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Abstract

Observations of Newark Bay, a sub-estuary network characterized by multiple junctions, reveal that fronts are generated by tidal
flow through transitions in channel geometry. All fronts substantially contribute to along-channel estuarine heterogeneity, and
most are associated with both changes in channel geometry and tidal velocity phase-shifts. A lift-off front forms at the mouth of
the sub-estuary during ebb tide in response to the abrupt seaward channel expansion. While forming, the front is enhanced by a
tidal velocity phase-shift; flood tide persists in the main estuary until 90 min after the start of ebb tide in the sub-estuary. A second
lift-off front forms during ebb tide at a channel-side-channel junction and is enhanced by a lateral baroclinic circulation induced
by baroclinic and barotropic tidal velocity phase-shifts between the main channel and side channel. The lateral circulation also
bifurcates the along-channel ebb flow at the surface, generating a surface front above the lift-off front. At the head of Newark Bay,
a second surface front forms during ebb tide at the confluence of two tributary estuaries. This confluence front is rotated across the
mouth of the primary fresh water source by high velocities from the adjacent tributary estuary and is maintained through much of
ebb tide by lateral straining and mixing. Although the overall stratification of Newark Bay would categorize it as a partially mixed
estuary, the fronts divide the density structure of the sub-estuary into a series of nearly homogeneous segments—a characteristic
that is more often associated with fjords.
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Introduction residual segments (Cokelet and Stewart 1985). The character-

istics of fjords that are associated with fronts, such as along-

Partially mixed estuaries are often portrayed as having near-
uniform along-channel salinity and stratification gradients
(Hansen and Rattray Jr. 1965; MacCready and Geyer 2010).
However, observations frequently reveal significant variabili-
ty in the strength of these gradients, especially in fjords. In
Puget Sound, for example, horizontal gradients in salinity and
stratification are larger over shallow sills than along deep ba-
sins (Ebbesmeyer and Barnes 1980). At bathymetric transi-
tions, horizontal salinity gradients are concentrated in fronts
on tidal timescales (Lavelle et al. 1991). These recurring sa-
linity fronts divide the fjord into a series of distinct tidal-
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channel heterogeneity, may also be relevant to partially mixed
and well-mixed estuarine regimes, as fronts form in all types
of estuaries (Largier 1993; Geyer and Ralston 2015).

Along-channel estuarine fronts are generated by a variety
of mechanisms, which are manifest in the tendency equation
of the along-channel salinity gradient, derived from the along-
estuary derivative of the salt conservation equation:

d 0s L3 Vas _ Ouds 0Ovds dwads 0 d(s'w')
otox " Vox T oxdx 0xdy dxdz dx 0z
1 2 3 — 5 6
(1)

This equation describes the tendency (term 1) and advec-
tion (term 2) of the local salinity gradient, as well as the gen-
eration of along-channel fronts through the convergence of the
along-channel salinity gradient (term 3), the twisting of a
cross-channel gradient (term 4), the shearing of stratification
(term 5), and the sharpening of the along-channel salinity
gradient by a mixing gradient (term 6). This equation can also
describe the destruction of an along-channel front through the
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reversal of processes described above. For example, term 3
can describe either front generation by an along-channel con-
vergence or front destruction by an along-channel divergence,
depending on the directions of the salinity and horizontal ve-
locity gradients. Although all of these mechanisms may gen-
erate fronts, frontogenesis by along-channel convergence is
most commonly discussed (Simpson and Nunes 1981;
Largier 1992; MacDonald and Geyer 2005; Ralston et al.
2010).

The formation of along-channel convergence fronts was
first investigated by Simpson and Linden (1989). Through a
series of lock exchange experiments, they determined that
convergences may be generated by locally intensified hori-
zontal salinity gradients. The locally intensified horizontal
pressure gradient, in turn, produces an along-channel conver-
gence. In a modeling study of the Hudson estuary, Geyer and
Ralston (2015) demonstrated that frontogenesis may also oc-
cur at channel expansions, where velocity convergences are
produced by the hydraulic response of stratified flow to the
change in width or depth. During ebb tide, stratified flow lifts
off from the bed at seaward channel expansions, generating
along-channel convergences between rapid ebb flow on the
landward side of the lift-off zone and stagnant or weakly
ebbing flow on the seaward side (Horner-Devine et al.
2015). This convergence concentrates the along-channel sa-
linity gradient at the bed in a lift-off front (Geyer and Ralston
2015).

During flood tide, on the other hand, the buoyant surface
layer is often arrested by saline inflow at landward channel
expansions (Simpson and Nunes 1981; Huzzey 1982). The
inflow subducts beneath the surface layer, generating a veloc-
ity convergence between inflow on the seaward side of the
plunge line and nearly stagnant flow on the landward side
(Largier 1992; Marmorino and Trump 1996). This conver-
gence concentrates the surface salinity gradient in a tidal in-
trusion front. During formation, both lift-off fronts and tidal
intrusion fronts are essentially arrested gravity currents
(Benjamin 1968; Pelegri 1988), in which the baroclinic prop-
agation speed of the front matches the speed of the oncoming
flow. Consequently, the internal hydraulic state of the flow is
often critical at locations of frontogenesis (Armi and Farmer
1986).

Lift-off fronts and tidal intrusion fronts also share sim-
ilar propagation characteristics. Lift-off fronts tend to
propagate landward as gravity currents after the change
of tide; Geyer and Farmer (1989), for example, described
the landward propagation of a lift-off front as a salt wedge
during flood tide at the mouth of the Fraser River. In
some cases, these propagating fronts induce the formation
of new bottom fronts during the following ebb tide by
initiating along-channel convergences at more landward
locations (Simpson and Linden 1989). Tidal intrusion
fronts may propagate after the change of tide as well,

these fronts propagate seaward during ebb tide, and in
some cases leave estuaries as plume fronts (Nunes
1982). However, tidal intrusion fronts may also propagate
after initially forming during flood tide. For instance,
Brubaker and Simpson (1999) observed that these fronts
may be advected landward from bathymetric transitions
and dissipate as flood tide intensifies.

