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William Bryce Corlett

Submitted to the Joint Program in Oceanography/Applied Ocean Science & Engineering
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on August 2, 2019, in partial fulfillment of the requirements for the degree of
Doctor of Philosophy

Abstract

This thesis addresses the dynamics of estuarine networks, based on hydrographic obser-
vations in Newark Bay, a sub-estuarine network connected to the Hudson River estuary
through New York Harbor. Estuarine networks differ from simple estuaries in that they
may have multiple connections to the ocean, multiple freshwater sources, and often con-
tain complex junctions between estuarine segments. The Newark Bay estuarine network is
connected to the sea through two tidal straits, and is fed by multiple internal and exter-
nal sources of fresh water. The estuarine network is also naturally divided into a series of
reaches, each of which is characterized by a different cross-sectional geometry. This thesis
focuses on the hydrographic variability and varying exchange flow within the Newark Bay
estuarine network. Shipboard hydrographic measurements reveal the time-dependent forma-
tion of salinity fronts between reaches of the estuary. Each front is generated by a different
mechanism; however, all are generated by tidal flow through channel junctions during ebb
tide, and are advected landward during flood tide. Mooring-based measurements confirm
that these fronts form during nearly every tidal cycle, and that the fronts are associated
with substantial changes in local salinity on tidal timescales. The effect of tidal processes,
such as frontal advection, on the exchange flow is investigated by applying the isohaline
total exchange flow (TEF) framework to mooring-based observations in multiple reaches of
the estuarine network. This reveals that over half of the exchange flow is driven by tidal
processes at all sites within the estuary. Both the TEF-based salt balance and the standard
Eulerian salt balance indicate that tidal processes are also responsible for at least half of
the landward salt flux at most sites within the estuary; TEF and Eulerian salt balances are
nearly identical. Tidal processes within the estuary are in large part associated with fronts.
The large influence of tidal processes on the exchange flow in Newark Bay is thus likely due
to the prevalence of channel junctions within the estuarine network.

Thesis Supervisor: Dr. W. Rockwell Geyer
Title: Senior Scientist, Woods Hole Oceanographic Institution
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Chapter 1

Introduction

The fundamental elements of estuarine physics are the salinity structure and exchange of

water within an estuary (Pritchard, 1952a; Hansen & Rattray, 1965, 1966). In the typical

estuarine regime, sea water encounters fresh water from riverine sources (Pritchard, 1967).

Sea water and fresh water are mixed along the length of the estuary, mainly due to tidally

generated turbulence. This mixing of salt water and fresh water requires a persistent ex-

change flow that draws salt water in from the ocean and transports mixed water out of the

estuary (Knudsen, 1900). Although classical treatments of the estuarine circulation depict

the circulation and mixing processes within an estuary based on a relatively uniform salin-

ity gradient and distribution of mixing (Pritchard, 1952a; Hansen & Rattray, 1965), later

studies emphasize the potential for pronounced along-estuary variations in the strength of

these processes (Cokelet & Stewart, 1985; Largier, 1992; O'Donnell, 1993).

The physical processes in estuaries have fundamental significance to the ecology, bio-

geochemistry, sediment transport, and human activities within the estuarine environment.

Because many species within estuaries are acutely sensitive to salinity (Boeuf & Payan, 2001;

Levinton et al., 2011; He et al., 2017), the large salinity ranges within estuaries contribute to

the high biodiversity found in these systems (Levings et al., 1983). The availability of both

light and nutrients, which influence phytoplankton productivity in estuaries (Mallin et al.,

1993), is dependent on a complex suite of physical processes, including spring-neap fluctua-

tions in stratification (Jay & Smith, 1990) and sediment resuspension (Cloern, 1987), spatial

variations in horizontal velocity (Kingsford & Suthers, 1996), and variations in the strength

of the exchange flow (Mackas & Harrison, 1997). Sediment transport is one of the most im-

13



portant processes affected by estuarine physics (Postma, 1961; Festa & Hansen, 1978), with

consequences for turbidity, shoaling, and contaminant transport. The extensive literature

on estuarine sediment trapping processes (Migniot, 1971; Jay & Musiak, 1994; Woodruff et

al., 2001; Traykovski et al., 2004; Schoellhamer, 2011; Ralston et al., 2012; Shellenbarger

et al., 2015) exemplifies the complexity of the physical interactions between tidal flow, the

estuarine circulation, stratification, and turbulent processes in determining the fate of sed-

iment within estuaries. Some of these studies, notably Traykovski et al. (2004), Ralston et

al. (2012), and Shellenbarger et al. (2015), highlight the importance of the frontal salinity

structures within estuaries in controlling the position and intensity of sediment trapping

processes.

Because estuaries are connected to both riverine and oceanic environments, they are

natural locations for commercial ports. Excavations near Marseille (Morhange & Marriner,

2008), Rome (Delile et al., 2018), and Amsterdam (Beerenhout, 1994) have shown that the

ancient Greeks and Romans often used estuaries as sites for commercial harbors. At many

of these sites, the steady accumulation of trapped sediment required constant dredging of

the main channels to maintain safe depths for ships (Salomon et al., 2012; Di Donato et

al., 2018). Over the past century, the focus of dredging has in many ports shifted toward

deepening shipping channels in response to increasing ship sizes (Winterwerp et al., 2013;

Tran & Haasis, 2015). Channel dredging is particularly relevant to estuarine dynamics in

light of the feedback processes between the dynamics and the depth of an estuary. Ralston

and Geyer (2019) found that the deepening of the Hudson River has increased the tidal

amplitude and shifted the head of the exchange flow farther upstream. Channel deepening

has also increased local concentrations of suspended sediment by up to an order of magnitude

in some Northern European estuarine harbors by modifying the asymmetry between flood

and ebb tide (de Jonge et al., 2014; van Maren, Winterwerp, & Vroom, 2015). These effects

may be exacerbated by the construction of side channels, which can modify the along-estuary

salinity gradient (Okubo, 1973; van Maren et al., 2009) as well as the local tidal amplitude

(Alebregtse et al., 2013).

While most estuarine dynamics research has focused on individual estuaries with one

predominant channel, many estuarine environments contain multiple channels and tribu-

taries, and may have multiple fresh water sources as well as multiple connections to the

ocean. Chesapeake Bay, Narragansett Bay, Puget Sound, and the Changjiang estuary are

14



examples of such systems, which this thesis will refer to as "estuarine networks". While at-

tempts have been made to characterize such systems in terms of the average characteristics

of the overall estuary (e.g., Geyer & MacCready, 2014), the variability between different seg-

ments of estuarine networks renders such simplifications problematical. Individual branches

of an estuarine network, such as the York River and James River within Chesapeake Bay

(Friedrichs, 2009), are estuaries in their own right and contain distinctive characteristics.

Because these sub-estuaries are connected within the larger estuarine network, they are also

influenced by the dynamics and fresh water of other components of the estuarine network

(Hayward et al., 1982; Chao et al., 1996). Moreover, the junctions and interconnections

among components of an estuarine network may lead to processes that would not occur in

simple estuaries. For example, Chesapeake Bay supplies both salt water and fresh water

to the estuarine circulation in Baltimore Harbor (Stroup et al., 1961). These waters mix

within the harbor and exit at a mixed salinity, creating a three-layer exchange flow (Long,

1977). Such a regime typically occurs in context with an estuarine network.

Estuarine networks are often associated with globally significant ports, such as Rotter-

dam (de Kok, 2002), Singapore (Simoons, 2010), and New York (Chant et al., 2018). The

estuarine processes that occur within these estuarine networks are relevant to the actual

function of the ports, in context with the currents that may affect ship operations and re-

silience of the built environment (Frittelli, 2008), sediment transport and trapping processes

that affect the maintenance of navigation channels (W.-h. Li et al., 2007; de Nijs et al.,

2009), and exchange processes that determine the fate of contaminants that are inevitably

discharged into the waters of major industrial ports (Crawford et al., 1995; Balcom et al.,

2008). Even the supply of fresh water may be influenced by the dynamics of an urban

estuarine network. In the Changjiang estuary, for example, much of the municipal fresh

water for the city of Shanghai (pop. 25 million) comes from within the estuarine network,

and episodic variations in the exchange flow induce salt water intrusions on the local water

supply (Zhu et al., 2018), with significant consequences for municipal water management.

