was opposite in direction in the mid to lower water column between stations 1
and 2, creating a counter-clockwise lateral circulation during flood over the channel (Figure 3a(2)).
That cell became three-layered nearer to station 2, with an added flow towards the northwest shoal
developing on the bottom, indicative of a stratified estuary with curvature-driven lateral flow [41]. The
circulation cell became less organized between stations 2 and 3 before reforming again on the extreme
southeast shoal with two layers. Depth averaged currents show a similar pattern as u, with largest
velocities over the channel that gradually decreased moving over the southeast shoal (Figure 3a(3)).
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Figure 3. During maximum flood (a panels) and ebb (b panels) tides: Streamwise (column 1) and
stream-normal (column 2) velocities with respect to cross-channel distance (x axis) and depth (y axis).
Positive u is landward, and positive v is to the right. The black dotted lines represent the approximate
locations of each MicroCTD sampling station on the transect line. Current vectors for the top 10 m of
the water column are shown on a bathymetric map for each tide (column 3). Each station is noted with
a green star and High Tide Island is circled in magenta.

Maximum ebb tide (hour 13) featured a distinctly different velocity structure than flood, noted by a
sharp lateral shear in along channel velocities from channel to shoal (Figure 3b(1)). Maximum u on ebb
were approximately 1 m/s subsurface (5 m) over the channel and decreased to near 0 m/s on the shoal
between stations 2 and 3. Unlike u during maximum flood, the ebb currents did not proportionally
decrease with bathymetry on the shoal but rather sharply decreased throughout the water column near
station 2. Maximum u at station 2 (0.3 m/s) occurred subsurface (5 to 10 m). Lateral currents were less
organized on ebb than flood, with no clear circulation cells (Figure 3b(2)). A relatively strong lateral
flow (0.2 m/s at surface) towards the channel occurred between stations 2 and 3. High Tide Island
likely contributed to the more unique ebb current structure by advecting water towards the channel
(station 2) from the shoal as flow converged in the lee of the headland. An eddy-like feature is present
at the same time near station 2, shown by a depth averaged flow that reverses direction relative to the
channel (Figure 3b(3)). Past research has shown flow around headlands and islands can form wakes
and eddies which create atypical shear such as that observed here (e.g., [42–44]).

3.2.2. Stations 1 and 2 Intratidal Analysis

From middle to end of flood (hours 8 to 10, Figure 4), the water column was defined by significant
vertical shears in velocity and increased stratification relative to ebb. The generally near-surface
maxima in u (Figure 4a) and subsurface (5 m) maxima in v (Figure 4b) created enhanced S2 values
(10−3 to 10−2 s−2) at the surface (< 5 m) at each station on both floods (hours 8–9 and 16–18, Figure 4c).
S2 of relatively high magnitudes (10−3 to 10−2 s−2) were also observed at depth (8 m at station 1 and
~15 m at station 2) at the same time. Enhanced stratification coincided with the times of increased
vertical shear. Density maxima (1023.7 kg/m3) for the tidal cycle occurred at depth 15–20 m, while
minima (1023.1 kg/m3) were at the surface (< 5 m) during flood (hours 8–9 and 16–18 in Figure 4d),
indicating a saltier mass of water entered the Bagaduce River at depth on flood, encompassing much of
the water column, while fresher water was at the surface. Stratification, represented by N2, increased
during flood at the interface (7–10 m) between the salty water at depth and fresher water at surface
(10−3.5 to 10−3 s−1 at stations 1 and 2, respectively in Figure 4e), indicative of the more stratified water
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mass moving in from the Penobscot River on flood. During the morning flood, a top-to-bottom density
difference of 2.7 kg/m3 from surface to bottom existed in the Penobscot River, a maximum for the day
(day 16.4 in Figure 2b). The ebb-tide stratification also featured lateral variability, with stronger N2 in
the deeper channel at station 2 relative to the shallower, near-shoal, station 1.
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vertical shear, S2. (d) Density, ρ. (e) Buoyancy frequency, N2. Hour of 16 October 2017 is the x axis of 