Fronts also form at bathymetric transitions through
non-buoyant processes. At channel confluences, for ex-
ample, laterally convergent streams produce fronts (Best
1987; Rhoads and Sukhodolov 2001). When the conflu-
ence is asymmetric, i.e., one of the flows is stronger than
the other, the resulting lateral shear may rotate the front
into the along-channel direction (De Serres et al. 1999;
Riley et al. 2014). These fronts may also exhibit cross-
front buoyancy gradients, which are produced by either
contrasting water properties (Farmer et al. 1995) or tidal
phase-shifts between channels (Warner et al. 2002;
Giddings et al. 2012).

Confluence fronts, lift-off fronts, and tidal intrusion
fronts each form at channel junctions, located either with-
in an estuary or between an estuary and the receiving
waters (e.g., lift-off fronts). These junctions provide either
the geometry or spatial shifts in tidal current phase (the
relationship between tidal height and velocity) that are
conducive to frontogenesis. Spatial shifts in tidal current
phase at junctions may also modify the process of front-
ogenesis by altering the horizontal salinity gradient
(Pritchard and Bunce 1959; Alebregtse et al. 2013) and
the along-channel velocity gradient (Warner et al. 2003).
Warner et al. (2002), for example, observed that the phas-
ing of tidal currents between channels can generate either
convergent or divergent along-channel salinity gradients
at a junction depending on the phase of the tide. A similar
phase-shift at a junction between a channel and side chan-
nel may enhance the lateral salinity gradient, generating a
lateral bottom front (van Maren et al. 2009). These bottom
fronts propagate into side channels as part of a tidal lock
exchange process produced by the channel—side channel
phase-shift (Allen and Price 1959; Hayward et al. 1982).
The lock exchange may also influence the along-channel
salinity gradient by alternately exporting freshwater into
the main channel at the surface and saline water into the
channel at the bed.

In this observational study, we examine how junctions af-
fect the formation of salinity fronts in the Newark Bay sub-
estuary, and how these fronts contribute to a heterogeneous
estuarine structure. The structure of the paper is as follows: the
second section describes the site; the third section reports our
observation methods; the fourth section analyzes the influence
of junctions on the formation of salinity fronts; and the fifth
section discusses the effects of fronts on the heterogeneity of
the Newark Bay sub-estuary.
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Methods
Site

Newark Bay, New Jersey, is a sub-estuary of the Hudson
River—New York Harbor estuary (Fig. 1). The sub-estuary
is connected to the Harbor through Kill van Kull and to
Raritan Bay (another sub-estuary of the estuarine network)
through a narrow tidal strait called Arthur Kill. New York
Harbor and each of the connecting straits are roughly 20 m
deep. At the junction between the Harbor and Kill van Kull,
the width of the channel abruptly decreases by one third. The
channel is further punctuated by a series of abrupt bathymetric
transitions within the sub-estuary, which are due to the natural
geometry of the system as well as human-induced channel
modifications. These modifications include two side channels
associated with Port Newark and Port Elizabeth and an abrupt
shoaling of the channel from 17 to 13 m in the middle of
Newark Bay. At the northern end of Newark Bay, the channel
splits into the Passaic and Hackensack rivers; the channel
shoals from 13 to 6 m at the mouth of the Passaic.

Tides within the sub-estuary are largely semidiurnal,
with a mean range of 1.5 m (Mathew and Winterwerp
2017). Tidal velocity and water level are 90° out of phase
throughout the sub-estuary (Chant et al. 2011). Tidal ve-
locity and water level are 45° out of phase in the adjacent
Hudson River (Nepf and Geyer 1996); consequently, tidal
velocities within the Harbor lag velocities within the sub-
estuary by 45°, or roughly 90 min. Newark Bay is a par-
tially mixed estuary, with modest to moderate stratifica-
tion and a robust two-layer estuarine exchange flow
(Suszkowski 1978; Chant et al. 2018). Most freshwater
(85%) enters the sub-estuary from the Passaic River; how-
ever, the Passaic River tidal prism is roughly one quarter
of the size of the Hackensack River tidal prism (Shrestha
et al. 2014). Most seawater enters the sub-estuary through
Kill van Kull, in response to a net clockwise circulation
around Staten Island (Suszkowski 1978; Blumberg et al.
1999). This circulation pattern is produced by a mean sea
level gradient between the mouth of Kill van Kull in New
York Harbor and the mouth of Arthur Kill in Raritan Bay
(Kaluarachchi et al. 2003).

Fig. 1 The Newark Bay sub-estuary, showing locations of moorings and the along-channel hydrographic sections. The inset depicts the surrounding

waterways
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Observations

Shipboard and moored observations of the Newark Bay sub-
estuary and New York Harbor were conducted in the spring
and early summer of 2016. From March 17 through July 5,
four moorings were deployed along the axis of the sub-estu-
ary, each within a region of distinctly different channel geom-
etry (Fig. 1). From south to north, these moorings are labeled
New York Harbor (NYH), Kill van Kull (KvK), Newark Bay
(NB), and Passaic River (PR). All moorings were equipped
with near-bed and near-surface RBR conductivity-
temperature-depth (CTD) sensors; near-bed CTD sensors
were mounted 0.5 m above the bed and near-surface sensors
were mounted 1 m below the water surface. All CTD sensors
sampled water properties once per minute. Moorings NYH and
NB were also equipped with bottom-mounted 1 MHz Nortek
AWAC acoustic Doppler current profilers (ADCPs), which
measured velocities in 0.5 m depth bins throughout the water
column every 10 min; the center of the bottom depth bin was
located roughly 1.75 m above the bed. Mooring KvK was
equipped with a bottom-mounted 600 kHz RDI ADCP, which
measured velocities in 0.5 m depth bins throughout the water
column every 15 min; the center of the bottom depth bin of the
ADCP was located 1.6 m above the bed. Mooring PR was
equipped with a 2-MHz Nortek Aquadopp ADCP, though
data from this ADCP was not recovered due to corrosion by
sea water; while deployed, the housing was breached by a
propeller. Some loss of CTD data occurred at all moorings
due to biofouling. Consequently, comprehensive data cover-
age of the sub-estuary with moored instruments ceased on
May 30. All mooring-based data were interpolated onto a
10-min sampling interval for processing and analyses.