The Newark Bay estuarine network, which contains the Port of New York and New

Jersey (Suszkowski, 1978), offers a unique case study from which to examine both natural

and human-induced aspects of the circulation of an estuarine network. Newark Bay is a

sub-estuary network of the Hudson River-Raritan Bay estuary system, and has multiple

connections to the ocean as well as multiple sources of fresh water (Fig. 1-1). Most sea water

15
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Figure 1-1: The Newark Bay estuarine network and the surrounding waterways.

enters the estuarine network through Kill van Kull in response to a net clockwise circulation

around Staten Island (Suszkowski, 1978; Blumberg et al., 1999). This circulation is driven by

a sea level gradient between New York Harbor and Raritan Bay (Kaluarachchi et al., 2003),

which is likely caused by the mean wind stress (Chant et al., 2006). Most (85%) fresh water

comes from the Passaic River, and much of the rest comes from the Hackensack River. The

estuarine network has also been substantially modified over the past century to support the

Port of New York and New Jersey (Halonen, 2011). Chant et al. (2018) found that the most

recent deepening of the channel at the mouth of Newark Bay has substantially increased the

tidal-residual circulation, but the effects of channel modifications on tidal processes and the

exchange flow throughout the estuarine network have not yet been resolved.

Natural and man-made junctions divide the Newark Bay estuarine network into a series

of distinct reaches (Fig. 1-1). At the junction between New York Harbor and Kill van Kull,

the width of the channel abruptly decreases by one-third. The channel is roughly 20 m deep

and 300 m wide in Kill van Kull and Arthur Kill. The channel is further punctuated by a

series of abrupt bathymetric transitions in Newark Bay due to the natural geometry of the

system as well as human-induced channel modifications. These modifications include the

creation of two side channels to support Port Elizabeth and Port Newark (Marshall, 2004),

as well as an abrupt transition in channel depth from 20 to 13 m in the middle of Newark

Bay. In the shallower northern half of Newark Bay, the channel is roughly 250 m wide and is

16



flanked by a 600 m wide shoal. Depths on the shoal range from two to five meters. The main

channel divides at the northern end of Newark Bay as it enters the Passaic and Hackensack

rivers. North of the confluence, the Passaic is 5 m deep and 150 m wide, and the Hackensack

is 10 m deep and 200 m wide. Because of different basin geometries, the tidal prism of the

Passaic-the volume of water that is transported into the river during flood tide and out

during ebb tide-is roughly four times smaller than that of the Hackensack River (Shrestha

et al., 2014).

Tides within the estuarine network are largely semidiurnal, with a mean range of 1.5 m

(Mathew & Winterwerp, 2017). Tidal velocity and water level are 90 degrees out of phase

within Newark Bay (Chant et al., 2011). Tidal velocity and water level are 45 degrees out

of phase in the adjacent Hudson River (Nepf & Geyer, 1996); consequently, tidal velocities

within the Harbor lag velocities within the sub-estuary by 45 degrees, or roughly 90 minutes.

This causes some low-salinity water from the Hudson River to be transported into Newark

Bay through Kill van Kull (Corlett & Geyer, 2018). Some low-salinity water also enters the

estuarine network from the Rahway River through Arthur Kill (Chant et al., 2006).

This thesis uses observations in the Newark Bay estuarine network to examine the hydro-

graphic variability and varying exchange flow within an estuarine network, in light of both

natural and human-induced aspects of the estuarine geometry. The hydrographic variabil-

ity of the system is described in Chapter 2, revealing the importance of tidal flow through

channel junctions in the generation of fronts. The spatial- and temporal-varying exchange

flow is examined in Chapter 3, revealing that tidal processes are dominant throughout much

of the estuarine network. These results are placed in the context of estuarine parameter

space in Chapter 4. Chapter 5 provides a succinct summary of the thesis and reviews the

ecological and societal implications of the results.
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Chapter 2

Frontogenesis at estuarine junctions*

2.1 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. Three

types of fronts are observed, and most are associated with 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

minutes 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, these fronts divide the density structure of the

sub-estuary into a series of nearly homogeneous segments between channel junctions, in a

manner that is more commonly associated with fjords.

*Manuscript submitted to Estuaries and Coasts on November 8, 2018, with 2"d author W. Rockwell
Geyer.
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2.2 Introduction

Partially-mixed estuaries are often portrayed as having near-uniform along-channel salinity

and stratification gradients (Hansen & Rattray, 1965; MacCready & Geyer, 2010). How-

ever, observations frequently reveal significant variability in the strength of these gradients,

especially in fjords. In Puget Sound, for example, horizontal gradients in salinity and strat-

ification are larger over shallow sills than along deep basins (Ebbesmeyer & Barnes, 1980).

At bathymetric transitions, horizontal salinity gradients are concentrated in fronts (Lavelle

et al., 1991); these fronts divide the fjord into a series of distinct segments (Cokelet & Stew-

art, 1985). The frontal processes within fjords may also be relevant to partially-mixed and

well-mixed estuarine regimes, as fronts form in all types of estuaries (Largier, 1993; Geyer

&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:

aa s as a oas 8v as O as a a(sw') (2.1)
atx 9ax axax xy 9 9x az ax az

1 2 3 4 5 6

This equation describes the tendency (term 1) and advection (term 2) of the local salinity

gradient, as well as the generation 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). Although all of these mechanisms may generate

fronts, frontogenesis by along-channel convergence is most commonly discussed (term 3;

J. H. Simpson & Nunes, 1981; Largier, 1992; MacDonald & Geyer, 2005; Ralston et al.,

2010).

The formation of along-channel convergence fronts was first investigated by J. E. Simp-

son and Linden (1989). Through a series of lock exchange experiments, they determined

that convergences may be generated by locally intensified horizontal 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 occur at channel expansions, where velocity convergences are
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produced by the hydraulic response of stratified flow to the change in width or depth. Dur-

ing 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 salinity gradient at the bed in a lift-off front

(Geyer & Ralston, 2015).

During flood tide, on the other hand, the buoyant surface layer is often arrested by

saline inflow at landward channel expansions (J. H. Simpson & Nunes, 1981; Huzzey, 1982).

The inflow subducts beneath the surface layer, generating a velocity convergence between

inflow on the seaward side of the plunge line and nearly-stagnant flow on the landward

side (Largier, 1992; Marmorino & Trump, 1996). This convergence concentrates the surface

salinity gradient in a tidal intrusion front. During formation, both lift-off fronts and tidal

intrusion fronts are essentially arrested gravity currents (Benjamin, 1968; Pelegri, 1988),

in which the baroclinic propagation 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 & Farmer, 1986).

Lift-off fronts and tidal intrusion fronts also share similar 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 (J. E. Simpson &

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 example, laterally-convergent streams produce fronts (Best, 1987; Rhoads &

Sukhodolov, 2001). When the confluence 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
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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 within an estuary or between an estuary and the receiving waters (e.g., lift-off

fronts). These junctions provide either the geometry or phase-shifts that are conducive to

frontogenesis. Phase-shifts at junctions may also modify the process of frontogenesis by

altering the horizontal salinity gradient (Pritchard & Bunce, 1959; Alebregtse et al., 2013)

and the along-channel velocity gradient (Warner et al., 2003). Warner et al. (2002), for

example, observed that phase-shifts between channels may generate either convergent or

divergent along-channel salinity gradients at a junction depending on the phase of the tide.

A phase-shift at a junction between a channel and side channel 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 & 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 affect the formation of salinity

fronts in the Newark Bay sub-estuary network, and how these fronts contribute to a het-

erogeneous estuarine structure. The chapter is structured as follows: section 2.3 reports

our observation methods; section 2.4 analyzes the influence of junctions on the formation

of salinity fronts; and section 2.5 discusses the effects of fronts on the heterogeneity of the

sub-estuary network.

2.3 Methods

Shipboard and moored observations of the Newark Bay sub-estuary network 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-estuary, each within a region

of distinctly different channel geometry (Fig. 2-1). From south to north, these moorings

are labelled 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
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Figure 2-1: Locations of moorings and along-channel hydrographic sections within the
Newark Bay sub-estuary network. Black triangles depict the locations of moorings, and
the blue dotted line indicates the track ofalongchannel hydrographic sections. The inset
shows the surrounding waterways.

bed and near-surface sensors were mounted 1m below the water surface. All CTD sensors

sampled water properties once per minute. Moorings NYH and NB were also equipped with

bottom-mounted 1MHz Nortek AWAC acoustic Doppler current profilers (ADCPs), which

measured velocities in 0.5 mdepth bins throughout the water column every ten minutes; the

center of the bottom depth bin was located roughly 1.75 mabove the bed. Mooring KvK

was equipped with abottom-mounted 600 kHz RDI ADCP, which measured velocities in

0.5 mdepth bins throughout the water column every 15 minutes; the center of the bottom

depth bin of the ADCP was located 1.6 mabove the bed. Mooring PRwas equipped with

a 2MHz Nortek Aquadopp ADCP, though data from this ADCP was not recovered due to

corrosion by sea water; while deployed, the housing was breached by apropeller. Some loss

of CTD data occurred atall moorings due tobiofouling. Consequently, comprehensive data

coverage of the sub-estuary with moored instruments ceased on May 30. All mooring-based

data were interpolated ontoa 10-minute sampling interval for processing and analyses.