Figure 4. At stations 1 (left panels) and 2 (right panels): (a) Streamwise velocity. Positive values
represent flow into the estuary; negative represent outflow. (b) Stream-normal velocity. Positive depicts
flow directed right (when looking landward) and negative is flow directed left. (c) Squared vertical
shear, S2. (d) Density, ρ. (e) Buoyancy frequency, N2. Hour of 16 October 2017 is the x axis of each
subplot, and depth is the y axis. Panels (c) and (e) show log10 values. Shaded boxes represent the end
of flood and ebb tides.

Vertical shears in horizontal currents maintained near surface on ebb at both stations which
coincided with a decrease in stratification and a more disorganized lateral circulation pattern from
eddy development. S2 remained elevated near the surface at both stations (10−3 to 10−2 s−2) through
most of ebb but featured more temporal variability at depth with minima as low as 10−4 s−2 (hours 12
to 14, Figure 4c). At the same time, a defined three-layer lateral circulation cell at station 2 formed
during the beginning of ebb with flow directed towards station 3 at mid depths (5 to 10 m) and toward
station 1 at the surface and bottom. The cell became disorganized as ebb progressed (hours 10 to 14 in
Figure 4b). A similar cell with weaker currents maintained at station 1 throughout ebb (Figure 4a).
Depth averaged v at station 2 was non-zero during this time (not shown), indicating circulation may
have become disrupted by helical flow (eddy) which formed in the lee of High Tide Island. As the
circulation cell diminished, N2 decreased (10−3 s−1 at hour 9.5 to 10−5 s−1 at hours 13 to 16 in Figure 4e)
and the density profile at each station became more homogenous (increase to ~1023.3 kg/m3 at surface,
decrease to 1023.4 at depth in Figure 2d). The maintenance of near-surface shears, particularly at station
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2, likely was influenced by the coinciding decrease in stratification and eddy formation disrupting the
horizontal currents.

3.2.3. Dissipation and Mixing

Vertical mixing was generally limited on the flood tide from increased stratification. Contours of
Ri during flood show values near or larger than 0.25 at most depths, indicating stratification likely
suppressed shear-driven vertical mixing (Figure 5a). Conditions favorable for shear-driven mixing
(Ri < 0.25) occurred at depths less than 5 m (station 1) and coincided with the enhanced near-surface
shear outlined in Section 3.2.2. ε, Az, and Kz all were small relative to the rest of the tidal cycle (ε:
10−8 W·kg−1; Az: ~10−4 m2

·s−1; Kz: 10−5 m2) at both stations (Figure 5b–d). Turbulent eddies were

suppressed by the stratified water column, indicated by Ozmidov length scales [45], L0 =
√

ε
N3 , that
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Figure 5. At stations 1 (left panels) and 2 (right panels): (a) Gradient Richardson number, Ri, divided
by 0.25 (values less than 0 indicate Ri < 0.25). (b) TKE dissipation rate, ε. (c) Vertical eddy diffusivity,
Kz. (d) Vertical eddy viscosity, Az. Hour of 16 October 2017 is the x axis of each subplot, and depth is
the y axis. All panels show log10 values. Shaded boxes represent the end of flood and ebb tides.

Richardson numbers on ebb at both stations indicated vertical mixing was expected to follow
stratification patterns outlined above. Conditions were favorable for shear to overcome the stratifying
effects of buoyancy at the surface (Ri < 0.25 at depth < 5 m) throughout ebb, with less agreeable
conditions (Ri > 0.25) at depth at the start of ebb (depth > 5 m at hours 9.5 to 11) which changed to
more favorable (Ri < 0.25) as the water column density homogenized by peak ebb (Figure 5a). Large ε,
Az, and Kz values for the tidal cycle occurred during ebb, with bottom-generated turbulence increasing
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then maximizing ε (10−5 W·kg−1), Az (10−2 m2
·s−1), and Kz (10−2 m2) at both stations (though largest at

station 2) and extending into the mid depths (10 m at hours 12 to 14, Figure 5b–d) as the largest eddy
sizes increased to LO = 5 m.