To capture the along-channel variability of estuarine
characteristics, shipboard measurements of velocity and
salinity were made over semidiurnal tidal periods using
a downward-facing 1200 kHz RDI ADCP and continu-
ously profiling RBR CTDs while traversing transects at
roughly 3 m/s. The ADCP measured velocities throughout
the water column in 0.25 m depth bins once per second;
the average horizontal resolution is equivalent to one pro-
file every 2.5 m. The CTDs measured water properties at
a rate of 12 Hz, producing salinity profiles with a vertical
resolution of 0.1 m roughly every 70 m along the channel.
For analyses of shipboard measurements, data were sub-
sampled onto the vertical resolution of ADCP measure-
ments and the horizontal resolution of CTD measure-
ments. Shipboard surveys took place during two periods
of the mooring deployment. The first period (May 11-14)
coincided with larger-than-average (perigean) spring tides
and relatively high discharge conditions (Fig. 2, top pan-
el), and the second (June 30—July 1) occurred during
smaller (apogean) spring tides and low discharge condi-
tions. All sections fall along the transect shown in Fig. 1,

which follows the primary axis of the sub-estuary from
NYH to PR.

Results
Overall Structure and Variability

During the observation period, mean discharge from the
Passaic and Hackensack rivers was 15 m®/s (Fig. 2, top
panel)—the 42nd percentile of the overall historical re-
cord and the 6th percentile of the seasonal climatology
(USGS gages 01389500 and 01378500, 1920-2015).
Freshwater discharge in the adjacent Hudson River estu-
ary was above average relative to overall historical con-
ditions, but below average relative to the seasonal clima-
tology (at the 66th and 9th percentiles, respectively;
USGS gage 01358000, 1946-2015). The tidal range with-
in the sub-estuary was larger than average during the ob-
servation period; the alignment of lunar perigee with
spring tides produced two perigean springs and three apo-
gean springs (Fig. 2, bottom panel). Tidal water level
amplitudes ranged from roughly 0.5 m during neap tides
to 1.0 m during perigean spring tides. Mean tidal veloci-
ties within the sub-estuary ranged from 0.5 to 0.9 m/s
over the same period.

The salinity time series at the moorings exhibit variations
due to the tides, spring/neap modulations, and fluctuations in
river flow (Fig. 2). In New York Harbor, the spring/neap cycle
significantly influences subtidal surface salinity variability;
the surface of the Harbor is up to 10 psu fresher during neap
tides than during perigean spring tides. Within the sub-estuary,
the influence of the spring/neap cycle is more evident in near-
bed salinity variability, although the response rapidly weakens
toward the head of the sub-estuary. In the Passaic River,
subtidal salinity variability is strongly influenced by fluctua-
tions in river flow. Tidal salinity variability is most notable at
moorings PR and NYH; however, all moorings exhibit rapid
tidal salinity fluctuations. The varying tidal signal between
moorings indicates that the strength of the horizontal salinity
gradient changes over scales less than the tidal excursion.

Spatial Structure

The spatial heterogeneity of salinity and stratification is con-
firmed by an along-channel salinity section obtained at the end
of ebb tide (Fig. 3). Although the section presents a snapshot
of tidal conditions, its depiction of the sub-estuary is consis-
tent with the mean characteristics of the moored time series.
Stratification is largest at the landward and seaward bound-
aries of the sub-estuary. Conditions within Newark Bay are
partially mixed, and Kill van Kull is largely well-mixed.
Between regions of different stratification, the along-channel
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salinity gradient is concentrated in fronts. A bottom front at
the mouth of the sub-estuary separates the Harbor from Kill
van Kull, and a surface front separates the Passaic River from
the Hackensack River confluence. Salinity and stratification
gradients are more gradual between Kill van Kull and Newark
Bay; however, a weak bottom front is observed near 12 km,
and a weak surface front is observed near 10 km.

Temporal Evidence of Fronts

The salinity measured at each mooring rapidly increases dur-
ing flood tide, consistent with the passage of fronts (Fig. 4).
Both surface and bottom fronts that are advected landward

__ pre-front post-front

-3 hr front +3 hr

salinity (psu)

T
—r—rsmsl 7

‘pre—front post—front'

Fig.4 Temporal increases in salinity attributed to the landward advection
of fronts at each mooring. Time series are aligned such that all fronts
occur at the mean tidal hour of frontal advection. Tidal hours are given
in reference to the depth-averaged velocity at each mooring; hour 0 oc-
curs at the start of ebb tide, and hour 6 occurs at the start of flood tide.
Note that the salinity scale at mooring PR is twice as large as the scales at
moorings NB and KvK

during flood tide produce rapid increases in salinity at a sta-
tionary mooring, as the sharp horizontal salinity gradients are
translated into rapid temporal changes in salinity. The rapid
increases in salinity in the moored observation records that are
associated with the passage of fronts are at least two standard
deviations larger than the mean temporal salinity gradient. The
tidal cycles at each mooring that contain these rapid changes
in salinity are shown in gray in Fig. 4; repeated hydrographic
sections (discussed in the “Formation and Evolution of
Fronts” section) confirm that these tidal fluctuations are in-
deed generated by advected bottom and surface salinity fronts.
To emphasize the characteristics of the fronts, the tidal salinity
time series shown in Fig. 4 are aligned such that all rapid
increases in salinity occur at the mean tidal hour of frontal
advection at each mooring. The average tidal salinity variabil-
ity at each mooring after co-locating frontal measurements is
shown in black. This process of identifying advected fronts
within the moored salinity records reveals that bottom fronts
pass moorings KvK and NB in over 70% of tidal cycles, and
surface fronts pass moorings PR and NB in over 90% of tidal
cycles.

The consistent observations of frontal advection through-
out the three-month record permit the characterization of the
fronts at each mooring. At mooring KvK, the recurrent bottom
front (labeled B1) increases near-bed salinity by an average of
2 psu in early flood tide. The salinity difference across the
front fluctuates over the observation record by less than
1 psu. The large subtidal salinity fluctuations evident in Fig.
4 are instead produced by the effects of the spring/neap cycle
on the mean tidal salinity at the mooring; the mean flood tide
salinity at mooring KvK decreases by roughly 3 psu from neap
tides to perigean spring tides. Front B1 passes the mooring by
2 h into flood tide on average, which suggests that the front
originates roughly 2.5 km seaward of the mooring, assuming
that the front is primarily advected by depth-averaged tidal
velocities. This location is consistent with the observed loca-
tion of the bottom front in Kill van Kull in Fig. 3. However,
the salinity gradient across the front in the mooring observa-
tions is much weaker than the salinity gradient across the front
in the hydrography. This suggests that the front is significantly
modified by tidal processes before passing mooring KvK.