To capture the along-channel variability of estuarine characteristics, shipboard measure-

ments of velocity and salinity were made over semidiurnal tidal periods using adownward-

facing 1200 kHz RDI ADCP and continuously profiling RBR CTDs. The ADCP measured

velocities throughout the water column in 0.25 mdepth bins once per second; the aver-
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age horizontal resolution is equivalent to one profile 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 subsampled onto the vertical resolution of ADCP measurements and the horizon-

tal resolution of CTD measurements. 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. 2-2, top panel), and

the second (June 30-July 1) occurred during smaller (apogean) spring tides and low dis-

charge conditions. All along-channel sections fall along the transect shown in figure 2-1,

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

2.4 Results and analysis

2.4.1 Overall structure and variability

During the observation period, mean discharge from the Passaic and Hackensack rivers was

15 m3 /s (Fig. 2-2, top panel)-the 4 2 nd percentile of the overall historical record, and the

6 th percentile of the seasonal climatology (USGS gages 01389500 and 01378500, 1920-2015).

Freshwater discharge in the adjacent Hudson River estuary was above average relative to

overall historical conditions, but below average relative to the seasonal climatology (at the

6 6 th and 9 th percentiles, respectively; USGS gage 01358000, 1946-2015). The tidal range

within the sub-estuary was larger than average during the observation period; the alignment

of lunar perigee with spring tides produced two perigean springs and three apogean springs

(Fig. 2-2, 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 velocities 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. 2-2). 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 fluctuations in river flow. Tidal
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Figure 2-2: Time series of environmental conditions and salinity over the period of full
moored data coverage. 33-hour filtered salinity measurements are superimposed over 10-
minute data to show subtidal variability. Perigean spring tides are shaded in grey.
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Figure 2-3: Mooring locations relative to the end-of-ebb along-channel salinity structure of
the sub-estuary during spring tides and high discharge. Isohalines are indicated with both
black contour lines and color shading.

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 confirmed by an along-channel

salinity section obtained at the end of ebb tide (Fig. 2-3). Although the section presents

a snapshot of tidal conditions, its depiction of the sub-estuary is consistent with the mean

characteristics of the moored time series. Stratification is largest at the landward and

seaward boundaries 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 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 during flood tide, consistent with

the passage of fronts (Fig. 2-4). Fronts that are advected landward during flood tide produce

a rapid increase in salinity at a stationary mooring, as the sharp horizontal salinity gradient
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Figure 2-4: 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 occurs 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.
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is translated into a rapid temporal change 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 grey in figure 2-4;

repeated hydrographic sections (discussed in §2.4.2) confirm that these tidal fluctuations are

indeed generated by advected salinity fronts. To emphasize the characteristics of the fronts,

the tidal salinity time series shown in figure 2-4 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 variability 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 throughout the three-month record per-

mit the characterization of the fronts at each mooring. At mooring KvK, the recurrent

bottom front (labelled 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 figure 2-4 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 Bi passes the mooring by two hours 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 location of the bottom front in Kill van Kull in figure 2-3. However, the

salinity gradient across the front in the mooring observations is much weaker than the salin-

ity 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 (labelled B2) increases the near-bed salinity

at mooring NB by an average of 2 psu roughly 30 minutes 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
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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 the

front occur 20-70 minutes 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 (labelled front Si) 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 hours into flood from neap

tides to perigean spring tides. This suggests that the front consistently 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 observed

at the mouth of the Passaic River in figure 2-3. At the mooring, the salinity difference across

the front ranges from 2-14 psu over the observation record, producing the vertical spread of

salinity measurements shown in figure 2-4. 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 typically observed two hours after the start of flood

tide, although the time of observation does fluctuate from tide to tide; most observations of

front S2 occur between 1.3 and 2.4 hours into flood tide.

2.4.2 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 junctions

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 junctions influence frontogenesis

and frontal evolution.
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Front B1

The formation and evolution of bottom front Bi is shown in two-hour intervals in figure

2-5. At the start of ebb tide (hour 0.7), the near-bed salinity gradient within Kill van Kull

is nearly uniform. Ebb flow accelerates seaward at the 500-meter 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. 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 Bl. The salinity difference across the

front increases from 4 psu 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, 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 propagating front continues toward Newark

Bay through the remainder of flood tide, passing mooring KvK (hour 8.3), and exiting the

survey region.

The mechanism of formation of front B1 is shown in figure 2-6 through the components

of the along-channel convergence term in the frontogenesis equation (term 3; Eq. 2.1). The

front is initially observed as an along-channel salinity gradient maximum prior to maximum

ebb tide (hour 2.5; Fig. 2-6). 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 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 Bi at the estuary-sub-

estuary junction is consistent with the response of supercritical stratified flow to a channel

expansion (MacDonald & Geyer, 2005; Armi & 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.
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Figure 2-5: 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. *Conditions at maximum flood

were observed at the end of the previous tidal cycle.
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Figure 2-6: 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 labelled by tidal hour. Positive

along-channel salinity gradients and velocities are directed landward.

Both the formation and propagation of front B1 are substantially influenced by the

tidal velocity phase-shift between New York Harbor and the sub-estuary. During early

ebb tide (hour 2.5; Fig. 2-5), 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 & 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 BI

visibly different from the lift-off fronts observed at the mouths of salt-wedge estuaries (Geyer

& Farmer, 1989; Ralston et al., 2010), which tend to have along-channel salinity gradients
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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 figure 2-7 in roughly ninety-minute 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. 2-7); 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 location (front B2). Near-bed

velocities at front B2 are convergent; 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 maximum flood (hour 9.0).

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 variations of the horizontal salinity gradient, near-bed velocities, 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. 2.1), are shown during

the formation of front B2 in figure 2-8. The front is first observed as a weak along-channel

salinity gradient maximum at maximum ebb tide (hour 3.0; Fig. 2-8). 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 remains 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
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at 10.5 km. Lines are labelled by tidal hour. Positive cross-channel salinity gradients and

velocities are directed eastward (out of the page).

with the side channel (hour 4.3; Fig. 2-8). This is confirmed by repeated lateral hydrographic

sections at the junction at a different time under similar environmental conditions (Fig. 2-9;

note the lower salinity-the 20 psu isohaline roughly corresponds to the 24 psu isohaline in

figure 2-7). The lateral sections are shown in roughly ninety-minute 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 minutes 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. 2-9), 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
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observed at the end of the depicted tidal cycle.
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circulation in which salt water is advected into the side channel 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 water that was trapped in the side channel from the previous flood tide is expelled into

the main channel. In figure 2-7, 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. 2-9), maintaining the front as an

oblique boundary between fresh water from upstream and salt water from the side channel.

Front S1

A surface front also forms during ebb tide at the seaward channel expansion at the mouth

of the side channel (Fig. 2-7). In early ebb (hour 1.5), the surface velocities and salinity

gradient throughout Newark Bay are nearly uniform. By maximum ebb (hour 3.0; Fig.

2-7), 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 convergence is associated

with the surface front (front Si). 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 seaward. From maximum ebb to the end of ebb

(hour 6.2), the isohaline associated with the front decreases from 23 psu 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 figure

2-3. 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 landward, 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 mooring 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

variations of the horizontal salinity gradient and near-surface velocities-components of

the along-channel convergence term in the frontogenesis equation (term 3; Eq. 2.1). The
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Figure 2-10: Generation of front Si during ebb tide. The mouth of the side channel is
located at 10.5 km. Lines are labelled by tidal hour.

isohalines associated with front S1 during frontogenesis, as well as along-channel variations

in the horizontal salinity gradient and near-surface velocities, are shown in figure 2-10.

The front is first observed at maximum ebb tide as a weak maximum of the along-channel

salinity gradient located above bottom front B2 at 10.5 km (hour 3.0; Fig. 2-10). 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 meters. 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 figure 2-9 from the end of flood tide through early flood
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tide.

At the end of flood tide (hour 11.8; Fig. 2-9), the surface salinity within the side channel

is less than the salinity in the main channel. The resulting baroclinic pressure gradient

generates 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

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 Si (hour 3.0; Fig. 2-10). Similar circulation patterns

have been described before at the mouths of estuarine harbors (Langendoen & Karelse,

1990), but the resulting along-channel surface front has not been reported. This circulation

persists through the end of ebb tide (hour 4.2-6.7; Fig. 2-9), continuously concentrating the

along-channel salinity gradient into a surface front at the mouth of side channel. With the

change of tide (hour 6.2; Fig. 2-10), along-channel surface velocities 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 isohalines together, enhancing the

front before it is advected landward.