Near-surface ε and Kz were identified at station 2 (< 10 m depth during hours 11 to 13, Figure 5b,c),
decoupled from the bottom. The increased ε was linked to the enhanced vertical mixing (KZ) also
decoupled from the bottom in the same regions (ε: 10−6 W·kg−1 and Kz: 10−2.5 m2). Although Ri values
suggested mixing-favorable conditions near the surface throughout the tidal cycle, these data show
that enhanced mixing only formed near the surface on ebb.

4. Discussion

Bottom-generated vertical mixing was enhanced on ebb as compared to flood because of the
interaction between the Penobscot and Bagaduce Rivers. The largest vertical mixing occurred near the
bottom during maximum ebb, but moderate ε and Kz were identified near the surface (<10 m depth) as
well. Recent work has identified lateral circulation (or streamwise vorticity) induced mechanisms can
enhance near-surface mixing at channel-shoal interfaces (e.g., [17,18]), but the observations in this study
do not reflect a two-layer lateral circulation throughout the tidal cycle. Therefore, another mechanism
was investigated which can both explain the prevention of lateral circulation and appearance of
episodic near-surface mixing during ebb: an eddy induced by a headland.

4.1. Eddy Formation

Eddies can form behind islands and headlands, creating strongly asymmetric flow fields
throughout a tidal cycle (e.g., [42,43]). Eddies can be identified by concentrated vorticity in areas of
flow separation, where streamlines break away from the coast and carry high vorticity fluid from
lateral boundaries into the interior of the flow field [43]. These eddies are reflected in the vertical
component of vorticity:

ωz =
∂v
∂x
−
∂u
∂y

, (10)

which is often used to identify eddy formation by tidal flow, with stronger vertical vorticity indicative
of stronger eddy development (e.g., [46,47]). The first term in Equation (10), the streamwise variation
in lateral flow, was not possible to calculate with the data collected, and so the second term, the lateral
variation in streamwise flow, was used as a proxy for vertical vorticity.

Eddy development was identified during ebb tide in the current velocity data. During ebb,
nonlinear flow was evident over the study area as spatially averaged streamwise velocities episodically
oscillated near 0 m/s (hour 12, Figure 6a) even as u within the main channel approached 1 m/s
(Figure 3b). Also, the lateral circulation diminished at approximately the same time (hour 12, Figure 4b).
∂u
∂y exhibited the largest magnitudes over the channel shoal interface around station 2 (0.05 s−1 at 200 to
400 m in Figure 6b) during ebb, and depth averaged currents reversed direction over the channel-shoal
interface near station 2 (Figure 6c). The depth averaged current vectors show a cross section typical
of a headland-produced eddy [43], with a clockwise flow produced in the lee of High Tide Island
directing flow from the channel, over the shoal, then back into the channel. Eddy development was
most pronounced during the middle of ebb tide (hours 11 to 14, not shown) as the eddy likely needed
time to spin-up and spin-down on either side of slack tides [48].
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Figure 6. At station 2: (a) Depth-averaged along-channel velocity at station 2 over the tidal cycle. Grey
boxes indicate the end of each tidal phase and the orange box indicates the time of a transect during
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averaged current vectors over bathymetry for the transect noted. ∂u
∂y was smoothed over two depth

bins (1 m) and six across-channel bins (12 m) to highlight broad trends.