The recurring bottom front in Newark Bay (labeled B2)
increases the near-bed salinity at mooring NB by an average
of 2 psu roughly 30 min after the start of flood tide. The
salinity difference across the front is significantly influenced
by spring/neap variability; the difference in salinity across
front B2 increases by an average of 1.7 psu from neap tides
to perigean spring tides. The relationship between the strength
of'the front and the spring/neap cycle suggests that the process
of frontogenesis for front B2 is influenced by the tidal salinity
range. The time at which the bottom front (B2) passes the
mooring, conversely, fluctuates nearly independently of
spring/neap and discharge variability; most measurements of
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the front occur 20—70 min after the start of flood. This range
suggests that the front forms roughly 0.5 km downstream of
the mooring, assuming that the front is advected landward by
near-bed velocities similar to those observed at the mooring.

The recurring surface front at mooring NB (labeled front
S1) increases the surface salinity by an average of 3 psu in
early flood tide. The salinity difference across this front is
similarly influenced by the spring/neap cycle, increasing by
an average of 1.7 psu from neap tides to perigean spring tides.
This suggests that the process of formation for this front is
influenced by the tidal salinity range. The time at which the
front passes the mooring also fluctuates over the spring/neap
cycle, decreasing from 2.2 to 1.4 h into flood from neap tides
to perigean spring tides. This suggests that the front consis-
tently forms in the same location, at most 2.5 km seaward of
the mooring, assuming that the front forms at the start of flood
tide and is advected landward by tidal velocities.

The surface front at mooring PR increases the near-surface
salinity by an average of 7 psu in early flood tide, which is
consistent with the salinity difference across the front ob-
served at the mouth of the Passaic River in Fig. 3. At the
mooring, the salinity difference across the front ranges from
2 to 14 psu over the observation record, producing the vertical
spread of salinity measurements shown in Fig. 4. Most of this
variability is due to fluctuations in river flow; the salinity
difference increases from an average of 4 psu during low
discharge to 8 psu during peak discharge. The front is typical-
ly observed 2 h after the start of flood tide, although the time
of observation does fluctuate from tide to tide; most observa-
tions of front S2 occur between 1.3 and 2.4 h into flood tide.

Formation and Evolution of Fronts

Repeated hydrographic surveys in each region of the sub-
estuary provide insight into the formation and evolution of
these fronts. All fronts observed at the moorings form at junc-
tions during ebb tide. The fronts are generated by flow through
the junctions, and most are modified by tidal phase-shifts.
While there are similarities among the frontal locations, each
front demonstrates a different mechanism through which junc-
tions influence frontogenesis and frontal evolution.

Front B1

The formation and evolution of bottom front B1 is shown in 2-
h intervals in Fig. 5. At the start of ebb tide (hour 0.7), the
near-bed salinity gradient within Kill van Kull is nearly uni-
form. Ebb flow accelerates seaward at the 500-m channel
expansion at the mouth of the sub-estuary (0 km). Although
the sub-estuary is beginning to ebb at hour 0.7, the Harbor
continues to flood; this phase-shift is evident in the landward
near-bed flow observed 2 km seaward of the mouth of Kill van
Kull, which opposes the strengthening ebb in the sub-estuary.

@ Springer
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Fig. 5 Repeated along-channel salinity sections in Kill van Kull from the
start of ebb tide (hour 0.7) through maximum flood (hour 8.3). Along-
channel velocities are shown with arrows, and shading indicates salinities
greater than 22 psu. The asterisk indicates that conditions at maximum
flood were observed at the end of the previous tidal cycle

By maximum ebb (hour 2.5), this landward flow increases the
salinity in New York Harbor by roughly 1 psu. Rapid ebb flow
within Kill van Kull converges with the landward flow near
0 km at the newly formed front B1. The salinity difference
across the front increases from 4 to 6 psu by late ebb (hour
4.3), despite a substantial decrease in the volume of saline
water on the seaward side of the front. As ebb tide progresses,
the front begins propagating landward as a gravity current,
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traveling 2 km by the start of flood tide (hour 6.2). The Harbor
continues to ebb through hour 6.7, isolating the propagating
gravity current from a seaward source of salinity. The propa-
gating front continues toward Newark Bay through the re-
mainder of flood tide, passing mooring KvK (hour 8.3), and
exiting the survey region.

The mechanism of formation of front B1 is shown in Fig. 6
through the components of the along-channel convergence
term in the frontogenesis equation (term 3; Eq. 1). The front
is initially observed as an along-channel salinity gradient max-
imum prior to maximum ebb tide (hour 2.5; Fig. 6). This
salinity gradient maximum is concentrated by an along-
channel velocity convergence at the mouth of the sub-estuary.
Near-bed velocities reverse from —0.5 m/s on the landward
side of the front to + 0.1 m/s on the seaward side. This velocity
convergence is generated by the response of stratified ebb
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s jsohalines
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o

hr2.5 hr4.3

%67’%\ N7
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shape of
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Fig. 6 Generation of bottom front B1 during ebb tide. The seaward
channel expansion at the mouth of Kill van Kull is located at 0 km.
Lines are labeled by tidal hour. Positive along-channel salinity gradients
and velocities are directed landward. Arrows in the bottom panel indicate
the directions of near-bed velocities during frontogenesis

flow to the seaward channel expansion at 0 km. The hydraulic
state of flow within Kill van Kull is supercritical during ebb
tide, and the lift-off of the isohaline associated with front B1 at
the estuary—sub-estuary junction is consistent with the re-
sponse of supercritical stratified flow to a channel expansion
(MacDonald and Geyer 2005; Armi and Farmer 1986). This
suggests that front B1 is generated by the hydraulic response
of ebb flow to the junction. The front begins propagating
landward by late ebb (hour 4.3), in response to weakening
ebb velocities in Kill van Kull.