Front S2

The strongest surface front observed in the Newark Bay system occurs at the mouth of

the Passaic River; the formation and tidal evolution of this front (front S2) is shown in

figure 2-11. 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 surface 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 figure 2-11 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).
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Figure 2-11: 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 grey; velocity contours start at 10 cm/s. Salinity

isohalines associated with front S2 over time are shown with colors that correspond to the

changes over time shown in figure 2-12.
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The dynamics of front S2 are associated with the merging of the Passaic and Hackensack

rivers during ebb tide (Fig. 2-11). Because of the geometry of the confluence, Hackensack

outflow impinges on outflow from the Passaic. The interaction between the two laterally-

convergent ebb flows was determined 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. 2.1). These components, as well as the front-associated isohalines, are shown

in figure 2-12. The front is first observed in early ebb tide (hour 2.2; Fig. 2-12). Unlike the

fronts described above, the along-channel velocity field at the location of front S2 is weakly
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divergent. Instead, the front is located in a region of cross-channel shear; westward lateral

velocities 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 consistent with the

formation of confluence fronts, which are generated by the along-channel straining of the

interface between 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 figure 2-11 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. 2-11), ebbing freshwater from the Passaic is entrained into the Hackensack near 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.
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at moorings KvK, NB, and PR; colors indicate similar mean salinities.

2.4.3 Estuarine heterogeneity 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. 2-13). 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 indicates that the region between the two fronts is nearly homogeneous. This is also

true for near-bed salinities observed before 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 between New York Harbor and the Passaic River. The characterization of the

sub-estuary as a segmented system is further supported by the heterogeneous along-channel

structure of the sub-estuary observed at the end of ebb in figure 2-3. Because the horizontal

density gradient is not continuously distributed along the sub-estuary, Newark Bay has

a structure that is more akin to a segmented fjord (e.g. Puget Sound; Ebbesmeyer &

Barnes, 1980) than to a more uniform gradient estuary, such as the main stem of the James

River (Pritchard, 1952b; Haas, 1977). Because Newark Bay is segmented by fronts, this

characterization 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.
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Figure 2-14: Plan 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. Grey arrows emphasize the unique aspects of each front. For
fronts BI 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.

2.5 Summary and discussion

This chapter demonstrates that along-channel salinity fronts are generated by tidal flow

through geometric transitions, and that these fronts contribute to along-channel estuarine

heterogeneity. Several types of fronts are described within the Newark Bay sub-estuary

(Fig. 2-14). During ebb tide, a lift-off front 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 similarly forms in response to an abrupt seaward expansion at the

mouth of a side channel within the sub-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 bifurcation of surface ebb flow generates an along-channel

convergence, which in turn produces a surface front 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 & van Os, 1978; Langendoen & Karelse, 1990), but

we are unaware of any descriptions of similar along-channel surface fronts. The strongest

surface front-a confluence front-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 generated at a channel junction, and each front is also modified by either a tidal

phase-shift or by the geometry of the junction.
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An along-channel phase-shift at the mouth of the sub-estuary, for example, enhances the

formation of the lift-off front. These phase-shifts often occur due to transitions in channel

geometry (Speer & Aubrey, 1985; Friedrichs & Aubrey, 1994). Both geometric transitions

and along-channel phase-shifts are typically abrupt at junctions between short estuaries and

the adjacent sea (Aubrey & Speer, 1985), or sub-estuaries and the main estuary (Hayward

et al., 1982; Roos & Schuttelaars, 2015). In this chapter, the tidal phase of the sub-estuary

leads the main estuary by 45 degrees. 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

convergence of the along-channel salinity gradient at the mouth of the sub-estuary. This

enhanced along-channel convergence initiates the early formation of the lift-off front. As the

front propagates landward during early flood tide, the phase-shift also detaches the gravity

current behind the front from the main estuary. This occurs because the start of flood tide

in the sub-estuary happens while the main estuary 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 evolution 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 chapter.

Within the sub-estuary, along-channel fronts are modified by lateral barotropic and baro-

clinic tidal velocity phase-shifts at a channel-side channel junction. Lateral phase-shifts often

occur between channels of different 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 the bottom front that forms at the seaward expansion of the side

channel. At the same time, the lateral circulation draws fresh water into the side channel,

producing a lateral flow divergence at the surface. This induces an along-channel conver-

gence, which forms a surface front above the bottom front. This scenario appears to be
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unique to channel-side channel junctions, as most seaward channel expansions exhibit diver-

gent along-channel surface velocities during ebb tide (e.g., Luketina & 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 north-

ern 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 het-

erogeneity 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 junc-

tions. While they have been previously associated with river confluences (Best, 1987; Rhoads

& Kenworthy, 1995), such fronts may be quite common in estuaries. The front described

in this chapter as well as similar fronts described by Redbourn (1996) and Giddings et al.

(2012) demonstrate that such fronts form in estuaries at junctions 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 conver-

gence 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 de-

scribed at the mouth at the Connecticut River by O'Donnell (1990) and Garvine (1977) also

shares similar characteristics with a confluence front, in that it is generated at a boundary

between 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 convergences and interfacial strain at

confluences.

By forming and modifying fronts, the geometric transitions at junctions divide the es-

tuary into a series of distinct, nearly homogeneous segments. The segmented structure of

the sub-estuary is suggested by the overall hydrographic section and confirmed by measure-

ments of similar salinities between fronts during flood tide. The division of the sub-estuary

by fronts may be a common feature of partially-mixed and well-mixed estuaries. Geyer and
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Ralston (2015)'s 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 varia-

tion. This suggests that the along-channel gradients, and perhaps the mean circulation,

of frontal estuaries are more similar to geometrically-segmented fjords (e.g. Puget Sound;

Cokelet & Stewart, 1985) than to the idealized partially-mixed estuaries often described in

the literature (Hansen & Rattray, 1965; MacCready & Geyer, 2010).
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Chapter 3

Quantifying the salt balance of a

partially-mixed estuarine network

Comparing Eulerian and isohaline approaches

3.1 Abstract

The salinity structure of an estuary is determined by the balance between landward fluxes

of salt water and seaward fluxes of fresh water. The processes that generate this balance

are typically examined in Eulerian coordinates. However, recent studies have applied an

isohaline coordinate system to better quantify the exchange of salt water and fresh water

in the presence of significant tidal salt fluxes. This chapter compares the Eulerian and

isohaline approaches through the calculation of the time-varying subtidal salt balance at

multiple locations within the Newark Bay estuarine network, a set of interconnected reaches

at the mouth of the Hudson River estuary. Complex exchange flows, which may contain

throughflows of unmodified water or inflows of both high and low salinity, are revealed by

applying the isohaline approach to time-varying salinity and velocity measurements at a

series of moorings within the estuarine network. These complex exchange flows occur in the

presence of multiple channels and multiple sources of fresh water. A form of the isohaline

salt balance is derived that accounts for complex exchange flows, and divides the salt balance

into fluxes generated by tidal oscillatory and residual processes. The analyses reveal that

Eulerian and isohaline estimates of salt fluxes are nearly identical. The analyses also reveal
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that the variability of the landward salt flux due to tidal and residual processes does not need

to match the variability of the exchange flow. At the mouth of the Newark Bay estuarine

network, the landward salt flux is driven by residual processes though the exchange flow is

driven by tidal oscillatory processes. At the head of the Newark Bay estuarine network, on

the other hand, the effects of tidal oscillatory and residual processes balance to maintain a

nearly-constant exchange flow and landward salt flux.

3.2 Introduction

The exchange flow in an estuary is a venerable topic, extending back to Procopius' de-

scription of the underflow in the Strait of Bosporus based on the observations of fishermen

(History of the Wars VIII, vi. 27), and Marsili (1681)'s deduction that the two-layer cir-

culation in the strait is driven by an along-channel density gradient (Pinardi et al., 2018).

The first known quantification of the exchange flow was by Knudsen (1900), who examined

the two-layer circulation at the mouth of the similarly stratified Baltic Sea. Knudsen noted

that the steady-state salt balance of the Baltic Sea can be expressed as a function of the

inflow of saline water from the North Sea and the outflow of fresher water:

0 = QinSin - QoutSout. (3.1)

Qin and Qout are the volume fluxes of the inflow and outflow layers at a cross-section at

the mouth of the Baltic Sea, and Sin and Sout are the salinities of those layers (Burchard et

al., 2018). This approach is well-suited to highly stratified regimes in which the exchange

is dominated by the residual, density-driven circulation (see also Cokelet & Stewart, 1985).