The eddy and flow near the eddy in this study can be described by non-dimensional numbers
which place the observations in context of other systems. In oscillatory, viscous flow around a
headland-like feature, the frictional Reynold’s number [49] (Re = H

Cda , where H is water depth, Cd is
the drag coefficient [0.003], and a is the alongshore extent of the headland) and Keulegan-Carpenter
number [50] (KC = VT

a , with V being the tidal velocity and T the oscillatory period) are two important
parameters which describe the importance of friction and local accelerations to advection in the eddy
flow. In our case, using the mean depth at station 2 (H = 20 m), approximate headland length (a =

200 m), maximum tidal flow of 0.8 m/s, and an oscillatory period (T = 8 min) estimated from the
Strouhal number (St = 0.198

(
1− 19.7

Re

)
[51]), the frictional Reynolds number is 33 and KC = 2. According

to these values, the eddy development behind High Tide Island is controlled by KC (advection) and so
vorticity is likely transported away from the boundary layer and eddy. Friction is considered weak,
and so eddy development is strongly dependent on tidal current magnitudes which reform eddies
every half tide [43]. This is a typical case for a strongly tidal system with highly variable flow patterns
as outlined in Signell and Geyer (1991), although their model was representative of a larger-scale
headland (5–10 km).

4.2. Eddy-Induced Near-Surface Mixing

Previous studies have shown that streamwise vorticity (lateral circulation) can advect slower
water from a shoal over faster water in the channel and enhance vertical shears in horizontal currents
and mixing near surface [17]. What is yet to be determined is whether vertical vorticity from eddies
can function in a similar way: advect slower water from behind a headland over faster channel water
and produce near-surface mixing. To investigate this, lateral gradients in streamwise flow (our proxy
for ωz) over all ebb tide measurements (hours 9.5 to 15 in Figure 6) were bin averaged and compared
to vertical shears in streamwise flow to determine whether regions of eddy development could be
linked to shear-driven vertical mixing. For lateral shear magnitudes less than 0.2 s−1, vertical shear in
u remained nearly constant at 0.08 s−1 (Figure 7). For larger ∂u

∂y (> 0.20 s−1), typical of those seen in
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the vicinity of station 2 where eddy development occurred, ∂u
∂z magnitudes sharply increase to larger

than 0.14 s−1 (Figure 7). Quantitatively, Figure 7 shows that where the largest ∂u
∂y occur on ebb, the

largest ∂u
∂z are also likely to occur. Qualitatively, this is outlined in Figure 8, which depicts how eddy

development during ebb tide over the channel–shoal interface in the lee of High Tide Island carried
the relatively slower near-surface water from the shoal over the relatively fast-moving fluid in the
channel. The faster water beneath slower surface flow was observed during ebb at station 2 (Figure 3),
outlining this further. As this process occurred, magnitudes of ∂u

∂y were spatially and temporally large
for the tidal cycle, as vorticity and vertical shear were added to the streamwise flow. The increase in
lateral and vertical shear in u occurring over the channel-shoal interface then produced the enhanced
near-surface vertical mixing observed at station 2 (Figure 5).J. Mar. Sci. Eng. 2020, 8, x FOR PEER REVIEW 13 of 17 
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Station 2 was the only location on the transect line where near-surface mixing (decoupled from
the bottom layer) was observed and that mixing was constrained to the few hours around peak ebb
tide (hours 11 to 14 in Figure 5). Mixing at stations 1 and 3 (not shown) was bottom generated and rose
through the water column in a similar fashion to station 2 on ebb (Figure 5). The lack of near-surface
mixing at those stations (1 and 3) further illustrates the small spatial extent of mixing-prone conditions
constrained near the eddy produced by the upstream island. Further, the temporal constraint of
the near-surface mixing to only a few hours during peak ebb is likely due to the transient nature of
eddies [43,52]. It is very likely that the eddy was moving translationally, or sampling simply did not
occur within it on every transect.
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Figure 8. Conceptual diagram showing mechanisms creating enhanced turbulent mixing on ebb tide.
The view is looking into the estuary from the sea. Near-surface mixing lies where increased lateral
shear overlaps with increased vertical shear in streamwise currents. Relative direction and magnitude
of streamwise currents are shown as blue arrows, the eddy as blue curved arrows, bottom-generated
turbulent mixing as purple squiggles, and near-surface mixing as red squiggles.