Both the formation and propagation of front B1 are sub-
stantially influenced by the tidal velocity phase-shift between
New York Harbor and the sub-estuary. During early ebb tide
(hour 2.5; Fig. 5), the phase-shift juxtaposes saline, flood tide
conditions in the Harbor with fresher, ebb tide conditions in
the sub-estuary. This enhances the along-channel salinity and
velocity gradients at the mouth of Kill van Kull, both of which
enhance the along-channel salinity convergence. Because of
the enhanced convergence, the front forms during early ebb;
most lift-off fronts instead form during late ebb (Geyer and
Ralston 2015). During early flood tide (hour 6.2), the phase-
shift juxtaposes fresher, ebb tide conditions in the Harbor with
saline, flood tide conditions in the sub-estuary. This reverses
the near-bed salinity gradient at the mouth of Kill van Kull and
detaches the propagating gravity current from New York
Harbor (hour 8.3). The resulting isolated gravity current
makes front Bl visibly different from the lift-off fronts ob-
served at the mouths of salt wedge estuaries (Geyer and
Farmer 1989; Ralston et al. 2010), which tend to have
along-channel salinity gradients that monotonically increase
toward the sea.

Front B2

The second bottom front is observed in Newark Bay; the tidal
evolution of this front (front B2) is shown in Fig. 7 in roughly
90-min intervals from early ebb tide through maximum flood.
A region of enhanced horizontal salinity gradient is observed
near the mouth of a side channel at 10.5 km in early ebb tide
(hour 1.5; Fig. 7); along-channel velocities in this region are
weakly divergent. By maximum ebb (hour 3.0), the region is
advected seaward, and a weak bottom front forms at this lo-
cation (front B2). Near-bed velocities at front B2 are conver-
gent; along-channel ebbing velocities on the landward side of
the front are stronger than those on the seaward side. The
weak initial salinity difference across the front increases to
1 psu by late ebb (hour 4.3), following a reduction of the
salinity on the landward side of the front. The salinity on the
seaward side of the front remains nearly constant. The front
begins propagating landward by the start of flood (hour 6.2),
passing mooring NB and exiting the survey region by maxi-
mum flood (hour 9.0).
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Fig. 7 Along-channel salinity
sections in Newark Bay from
early ebb tide (hour 1.5) through
maximum flood (hour 9.0).
Arrows indicate along-channel
velocities, and shading corre-
sponds to salinities between 23
and 24 psu. Isohalines associated
with fronts B2 and S1 over time
are highlighted with colors that
correspond to the changes over
time depicted in Figs. 8 and 10
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The dynamics of front B2 appear to be related to two
factors: the response of ebb flow to the seaward channel
expansion at the mouth of the side channel at 10.5 km and
the export of saline water from the same side channel.
This is determined by analyses of along-channel varia-
tions of the horizontal salinity gradient, near-bed veloci-
ties, and repeated lateral hydrographic sections. Along-
channel variations in the horizontal salinity gradient and
near-bed velocities, the components of the along-channel
convergence and cross-channel twisting terms in the
frontogenesis equation (terms 3 and 4; Eq. 1) are shown
during the formation of front B2 in Fig. 8. The front is
first observed as a weak along-channel salinity gradient
maximum at maximum ebb tide (hour 3.0; Fig. 8). The
along-channel salinity gradient is drawn together by an
along-channel velocity convergence at 10.5 km; ebbing
near-bed velocities weaken by roughly 0.3 m/s over
500 m. We hypothesize that the velocity convergence is
generated by the response of stratified ebb flow to the
lateral channel expansion of the side channel junction,
as ebb flow throughout the region is supercritical. The
lack of a flow reversal across front B2 suggests that the
front should be advected seaward. However, the front re-
mains in nearly the same location through late ebb (hour
4.3).

Strong eastward lateral velocities on the seaward side
of front B2 during late ebb tide suggest that the front is
maintained and enhanced by the interaction of the main
channel with the side channel (hour 4.3; Fig. 8). This is
confirmed by repeated lateral hydrographic sections at the
junction at a different time under similar environmental
conditions (Fig. 9; note the lower salinity—the 20 psu
isohaline roughly corresponds to the 24 psu isohaline in
Fig. 7). The lateral sections are shown in roughly 90-min
intervals from the end of flood tide through early flood
tide. These sections reveal the presence of both baroclinic
and barotropic tidal velocity phase-shifts between the
main channel and side channel; flood tide persists in the
side channel roughly 90 min after the start of ebb tide in
the main channel. From the end of flood through early
ebb tide (hours 11.8-1.3; Fig. 9), the near-bed salinity of
the main channel is greater than the side channel. The
combination of this baroclinic pressure gradient with a
lateral barotropic pressure gradient generates a lateral cir-
culation in which salt water is advected into the side chan-
nel from the main channel. The near-bed salinity in the
main channel decreases as ebb tide progresses (hours 2.7—
4.2), due to the seaward advection of fresh water from the
Passaic and Hackensack rivers. By late ebb (hour 4.2), the
low salinity of the main channel reverses the lateral near-
bed baroclinic pressure gradient, which in turn reverses
the circulation of the side channel. Consequently, salt wa-
ter that was trapped in the side channel from the previous
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Fig. 8 Generation of front B2 during ebb tide. The mouth of the side
channel is located at 10.5 km. Lines are labeled by tidal hour. Positive
cross-channel salinity gradients and velocities are directed eastward (out
of the page). Arrows in the bottom panel indicate the directions of near-
bed velocities during frontogenesis

flood tide is expelled into the main channel. In Fig. 7, this
is the bolus of 24 psu water on the seaward side of the
front in late ebb (hours 4.3 and 6.2). The expulsion of salt
water from the side channel continues through the end of
ebb tide (hour 6.7; Fig. 9), maintaining the front as an
oblique boundary between fresh water from upstream
and salt water from the side channel.