However, the definition of inflow and outflow layers is less clear for partially-mixed and

well mixed estuaries. In these systems, the favored approach to address the subtidal salt

balance has been the Eulerian framework developed by Pritchard (1954) and popularized

by Hansen and Rattray (1965). This approach divides the tidal velocity and salinity fields

into three orthogonal components: one that is tidally- and spatially-averaged, a second that

is tidally-averaged and spatially-varying, and a third that is tidally- and spatially-varying

(Fischer, 1972); for example,

u = (U)+(u') + i', (3.2)
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in which u(x, t) is the along-channel velocity, bars indicate spatially-averaged quantities,

primes indicate spatial anomalies, brackets indicate tidally-averaged quantities, and tildes

indicate tidal anomalies. As shown by Lerczak et al. (2006), this decomposition produces

three orthogonal terms on the right side of the steady-state Eulerian salt balance:

0 =-QQr(s) + f(u')(s') d(A) + ( i'dA), (3.3)

1
2 3

in which Qr (t) is the river discharge, s(x, t) is salinity, and A(x, t) is the cross-sectional area.

In equation 3.3, term 1 is written as the advection of the tidally- and spatially-averaged

salinity by river flow, as -Qr is equal to (U) in steady-state (MacCready & Geyer, 2010).

Term 2 (the residual salt flux) describes the advection of salt by the residual estuarine

circulation. This tidally-averaged circulation is often described as a result of the along-

channel density gradient (Hansen & Rattray, 1965), though it can also be generated by

nonlinear advective processes such as eddy viscosity-shear covariance (Dijkstra et al., 2017)

or advection (C. Li & O'Donnell, 1997; Burchard & Schuttelaars, 2012). Term 3 (the tidal

oscillatory salt flux) describes the transport of salt by tidal dispersive processes, such as shear

dispersion (Bowden, 1965), tidal trapping in side embayments (Okubo, 1973), and tidal inlet

dynamics (Stommel & Farmer, 1952). Because of the complexity of these processes, term 3

is often parameterized by along-channel diffusion, using a dispersion coefficient K (Fischer,

1976):

( E's' dA) = AK - s .(3.4)Ox

KcanbescaledbyUie/w, in which Utide is the tidal velocity amplitude and w is the tidal

frequency, to estimate the effective efficiency of tidal mixing (Fischer et al., 1979). Fischer et

al. (1979) found this ratio (a) to be between 0.005 and 0.02 for shear dispersion in a straight,

unstratified channel. Okubo (1973) found dispersion by tidal trapping to be a maximum

when the timescale of the trap exchange is equivalent to the tidal timescale; this corresponds

to a maximum a of 0.05 for a ratio of the embayment to channel volume between 0 and

1. Zimmerman (1986)'s investigation of chaotic stirring in the Dutch Wadden Sea suggests

that the maximum a for chaotic stirring is similarly 0.05. For jet-sink dynamics at tidal

inlets (Stommel & Farmer, 1952), however, a can be as much as 0.5-0.7 (Chen et al., 2012).

One of the essential aspects of the Eulerian decomposition (Eq. 3.3) is the distinction
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of the tidal oscillatory and residual salt fluxes. Hansen and Rattray (1966) defined the

parameter v as the fraction of the landward salt flux that is due to tidal oscillatory processes:

K f E''dA) (v = - fWd)(3.5)
f (u')(s') d(A) + ( f ''dA)

v was used by Hansen and Rattray (1966) to elucidate the relative importance of tidal to

residual salt flux in different estuaries. Chen et al. (2012) described the dynamical differences

between the Hudson River estuary and the Merrimack River estuary in part by differences

in v. Chen et al. (2012) found that within the Hudson estuary, v varied considerably as

a function of along-estuary position, with a mean value of 0.2, indicating the substantial

contribution of tidal residual processes to the subtidal salt balance. The mean v in the

Merrimack River was found to be 0.8, indicating that the subtidal salt balance is primarily

influenced by tidal oscillatory processes (Chen et al., 2012). Banas et al. (2004) used v

to examine the temporal response of the dynamics of Willapa Bay to fluctuations in river

discharge, finding that the landward salt flux is largely driven by residual processes during

high flow and by tidal processes during low flow. Ralston et al. (2010) found v to be

helpful in examining along-channel changes in the dominant mechanism of salt flux in the

Merrimack River, revealing that the contribution of tidal oscillatory processes to the subtidal

salt balance peaks at both the mouth and the head of the estuary.

Unlike the Eulerian framework, the Knudsen framework does not address the contribu-

tion of tidal oscillatory fluxes. To account for tidal oscillatory fluxes within the Knudsen

framework, MacCready (2011) proposed that the exchange flow should be calculated in iso-

haline coordinates from the time-varying flow. This approach computes the total volume

of water that is exchanged between salinities over a tidal cycle, accounting for both tidal

and residual salt fluxes (Burchard et al., 2018), by tracking the time-varying volume flux

as a function of salinity. Following MacCready (2011), the total exchange flow is defined as

follows:

dQ (s) d d)(36
ds dsJA

in which A, is the tidally-varying cross-sectional area with a salinity greater than s, Q is

defined for all salinities, and -dQ(s)/ds is the exchange flow for a specific salinity. This

total exchange flow (TEF) framework reveals the net volume and salinity of water that is

transported landward by both tidal oscillatory and residual processes, as well as the net
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volume and salinity of water that is transported seaward; the characteristics of the inflow

and outflow satisfy the time-dependent Knudsen relation (Eq. 3.3; MacCready, 2011). In

equation 3.6, positive exchange flow values are associated with inflow, and negative exchange

flow values are associated with outflow (MacCready, 2011). Wang et al. (2017) noted that

the TEF approach also reveals the amount of water that is transformed due to mixing of

salt over a tidal cycle. This transformation of water from one salinity to another is related

to mixing through the salinity variance budget; MacCready et al. (2018) and Burchard

et al. (2019) found that volume-integrated mixing, defined in these studies by the rate of

destruction of salinity variance, can be estimated directly from the characteristics of the

total exchange flow.

Both the Knudsen/TEF approach and the Eulerian approach quantify the subtidal salt

balance. However, the Knudsen/TEF approach does not distinguish between subtidal salt

fluxes due to residual processes and tidal oscillatory processes, whereas the Eulerian ap-

proach does not quantify the exchange flow. In an estuary without stratification, for ex-

ample, the residual circulation may transport water of a given salinity both landward and

seaward; this portion of the residual circulation would not contribute to the exchange flow.

This chapter will explore new methodologies to directly compare TEF and Eulerian ap-

proaches to the subtidal salt balance, in which the individual contributions of tidal and

residual processes can be explicitly described.

The Newark Bay estuarine network provides an interesting test case to compare Eule-

rian and TEF versions of the subtidal salt balance. This set of interconnected reaches is

characterized by a robust residual circulation (Chant et al., 2018), with significant contribu-

tions to the salt flux due to both tidal oscillatory and residual processes (Chant et al., 2011).

Corlett and Geyer (2018) observed substantial tidal variability throughout the system in the

form of tidal salinity fronts at channel junctions (cf. Chapter 2). Does this tidal variability

substantially contribute to the exchange flow? The comparison between TEF and Eulerian

frameworks in Newark Bay presents an opportunity to examine the relative contribution of

the residual circulation to the exchange flow within a system characterized by substantial

tidal salinity variability.

The geometry of the Newark Bay estuarine network also introduces new issues that need

to be addressed within the TEF framework. Multiple sources of fresh water are present

within the estuarine network, introducing the possibility of landward advection of low salin-
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ity water in some reaches. Long (1977) found that the consistent presence of fresh water

at the mouth of the Baltimore Harbor generates a three-layered residual circulation. Some

reaches within the Newark Bay estuarine network may similarly contain multi-layered ex-

change flows. The estuarine network is also characterized by a mean barotropic circulation

through the multiple outlets of Newark Bay to the ocean (Suszkowski, 1978; Blumberg et

al., 1999). Lee et al. (2019) addressed the effects of a throughflow on the Eulerian volume

and salt balance in an examination of Mobile Bay, but the effect of a throughflow on the

total exchange flow has not yet been examined.

This study derives a form of the TEF salt balance (Eq. 3.1) that enables a direct com-

parison of terms with the Eulerian salt balance (Eq. 3.3), and compares the two approaches

by using moored hydrographic observations at four cross-sections within the Newark Bay

estuarine network. The methods used to estimate the terms within the TEF and Eulerian

salt balances are described in section 3.3; the TEF and Eulerian salt balances at each cross-

section in the estuarine network are presented in section 3.4; and the implications of this

study are presented in section 3.5.