The observations from this study show vertical vorticity, represented by lateral shears in u, created
from eddies can enhance near-surface vertical mixing over channel–shoal interfaces. Until now, no work
has identified near-surface mixing from lateral processes unrelated to streamwise vorticity. This work
is the first to highlight the role of headlands in inducing vertical mixing in regions with channel–shoal
morphology in low inflow estuaries. This transient mechanism was identified during a single tidal
cycle survey. In order to understand the prevalence and influence of eddy generated mixing on
momentum and transport, more tidal cycle surveys are necessary. Nonetheless, this work does indicate
that near-surface mixing should be expected downstream of a headland near channel–shoal bathymetry
in a macrotidal, low inflow system, typical of many Maine estuaries. For example, former research
has identified the tendency for enhanced turbulence to occur near headlands [53,54] and near-surface
mixing has been observed in other estuaries with eddies near channel–shoal bathymetry [22,30,55].
Those referenced studies observed near-surface mixing in headland-induced eddies were in the
Damariscotta River, Maine, another macrotidal, low-inflow estuary. Although those authors state that
determining the process causing the mixing was outside the scope of their work, they do identify
near-surface mixing (AZ: 10−2.4 m2/s) with minimal fortnightly variability in the headland-induced
eddy [22]. The results of the current work demonstrate that the mechanism causing near-surface mixing
in headland-induced eddies is the interaction of the eddy with channel–shoal bathymetry, which
enhances shear near the surface and generates wall-free turbulence. In partially mixed systems that
feature stronger stratification during certain phases of the tide, we export more fortnightly variability
in mixing in these headland-induced eddies. An important area of future research is to understand
the fortnightly and seasonal variability of mixing in headland-induced eddies in systems with more
significant stratification. Other work has determined that form drag (the force created by pressure
differentials across an obstacle in a flow field) can create mixing on the leeward side of headlands [56].
Mixing due to form drag is more prone to occur in the middle to near-bottom of the water column,
though, unlike the observations presented here.

Complex estuary morphology with frequent headlands and channel–shoal bathymetry is common
in mid-latitude, glacially carved estuaries such as those of Maine, southeast Canada, and the Pacific
Northwest of the United States and Canada. The complicated shapes of these systems and often strong
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tides make them prone to nonlinear hydrodynamics, such as eddies [22]. The results of this work show
that eddies can also be a mechanism for asymmetric mixing within these estuaries, both spatially and
temporally, which likely modifies the traditional subtidal flow regimes and transport defined by tidal
straining and ESCO circulation. Future work is needed to make more concrete connections between
ESCO and asymmetric near-surface mixing, but the observations of the present study provide another
mechanism which may create that connection.

5. Conclusions

The objectives of this work were to determine the intratidal and lateral variability in mixing
in a macrotidal, low-inflow estuary and diagnose the forcing mechanisms responsible for mixing
decoupled from the bottom boundary. The main messages were that elevated mixing can occur on
ebb tide relative to flood from velocity shears destabilizing a more homogenous water column on ebb
when salty water at depth and fresh water near surface is flushed from the estuary. The mixing was
mainly bottom generated and was uniform across the estuary. Also, near-surface vertical mixing was
created by eddies induced by along channel variations in bathymetry from features like headlands.
Strong turbulence (10−6 W·kg−1) was observed in the top 10 m of the water column at a channel–shoal
interface location during ebb tide. The turbulence coincided with elevated mixing (Kz: 10−3 m2;
Az: 10−2.5 m2/s), which was decoupled from bottom-generated turbulence. The enhanced mixing
only occurred in the immediate vicinity of an eddy created by an upstream island, creating a lateral
asymmetry in near-surface turbulence. Former work has attributed lateral processes from buoyancy
and current shears to the creation of mixing decoupled from the bottom. These results present new
evidence that near-surface turbulent mixing can develop from eddies produced by along-channel
bathymetric features.
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