@ Springer



732

Estuaries and Coasts (2020) 43:722-738

depth (m)

distance into the side channel (km)

Fig. 9 Across-channel salinity sections in Newark Bay from the end of
flood tide (hour 11.8) through early flood (hour 7.3). Arrows indicate
across-channel velocities, and shading corresponds to salinities greater
than 20 psu. The asterisk indicates that conditions at the end of flood tide
were observed at the end of the depicted tidal cycle
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Front S1

A surface front also forms during ebb tide at the seaward
channel expansion at the mouth of the side channel (Fig. 7).
In early ebb (hour 1.5), the surface velocities and salinity
gradient throughout Newark Bay are nearly uniform. By max-
imum ebb (hour 3.0; Fig. 7), surface velocities roughly double
on the landward side of the side channel at 10.5 km, whereas
those on the seaward side remain nearly constant. This con-
vergence is associated with the surface front (front S1). As ebb
tide progresses (hour 4.3), the gradient zone remains in nearly
the same location and retains a constant cross-front salinity
difference, while the isohalines themselves are advected sea-
ward. From maximum ebb to the end of ebb (hour 6.2), the
isohaline associated with the front decreases from 23 to
21.25 psu. At the change of the tide, the front propagates
landward, retaining the salinity, it was associated with at the
end of ebb tide. By hour 7.5, the front passes mooring NB, as
shown in Fig. 3. It continues landward and exits the survey
region as flood tide progresses. After front S1 propagates
landward, another surface front forms at the mouth of the side
channel (hour 7.5). Although this front also propagates land-
ward, it is stretched and weakened by the divergent surface
velocity field at 11 km. Consequently, this second surface
front in Newark Bay is dissipated by the time it passes moor-
ing NB (hour 9.0).

We hypothesize that front S1 is generated by the response
of along-channel flow to the lateral circulation of the side
channel. This is suggested by analyses of along-channel var-
iations of the horizontal salinity gradient and near-surface
velocities—components of the along-channel convergence
term in the frontogenesis equation (term 3; Eq. 1). The
isohalines associated with front S1 during frontogenesis, as
well as along-channel variations in the horizontal salinity gra-
dient and near-surface velocities, are shown in Fig. 10. The
front is first observed at maximum ebb tide as a weak maxi-
mum of the along-channel salinity gradient located above bot-
tom front B2 at 10.5 km (hour 3.0; Fig. 10). The salinity
gradient maximum is generated by an along-channel velocity
convergence, in which surface velocities decrease by roughly
0.5 m/s over a distance of 500 m. The peak westward lateral
velocities located at the along-channel convergence suggests
that the surface convergence is generated by the interaction of
the main channel with the side channel. This is confirmed by
repeated hydrographic sections within the side channel during
similar environmental conditions, shown in Fig. 9 from the
end of flood tide through early flood tide.

At the end of flood tide (hour 11.8; Fig. 9), the surface
salinity within the side channel is less than the salinity in the
main channel. The resulting baroclinic pressure gradient gen-
erates a lateral circulation that exports fresh water from the
side channel at the surface. However, this pressure gradient
reverses as fresh water is advected seaward in the main
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frontogenesis

channel (hours 1.3-2.7). By maximum ebb tide (hour 2.7), the
reversed baroclinic pressure gradient draws ebbing fresh water
into the side channel, generating a weak lateral divergence in
the main channel. The along-channel response to this lateral
divergence is the weak surface velocity convergence that
forms front S1 (hour 3.0; Fig. 10). Similar circulation patterns
have been described before at the mouths of estuarine harbors
(Langendoen and Karelse 1990), but the resulting along-
channel surface front has not been reported. This circulation

depth (m)

11 12 13 14 15 16
distance from NY Harbor (km)

Fig. 11 Along-channel salinity sections at the mouth of the Passaic River
from the start of ebb tide (hour 0.5) through maximum flood (hour 8.7).
Arrows indicate along-channel velocities, and cross-hatching indicates
regions in which the Richardson number is less than 0.5. Contours of
westward cross-channel velocities, which emanate from the Hackensack
River, are shown in 10 cm/s increments in gray; velocity contours start at
10 cn/s. Salinity isohalines associated with front S2 over time are shown
with colors that correspond to the changes over time shown in Fig. 12

persists through the end of ebb tide (hours 4.2-6.7; Fig. 9),
continuously concentrating the along-channel salinity gradi-
ent into a surface front at the mouth of side channel. With the
change of tide (hour 6.2; Fig. 10), along-channel surface ve-
locities on the seaward side of the front reverse direction,
halting the seaward advection of fresh water. This couples
the front to its end-of-ebb salinity and further draws surface
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isohalines together, enhancing the front before it is advected
landward.

Front S2

The strongest surface front observed in the Newark Bay sys-
tem occurs at the mouth of the Passaic River; the formation
and tidal evolution of this front (front S2) is shown in Fig. 11.
At the start of ebb tide (hour 0.5), the surface salinity gradient
increases from Newark Bay toward the Passaic. Weak surface
velocities within Newark Bay are directed landward, and sur-
face velocities within the Passaic are directed seaward. The
resulting surface convergence forms a frontal region at 13 km.
By maximum ebb (hour 2.2), this frontal region is advected
seaward, and is replaced by surface front S2. This front is
located above Hackensack River outflow, which is shown in
Fig. 11 as a mid-depth cross-channel velocity maximum. As
ebb tide progresses (hours 3.8-6.2), the front remains nearly
stationary despite the seaward advection of surface isohalines;
the salinity associated with the front decreases from 16 psu at
maximum ebb to 11 psu at the end of ebb tide. With the
change of tide, the front is advected landward and passes
mooring PR by maximum flood (hour 8.7).

The dynamics of front S2 are associated with the merging
of'the Passaic and Hackensack rivers during ebb tide (Fig. 11).
Because of the geometry of the confluence, Hackensack out-
flow impinges on outflow from the Passaic. The interaction
between the two laterally convergent ebb flows was deter-
mined through analyses of the along-channel variations of
the horizontal salinity gradient and near-surface velocities—
components of the along-channel convergence and cross-
channel gradient twisting terms in the frontogenesis equation
(terms 3 and 4; Eq. 1). These components, as well as the front-
associated isohalines, are shown in Fig. 12. The front is first
observed in early ebb tide (hour 2.2; Fig. 12). Unlike the fronts
described above, the along-channel velocity field at the loca-
tion of front S2 is weakly divergent. Instead, the front is lo-
cated in a region of cross-channel shear; westward lateral ve-
locities peak immediately downstream of the front throughout
ebb tide (hours 2.2-6.2). We hypothesize that this shear twists
the boundary between the Passaic and Hackensack outflows
into the along-channel direction. Throughout ebb tide, the
magnitude of the along-channel salinity gradient at the front
remains nearly constant. This is despite the tripling of cross-
front shear from early ebb (hour 2.2) to the end of ebb tide
(hour 6.2), which suggests that the strength of the front is not
set by shear, but is instead set by the salinity gradient between
the Passaic and Hackensack rivers. Consequently, the front is
likely generated as a channel-parallel boundary between the
two ebbing outflows and is rotated by the cross-channel shear
to be oriented obliquely to the channel. This process is con-
sistent with the formation of confluence fronts, which are gen-
erated by the along-channel straining of the interface between
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bottom panel indicate the directions of near-surface velocities during
frontogenesis

convergent flows, and may be rotated into the along-channel
direction by geometry-induced flow asymmetries (De Serres
et al. 1999; Riley et al. 2014).