3.3 Methods

This chapter uses data obtained during two studies of the Newark Bay system, the first

by Chant and colleagues in 2008 (Chant et al., 2018), and the second that was conducted

in 2016 and was described in detail in Chapter 2. Between the two studies, data from

six mooring locations were used to resolve the along-estuary variability of the subtidal salt

balance in the Newark Bay estuarine network. From south to north, these mooring loca-

tions are labelled Kill van Kull (KK), Arthur Kill (AK), Newark Bay shoal (NBs), Newark

Bay channel (NBc), Hackensack River (HR), and Passaic River (PR; Fig. 3-1). The first

deployment occurred from May through July 2008, and included moorings KK, AK, HR,

and PR (Chant et al., 2018). The second deployment occurred from March through July

2016, and included moorings NBs and NBc (Corlett & Geyer, 2018). The 2016 deployment

also included moorings in Kill van Kull and the Passaic River; however, the data at these

moorings are incomplete, due to logistical issues. The 2016 mooring in the Passaic lacks

velocity measurements. The 2016 mooring in Kill van Kull was not paired with a mooring in

Arthur Kill, making it difficult to constrain salt and mass balances at the mouth of Newark
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Figure 3-1: Locations of moorings deployed within the Newark Bay estuarine network in
2008 and 2016. Moorings deployed in 2008 are shown with red trim, and moorings deployed
in 2016 are shown with white trim. The blue dotted line indicates the main channel of the
estuarine network.

Bay. So, data from the 2016 PR and KK moorings are not used in this chapter. Shipboard

hydrographic measurements during the 2016 mooring deployment revealed that the lateral

structures of salinity and velocity are relatively uniform throughout the estuarine network,

supporting the use of individual moorings to describe along-channel fluxes. Because of sub-

stantial lateral changes in depth in Newark Bay, salt and volume fluxes at mooring NBc are

combined with fluxes at mooring NBs to estimate the local exchange flow and subtidal salt

balance. Salt and volume fluxes at moorings KK and AK are also combined to estimate the

characteristics of the effective "mouth" of the estuarine network.

3.3.1 Measurements

Each mooring was equipped with Conductivity-Temperature (CT) sensors to measure near-

bed (0.5 m above the bed) and near-surface (1 m below the surface) salinity and temperature.

Each mooring was also equipped with a bottom-mounted acoustic Doppler current profiler

(ADCP) to measure vertical profiles of horizontal velocities. In Kill van Kull, horizontal

velocities were measured once every ten minutes in 0.5 m depth-bins by an upward-facing 600

kHz RDI ADCP; the center of the bottom bin was located 0.7 m above the bed. Horizontal
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water velocities in Arthur Kill were measured every ten minutes in 0.25 m depth-bins by

an upward-facing 1200 kHz RDI ADCP; the center of the bottom bin was located 0.8 m

above the bed. In both Kill van Kull and Arthur Kill, near-bed salinities were measured once

every ten minutes by a Seabird 16 CT sensor, and near-surface salinities were measured once

every five minutes by a Seabird 37 CT sensor. In Newark Bay, near-bed and near-surface

salinities were measured once per minute by RBR Conductivity-Temperature-Depth (CTD)

sensors. Mooring NBs was equipped with a 2 MHz Nortek Aquadopp ADCP, which measured

horizontal velocities in 0.25 m depth bins once every 15 minutes; the center of the bottom

bin was located 0.9 m above the bed. Mooring NBc was equipped with a bottom-mounted

1 MHz Nortek Acoustic Wave and Current (AWAC) profiler, which measured horizontal

velocities in 0.5 m depth-bins once every ten minutes; the center of the bottom bin was

located roughly 1.75 m above the bed. In the Hackensack River, horizontal velocities were

measured in 0.25 m depth-bins once every 20 minutes by a bottom mounted Nortek AWAC

profiler; the center of the bottom bin was located 0.8 m above the bed. The near-bed salinity

was measured by a Seabird 16 CT sensor, and the near-surface salinity was measured by

a Seabird 37 CT sensor; salinities were measured once every five minutes. In the Passaic

River, horizontal velocities were measured in 0.5 m depth-bins by a bottom-mounted RDI

ADCP once every 10 minutes; the center of the bottom bin was located 0.9 m above the

bed. The near-bed and near-surface salinity and temperature were measured by Seabird 37

CT sensors; the near-bed salinity was measured once every 10 minutes, and the near-surface

salinity was measured once every five minutes. Data at each mooring were interpolated

onto common ten-minute sampling intervals for analyses. All moorings exhibited biofouling

during the deployments; consequently, the records used to calculate the exchange flow and

the subtidal salt balance are truncated versions of the full measurement record.

Shipboard hydrographic measurements, using a downward-facing 1200 kHz RDI ADCP

and continuously profiling RBR CTDs, were made over semidiurnal tidal periods in 2016 to

capture the spatial characteristics of the estuarine network. The ADCP measured horizontal

water velocities in 0.25 m depth-bins once per second, which was roughly equivalent to one

profile every 2.5 horizontal meters. CTDs measured salinity, temperature, and depth at a

rate of 12 Hz; this produced salinity measurements with a vertical resolution of 0.1 m and

a horizontal resolution of 70 m. The results from these hydrographic sections are discussed

in detail in Chapter 2.
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3.3.2 Salt balance calculation

The subtidal salt balance estimates the amount of salt landward of a cross-section, and

is generally divided into landward and seaward salt fluxes in both Eulerian and TEF ap-

proaches. In the Eulerian approach, the residual salt flux and tidal oscillatory salt flux tend

to be directed landward (Pritchard, 1954); we refer to the combination of these salt fluxes

as the Eulerian estuarine salt flux (QSEul):

QSEul J f(u')(s') d(A)+K(I ii' dA> (3.7)

We refer to the residual salt flux as QSRC:

QSRC = (u')(s') d(A). (3.8)

Neither the estuarine salt flux (QSEul; the portion of the salt flux not due to seaward

riverine transport) nor the division between tidal oscillatory and residual salt fluxes are

explicitly defined within the TEF approach (MacCready, 2011). In the following subsection,

we derive expressions that provide TEF equivalents of the estuarine salt flux and the v

parameter, i.e. the ratio of tidal to estuarine salt flux.

Derivation of components of the TEF subtidal salt balance

The TEF and Eulerian versions of the subtidal salt balance (Eq. 3.1 and 3.3) are exactly

equal (MacCready, 2011):

QnSin - QoutSout = -Qr (§) + (u')(s') d(A) + K i' dAX (3.9)

However, the TEF approach does not explicitly include the spatially- and tidally-averaged

contribution of riverine transport, from which the estuarine salt flux can be determined. To

find the TEF equivalent of the estuarine salt flux, we follow MacCready (2011) in noting

that:

-Qr = Qin - Qout. (3.10)

The residual spatially-averaged salinity ((9)) does not have a TEF equivalent, but it can
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be approximated by the average of the TEF inflow and outflow salinities:

Sin + Sout (3.11)
2

We refer to the average TEF salinity, calculated on the right side of equation 3.11, asS.

Combining equations 3.9 through 3.11 yields the following form of the estuarine salt flux:

S- out (Sin - Sout) QSEul, (3.12)
2

in which the approximation is only due to the TEF approximation of(h). Following

MacCready (2011):

(Sin - Sout) ASE. (3.13)

We define the estuarine exchange flow, or portion of the exchange flow not due to riverine

transport, as the following:

Qin - Qout = QE. (3.14)
2

This simplifies the TEF estuarine salt flux to the following form:

QEASE QSE. (3.15)

This paper will examine to what extent the TEF estuarine salt flux (QSE) is equivalent to

QSEul-

QSE can be divided into tidal and residual components, similar to QSEI (Eq. 3.7).

Following MacCready (2011), Chen et al. (2012), and Burchard et al. (2018), we calculate

the residual component of the total exchange flow using the same TEF approach as in

equation 3.6, but with tidally-averaged values of salinity, velocity, and cross-sectional area:

- dQR() d f (u) d(A). (3.16)
ds s (A((s),t))

We follow Pritchard (1954) and Lerczak et al. (2006)'s division of Eulerian variables into

tidal and residual components to define the tidal component of the exchange flow, QT(s),

as the difference between the total exchange flow and the residual exchange flow in salinity
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Figure 3-2: Comparison of the record-mean Eulerian residual velocity profile with the record-

mean isohaline total exchange flow at the Passaic River cross-section. The record-mean

salinity profile is shown to visualize the range of salinities over which the residual circulation

contributes to the salt balance. The tidal component of the average total exchange flow is

shown in red, the residual component is shown in blue, and the total is outlined in black.

All profiles are averaged over the observation record.

coordinates:
dQ(s) dQR(s) dQT(s)

ds ds ds
(3.17)

As an example, the record-average tidal and residual components of the total exchange flow

in the Passaic River are shown in figure 3-2. These profiles demonstrate that the tidal and

residual components of the exchange flow do not need to have the same direction as the

total exchange flow, and that these individual components may only cover subsets of the

total salinity range.

To calculate the contributions of tidal and residual processes to the estuarine exchange

flow (QE), the salinity-coordinate profiles of the tidal and residual components of the ex-

change flow are divided into inflow and outflow layers based on the direction of the total

exchange flow, such that:

Qin = Qin, Tidal + in, Residual, (3.18)

and,

QOut = Qout, Tidal + Qout, Residual. (3-19)
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So, QE is equal to the sum of the tidal (QTE) and residual (QRE) components of the total

exchange flow:

QE = QTE - QRE, (3.20)

where QTE and QRE are the average magnitudes of inflow and outflow; e.g.:

Qin, Residual + Qout, Residual

QRE (3.21)

This is consistent with the method of determining QE (Eq. 3.14). The decomposition of

QE into tidal and residual components in equation 3.20 shows that the residual component

of the exchange flow (QRE) may encompass a significantly smaller volume transport than

QE because it does not include the tidally-varying contributions of the exchange flow. In

the Passaic River (Fig. 3-2), for example, the average QRE is 20 m3 /s, whereas the average

QE is 50 m 3 /s.

The contributions of tidal and residual processes to the TEF estuarine salt flux (QSE)

are also determined from the division of the tidal and residual salinity-coordinate exchange

flow profiles into inflow and outflow layers based on the direction of the total exchange flow.

By recognizing that TEF layer-specific salinities are flux-weighted averages, the definition

of QSE in equation 3.15 can be expanded to the following form:

QSE = QSin - QSout - Qin +QoutS, (3.22)

in which 3 is the average salinity of the TEF inflow and outflow (Eq. 3.11) and salt fluxes

are determined by integrating over the salinities associated with inflow or outflow, e.g.:

/dQ(s))
QSin -- s( - ds. (3.23)

in ds

Because the salt flux of each layer is a function of the salinity-coordinate profile of the

exchange flow, equations 3.18 and 3.19 can be rewritten as divisions of layer-specific salt

fluxes such that:

QSin QSin, Tidal + Sin, Residual, (3.24)

and,

QSout QSout, Tidal + QSout, Residual. (3.25)
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Applying equations 3.24 and 3.25 to the expanded definition of QSE yields the following

form of the estuarine salt flux:

QSE = Sin, Tidal - QSout, Tidal - Tidal + Qout, TidalS

+ QSin, Residual - Qsout, Residual Q- in, Residual -Q Qout, Residual3- (3-26)

This can be rewritten as the sum of tidal (QSTE) and residual (QSRE) salt fluxes:

QSE = QSTE + QSRE, (3.27)

where, defining TEF layer-specific salinities as flux-weighted averages following MacCready

(2011),

QSRE Qin, Residual (Sin, Residual- - Qout, Residual (Sout, Residual (3.28)

and QSTE is similarly defined using tidal components of the total exchange flow. This

permits the calculation of TEF tidal and residual salt fluxes which differ from Eulerian

quantities only in the TEF approximation of the Eulerian (s) (cf. Eq. 3.11). The discretized

form of this method is available on the Woods Hole Open Access Server (Appendix A; Corlett

et al., 2019).

Returning now to Eulerian quantities, we can obtain an Eulerian counterpart to QRE

which is the volumetric circulation associated with what we will call the residual circulation

(QRC). In the classical view of estuaries (Pritchard, 1954), in which the residual circulation

is hypothesized to be driven by the along-estuary density gradient, this would be referred to

as the "estuarine circulation". But to avoid false attribution of forcing mechanisms, we will

simply call it the residual circulation. This is defined by the cross-sectional integral of the

outgoing or incoming Eulerian tidally-averaged velocity less the river flow. This is not the

exchange flow, because the tidally-averaged incoming and outgoing flows may or may not

differ in salinity. For example, the average QRC in the Passaic River is 27 m3 /s (Fig. 3-2),

whereas the average QRE is 20 m3/s.

We also recall the fundamental Eulerian quantity v (Eq. 3.5) that represents the ratio

of the tidal component of Eulerian salt flux (2 nd term in Eq. 3.3) to the total Eulerian salt

flux (Eq. 3.7). An equivalent expression for v can be obtained in the TEF framework from
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equation 3.27, using the TEF tidal salt flux (QSTE) to obtain the tidal fraction of total salt

flux, or vE:

_QST E
vE = • (3.29)

QSE

Application to mooring-based observations

Calculating the subtidal salt balance requires tidally resolved, cross-sectional estimates of

salinity and horizontal velocity. The shipboard hydrography in 2016 revealed that the lat-

eral structures of salinity and velocity are relatively uniform throughout the Newark Bay

estuarine network, these fields were assumed to be laterally homogeneous in the calculation

of the subtidal salt balance at each mooring. Vertical profiles of horizontal velocities at each

mooring contained two gaps: one at the bed due to the elevation and blanking-distance of

the bottom-mounted ADCP, and another at the surface due to the truncation of near-surface

velocities for quality control. To minimize estimation errors, velocities near the bed were

extrapolated by assuming a cubic near-bed velocity profile with a no-slip bottom bound-

ary. Velocity measurements near the surface were extrapolated by assuming a quadratic

surface velocity profile with a free-slip surface boundary. Salinities at each mooring were

measured at two points: roughly 0.5 m above the bed and 1 m below the water surface. The

tidally-varying vertical salinity structure at each mooring was estimated from normalized

shipboard salinity profiles measured within 500 m of the mooring in 2016. This tidally-

varying structure was fit to the near-bed and near-surface salinity measurements to provide

a best-estimate of the full vertical salinity profile. Shipboard hydrography during the 2016

deployment did not approach the locations of moorings HR and AK. The salinity profile

at these moorings was estimated from the vertical structure of the nearest mooring with

similar stratification characteristics, though the choice of salinity structure does not change

salt flux estimates by more than 10%. The shape of the salinity profile at mooring HR was

assumed to be similar to that measured near mooring NBs, and the shape of the salinity

profile at mooring AK was assumed to be similar to that measured near mooring KK. The

resulting full salinity and velocity profiles at each mooring were then used to calculate salt

fluxes in both Eulerian and isohaline coordinates.

Approximations were required to account for spatial salinity and velocity variability that

was not measured at each mooring. The conservation of volume and salt within the estuarine

network occurs on long timescales-days with respect to volume, and weeks with respect to
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salt, based on estimates of the response timescales of these quantities by Caplow et al. (2003).

Consequently, approximations for salinity and velocity variability were determined such that

all mooring-based estimates of the subtidal salt budget conserve salt and volume over the

course of the mooring deployment. Approximations for tidal velocity heterogeneity were

determined first at each mooring. The tidal approximations for spatial velocity heterogeneity

are less than or equal to 2% of the barotropic tidal velocity at all locations other than mooring

PR. At mooring PR, the approximation for tidal velocity heterogeneity suggests that flood

tide velocities are underestimated by 6% and ebb tide velocities are overestimated by 6%; this

is likely due to large tidal variations in the lateral structure of the along-channel velocity.

The velocity field, including the approximations for tidal spatial heterogeneity, was then

used to determine approximations for both tidal and residual spatial salinity heterogeneity.

These approximations amount to less than 5% of the mean salinity at all cross-sections

other than Newark Bay. In Newark Bay, approximations for tidally-averaged spatial salinity

heterogeneity suggest that the depth averaged salinity is underestimated by 8%, likely due to

persistent lateral variability on the wide shoal; approximations for tidal salinity heterogeneity

amount to less than 1% of the mean salinity. The approximations for lateral salinity and

velocity variability are small throughout the estuarine network, which either suggests that

salinity and velocity fields are almost laterally homogeneous, or that the lateral variability

at each location is cancelled by cross-sectional averaging. The small adjustments required

to conserve volume and salt indicate that the moorings can be used to accurately depict the

tidally-averaged salt and volume fluxes within the Newark Bay estuarine network.

Salt and volume fluxes were calculated from salinity and velocity fields over discrete

tidal cycles, using the Eulerian approach described by Lerczak et al. (2006) and the TEF

approach described by Wang et al. (2017). Tidal cycles were determined from local depth-

averaged velocities, extending from slack water at the start of flood tide to slack water at

the end of ebb tide. Cross-sectional areas were calculated from the observed water depth

and regional bathymetric surveys (Halonen, 2011). Eulerian salt fluxes were estimated in

depth-normalized coordinates (Lerczak et al., 2006; Chen et al., 2012). TEF salt fluxes

were calculated in isohaline coordinates following the methods of MacCready (2011) and

Wang et al. (2017), using a resolution of 0.1 psu. The TEF values are stable despite this

salinity resolution, as inflow and outflow layers were defined by the extrema of the isohaline-

integrated transport (cf. Wang et al., 2017) rather than the direction of the exchange flow
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Figure 3-3: Average TEF profiles at the mouth of the Newark Bay estuarine network from

June 3-7, 2008. Positive volume fluxes are directed toward Newark Bay; this is eastward in

Arthur Kill and westward in Kill van Kull. The combined total exchange flow, representing

the exchange flow at the mouth of the estuarine network, is shown at right and does not

include the contributions of throughflows (shown with darker shading)

(cf. MacCready, 2011). However, coarser salinity resolutions do not resolve tidal salinity

variability in well-mixed regions of the estuarine network, producing differences between

TEF and Eulerian salt fluxes.