Front S2 is maintained by the confluence through the end
of ebb, and like front S1, the salinity of the front steadily
decreases throughout ebb tide. Although the lateral structure
of the front was not resolved, the presence of the front within
the along-channel sections in Fig. 11 demonstrates that the
front extends over most of the mouth of the Passaic. This,
combined with an absence of observations of unmixed fresh
water further downstream, suggests that most ebbing fresh
water from the Passaic passes through the front before being
entrained into the saline and well-mixed Hackensack at the
confluence. During late ebb (hour 3.8; Fig. 11), ebbing fresh-
water from the Passaic is entrained into the Hackensack near
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the bed through a turbulent bottom boundary layer, which is
shown by the region of low gradient Richardson number (Ri

< 0.5) beneath the core of cross-channel velocities associated
with the impinging Hackensack. Ebb flow from the Passaic is
also entrained into the Hackensack at the surface; the lack of
low gradient Richardson numbers near the surface suggests
that Passaic fresh water is entrained into the Hackensack at the
surface by horizontal mixing, such as through lateral shear
instabilities along the front. When the tide turns to flood, the
front is advected landward up the Passaic River, preserving
the cross-front salinity difference between Passaic and
Hackensack water.

Estuarine Heterogeneity Caused by Fronts

Over the course of the observation record, the fronts within the
Newark Bay sub-estuary generate a heterogeneous along-
channel salinity structure. Each front separates significantly
different salinities during flood tide, as shown by histograms
of the salinity distributions at each mooring location (Fig. 13).
In addition, the mean flood tide salinity measured before front
B1 is similar to the mean flood tide salinity observed after the
passage of front B2 at mooring NB. The difference between
the two means is less than one standard deviation, which in-
dicates that the region between the two fronts is nearly homo-
geneous. This is also true for near-bed salinities observed be-
fore front B2 and near-surface salinities observed after front
S1, as well as near-surface salinities observed before front S1
and after front S2. This shows that, on average, fronts divide
the sub-estuary into three nearly homogeneous segments be-
tween New York Harbor and the Passaic River. These water
masses can be thought of as Kill van Kull water (colored
orange in Fig. 13), Newark Bay water (yellow in Fig. 13),
and Hackensack confluence water (light teal in Fig. 13). The
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Fig. 13 Probability density functions of the average salinities measured
before and after the passage of fronts during flood tides at moorings KvK,
NB, and PR. In all cases, the average salinity measured during flood tide
before the front (solid line density functions) is higher than the average
salinity measured during flood tide after the front (dashed line density
functions). Colors are used to emphasize observed water masses with
similar mean values. Probability density is shown in increments of 0.1

characterization of the sub-estuary as a segmented system is
further supported by the heterogeneous along-channel struc-
ture of the sub-estuary observed at the end of ebb in Fig. 3.
The horizontal density gradient is not continuously distributed
along the sub-estuary during either flood or ebb phases of the
tidal cycle. This indicates that Newark Bay has a tidally aver-
aged structure that is more akin to a segmented fjord (e.g.,
Puget Sound; Ebbesmeyer and Barnes 1980) than to more
uniform gradient estuaries, such as the main stem of the
Hudson or James rivers (Haas 1977; Geyer et al. 2000).
Because Newark Bay is segmented by fronts, this characteri-
zation may also be true for other frontal estuaries and may
even be true at small horizontal scales for the more uniform
gradient estuaries as well.

Discussion

This observational study demonstrates that along-channel sa-
linity fronts are generated by tidal flow through geometric
transitions and that these fronts contribute to along-channel
estuarine heterogeneity. The relevant frontogenesis mecha-
nisms have in many cases been described by previous studies
(Best 1987; van Maren et al. 2009; Geyer and Ralston 2015);
however, the dynamics at junctions within Newark Bay sub-
stantially modify fronts such that this study reveals important
variations on classical ideas of frontogenesis.

Several types of fronts are described within the Newark
Bay sub-estuary (Fig. 14). During ebb tide, a lift-off front
(front B1) forms at the mouth of the sub-estuary from an
along-channel convergence produced in response to the
abrupt seaward channel expansion. A second lift-off front
(front B2) similarly forms in response to an abrupt seaward
expansion at the mouth of a side channel within the sub-

front B1 front B2 front S1 front S2
—— 1<
: )
%
lift-off front lift-off front bifurcation confluence
front front

Fig. 14 Top- and side-view schematics of the formation of the observed
fronts, showing velocities in black and isohalines in red. Dashed red lines
indicate that the salinity associated with the front changes during ebb tide,
whereas the isohalines depicted with solid lines remain nearly stationary.
Gray arrows emphasize the unique aspects of each front. For fronts B1
and B2, these are the velocities produced by tidal velocity phase-shifts.
For fronts S1 and S2, these represent the advected salinity field, which is
decoupled from the location of the front
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estuary. This front is maintained during late ebb by the export
of high salinity water from the side channel. At the surface,
ebbing fresh water is drawn into the side channel. This bifur-
cation of surface ebb flow generates an along-channel conver-
gence, which in turn produces a surface front (front S1) above
the lift-off front. We label this a bifurcation front; similar
density-driven circulation patterns have been described at
the mouths of harbors (e.g., Roelfzema and van Os 1978;
Langendoen and Karelse 1990), but we are unaware of any
descriptions of similar along-channel surface fronts. The
strongest surface front—a confluence front (front S2)—is
formed at the head of the sub-estuary by the merging of ebb
flows at a channel confluence and is rotated across the mouth
of the primary fresh water source by high velocities from the
adjoining tributary estuary. Each of these four fronts is gener-
ated at a channel junction, and each front is also modified by
either a tidal phase-shift or by the geometry of the junction.

An along-channel phase-shift at the mouth of the sub-
estuary, for example, enhances the formation of lift-off
front B1 (Fig. 14). These phase-shifts often occur due to
transitions in channel geometry (Speer and Aubrey 1985;
Friedrichs and Aubrey 1994). Both geometric transitions
and along-channel phase-shifts are typically abrupt at
junctions between short estuaries and the adjacent sea
(Aubrey and Speer 1985), or sub-estuaries and the main
estuary (Hayward et al. 1982; Roos and Schuttelaars
2015). In this study, the tidal phase of the sub-estuary
leads the main estuary by 45°. Because the start of ebb
tide in the sub-estuary occurs while the main estuary is at
the end of flood tide, the phase-shift enhances the conver-
gence of the along-channel salinity gradient at the mouth
of the sub-estuary. This enhanced along-channel conver-
gence initiates the early formation of lift-off front B1. As
the front propagates landward during early flood tide, the
phase-shift also detaches the gravity current behind front
B1 from the main estuary. This occurs because the start of
flood tide in the sub-estuary happens while the main es-
tuary is at the end of ebb tide; the ebbing main estuary
advects fresh water from a second source toward the
mouth of the sub-estuary, which reverses the along-
channel salinity gradient at the junction. The effects of
the phase-shift on both frontogenesis and frontal evolu-
tion make this lift-off front different from others described
at the mouths of estuaries, such as the fronts described by
Geyer and Farmer (1989) and Ralston et al. (2010).
Because tidal phase-shifts are common at junctions which
are also conducive to frontogenesis, we suspect that many
lift-off fronts are modified in a manner similar to the front
described in this study.

Within the sub-estuary, along-channel fronts are modi-
fied by lateral barotropic and baroclinic tidal velocity
phase-shifts at a channel-—side channel junction. Lateral
phase-shifts often occur between channels of different
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geometries (Warner et al. 2002), or of different lengths
(van Maren et al. 2009). de Nijs et al. (2009) described
how these phase-shifts set up fronts that propagate into
side channels; this study finds that lateral phase-shifts also
generate fronts within the main channel. During ebb tide,
the salinity gradient between fresh water in the main
channel and salt water in the side channel induces a lateral
circulation that expels salt water into the main channel at
the bed, similar to a lock exchange. The expelled salt
water maintains bottom front B2, which forms at the sea-
ward expansion of the side channel (Fig. 14). At the same
time, the lateral circulation draws fresh water into the side
channel, producing a lateral flow divergence at the sur-
face. This induces an along-channel convergence, which
forms surface front S1 above bottom front B2 (Fig. 14).
This scenario appears to be unique to channel—side chan-
nel junctions, as most seaward channel expansions exhibit
divergent along-channel surface velocities during ebb tide
(e.g., Luketina and Imberger 1987). The process may also
require a minimum along-channel salinity gradient at the
junction. The southern side channel in Newark Bay, for
example, is of similar dimensions to the northern side
channel but does not generate a lateral lock exchange,
likely due to the smaller tidal salinity range in the deeper,
southern half of the sub-estuary. In any case, the fronts
resulting from the exchange with the side embayment
contribute to the along-channel heterogeneity of the sub-
estuary, consistent with their contribution to along-
channel dispersion due to tidal trapping, as discussed by
Okubo (1973) and MacVean and Stacey (2010).

This study also identified fronts that are generated by
the geometry of confluence junctions. While they have
been previously associated with river confluences (Best
1987; Rhoads and Kenworthy 1995), such fronts may be
quite common in estuaries. The front described by this
study (front S2; Fig. 14), as well as similar fronts de-
scribed by Redbourn (1996) and Giddings et al. (2012),
demonstrates that such fronts form in estuaries at junc-
tions between channels as well as between a channel
and side embayment. The buoyancy gradients across these
fronts are induced by different sources of salinity, or by a
tidal velocity phase-shift. Farmer et al. (1995) describe a
similar front at a barotropic confluence of tidal flows in
the Strait of Georgia—Juan de Fuca Strait system. This
front is characterized by a frontal interface that is strained
by the local velocity field, and numerical model results
indicate that the convergence originates at the coast of
Stuart Island. This suggests that the front is generated
by the confluence of flows around the island rather than
by local shear. The plume front described at the mouth at
the Connecticut River by O’Donnell (1990) and Garvine
(1977) also shares similar characteristics with a conflu-
ence front, in that it is generated at a boundary between
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laterally convergent flows with different salinity sources.
Although these examples suggest that confluence fronts
may be widespread in estuaries, further studies are needed
to clarify the prevalence of fronts formed by lateral con-
vergences and interfacial strain at confluences.

By forming and modifying fronts, the geometric transitions
at junctions divide the estuary into a series of distinct, nearly
homogeneous segments on tidal timescales. The segmented
structure of the sub-estuary is suggested by the overall hydro-
graphic section at the end of ebb tide and confirmed by mea-
surements of similar salinities between fronts during flood
tide. The presence of along-channel heterogeneity during both
flood and ebb phases of the tidal cycle indicate that the sub-
estuary is continually divided into distinct segments between
sites of abrupt geometric transition. The analyses of shipboard
hydrography revealed that these sites within the Newark Bay
sub-estuary form fronts.

The division of an estuary by fronts may be a common
feature of partially mixed and well-mixed estuaries. Geyer
and Ralston’s (2015) study of fronts in the Hudson estuary
found that fronts can be generated by relatively small changes
in geometry, and this study finds that even small differences in
salinity across fronts may represent the major part of the
along-estuary salinity variation. This suggests that the tidally
averaged along-channel gradients, and perhaps even the mean
circulation, of frontal estuaries are more similar to geometri-
cally segmented fjords (e.g., Puget Sound; Cokelet and
Stewart 1985) than to the idealized partially mixed estuaries
often described in the literature (Hansen and Rattray Jr. 1965;
MacCready and Geyer 2010).
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