The TEF approach requires adaptations to account for throughflows, or volume and salt

fluxes that enter an estuary in one location and exit in another, in estimates of the exchange

flow. In Eulerian coordinates, a throughflow is a barotropic flux of unmodified water (Chant

et al., 2006; Lee et al., 2019). We define a throughflow similarly in the TEF approach,

requiring that the volume flux of a throughflow enters and exits an estuary at the same

salinity. Throughflows were removed from estimates of the exchange flow simply by consid-

ering all entrances to an estuary as part of the same cross-section. This is a generalization

of MacCready (2011)'s treatment of a subtidal recirculation eddy with constant salinity, as

a throughflow can be thought of as an eddy that rotates through the plane defined by the

estuary mouth. As an example, the exchange flow at the mouth of the Newark Bay estu-

arine network, as the sum of the exchange flows in Kill van Kull and Arthur Kill, is shown

in figure 3-3. In Kill van Kull, high salinity water is transported into Newark Bay and low

salinity water is transported out of Newark Bay. In Arthur Kill, on the other hand, high

salinity water is transported out of Newark Bay and low salinity water is transported into

Newark Bay. Because of the reversed circulation of Arthur Kill relative to Newark Bay, a
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portion of the high salinity inflow in Kill van Kull exits the estuary through Arthur Kill as

throughflow. The portion of low salinity inflow in Arthur Kill that exits the estuary through

Kill van Kull is similarly categorized as throughflow. Consequently, both throughflows do

not affect the exchange flow or the TEF salt balance.

The TEF approach, as described by Wang et al. (2017) and others, also requires modifi-

cations to account for multiple layers of the total exchange flow. The persistent presence of

low salinity anomalies at the seaward end of an estuary can generate a three-layered exchange

flow (Long, 1977). This is shown in figure 3-3 for the mouth of the Newark Bay estuarine net-

work. The Rahway River is the primary source of fresh water for Arthur Kill; consequently,

Arthur Kill transports water into Newark Bay that is fresher than the salinity of water that

is exported through Kill van Kull. The local extrema of the isohaline-integrated transport

(using a window of 0.5 psu) were used to objectively divide the TEF profile into inflow and

outflow layers. Lorenz et al. (2019) applied a similar methodology to identify multiple inflow

and outflow layers in the Baltic Sea. However, the method used in this chapter differs from

that of Lorenz et al. (2019), in that Lorenz et al. determined the boundaries between inflow

and outflow layers by specifying a minimum extrema value rather than the size of the window

over which the extrema is observed. Both methodologies require the specification of values

that reflect the characteristics of the estuary in question, and are expected to yield similar

results although the two methods have not been quantitatively compared. The relatively

small extrema window used in this chapter was required to accurately capture the multiple

exchange flow layers that are observed in the Newark Bay reach (cf. §3.4.2); this reach is

characterized by relatively weak salinity gradients. Fluxes were integrated between extrema

to produce bulk flux estimates that are independent of the salinity bin resolution of each

layer, following Wang et al. (2017). Bulk salt and volume fluxes in the same direction were

summed together to represent the characteristics of effective inflow and outflow of the total

exchange flow. The salinity of the effective outflow "layer" was determined by dividing the

total outflow salt flux by the total outflow volume flux, following the methods of MacCready

(2011); the same method was also used to determine the inflow salinity.
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3.4 Results and analysis

During the 2008 mooring deployment, the mean combined freshwater discharge from the

Passaic and Hackensack rivers was close to the historically-average discharge rate (25 m 3/s;

USGS gages 01389890 and 01378500). Although the mean combined discharge was lower

during the 2016 deployment (19 m 3 /s), both deployments captured similar ranges of dis-

charge. The combined freshwater discharge from the Passaic and Hackensack rivers ranged

from 7 to 64 m3 /s during the 2008 deployment (Fig. 3-4, top panel), and from 4 to 53 m 3 /s

during the 2016 deployment (Fig. 3-5, top panel). Both deployments also contained large

tidal ranges; spring tides aligned with lunar perigee to create larger-than-average perigean

spring tides. From neap tides to spring tides, the tidal water level amplitude ranged from

0.5 m to 1.0 m, and the depth-averaged tidal velocity amplitude ranged from 0.5 to 0.9 m/s.

The similar range of tidal variability and freshwater discharge during both deployments en-

ables the spatial comparison of temporal responses of the salt balance and exchange flow to

environmental variability to shed light on the overall characteristics of the estuary.

3.4.1 Overall conditions

Salinity measurements at each mooring during the 2008 (Fig. 3-4) and 2016 (Fig. 3-5)

deployments show fluctuations associated with freshwater discharge, the fortnightly spring-

neap cycle, and the semidiurnal tide. The influence of fluctuations in freshwater discharge

is most evident in near-surface salinity variations. The surface salinity in the Passaic River

(Fig. 3-4, panel PR), for example, decreases by 8 psu during periods of high discharge. Fluc-

tuations in freshwater discharge also influence the near-bed salinity; however, this response

weakens toward the mouth of the estuarine network (panels AK and KK). At the mouth

of the estuarine network, the near-bed salinity is jointly influenced by fluctuations in fresh-

water discharge and the fortnightly spring-neap cycle; both high discharge and spring tides

decrease the near-bed salinity at mooring KK by roughly 3 psu. The fortnightly spring-neap

cycle in the Passaic and Hackensack rivers, on the other hand, primarily modifies the range

of tidal salinity variability. The tidal salinity ranges at moorings PR and HR roughly double

during spring tides. All moorings exhibit rapid tidal salinity fluctuations (Fig. 3-4 and 3-5),

which suggests that there are significant horizontal salinity variations at the scale of the

tidal excursion.
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Figure 3-6: Hydrographic section captured during a spring tide in 2016, showing the along-
channel salinity structure of the Newark Bay estuarine network at the end of ebb tide.
Salinity is indicated with both color shading and 1 psu contour lines.

An along-channel hydrographic section captured during a spring tide in 2016 (Fig. 3-6)

confirms the spatial heterogeneity of salinity within the estuarine network. Saline water

in New York Harbor is separated from Kill van Kull by a bottom salinity front at 2 km.

Low-salinity water in the Passaic River, often referred to in this chapter as "fresh" water, is

similarly separated from saline water in the Hackensack River by a surface salinity front at

13 km. Corlett and Geyer (2018) found that the along-channel salinity gradient in Newark

Bay is also concentrated in salinity fronts; both a surface front and a bottom front form at

10.5 km. Each of these four fronts forms during ebb tide and propagates landward during

flood tide (Corlett & Geyer, 2018). The tidal fronts within the estuarine network may be

expected to influence tidal contributions to the estuarine salt flux. This was indeed found

to be the case, as the ensuing results and analysis will demonstrate.

3.4.2 Comparison of Eulerian and TEF subtidal salt balances

The mean characteristics of each cross-section within the estuarine network are shown in

Table 3.1. On average, the estuarine exchange flow (QE) increases toward the mouth of the

estuarine network. This is reflected in a general increase in the estuarine salt flux (QSE

and QSEul) toward the mouth of the estuary. In the Hackensack, however, QSE, QSEul,

and the TEF salinity difference (ASE) are nearly negligible; this is expected because the

Hackensack lacks a significant net freshwater outflow. At all other sites, temporal variations

of both QSE and QSEul on average reflect the variability of river outflow.

QSE is similar to QSEu at all sites within the Newark Bay estuarine network (Table
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Table 3.1: Mean record-length characteristics of each cross-section within the Newark Bay
estuarine network. Standard errors are roughly ten percent of each value. *Values of v for
the Hackensack use the magnitude of tidal and residual salt fluxes to indicate the relative
size of the tidal salt flux. tValues of v for Newark Bay are median values to more accurately
reflect observed conditions.

QE ASE QSE QSEul QSRE QSRC vE VEul

m3/s psu psu-m 3/s psu-m 3/s psu-m3 /s psu-m3 /s

PR 50 5.7 300 300 90 90 0.7 0.7
HR 110 0.3 25 20 120 110 0.5* 0.5*
NBc/NBs 270 1.2 340 400 240 230 0. 2t 0.4t
KK/AK 480 1.8 760 750 430 380 0.4 0.5

3.1); although the values of QSEand QSEul are different in Newark Bay, they are within

estimates of the standard error. QSRE is also similar to QSRC at all sites within the estuarine

network. Throughout much of the estuary, residual salt fluxes are similar in magnitude to

tidal salt fluxes (vEul - 0.5). This is consistent with the substantial tidal and subtidal

salinity variability observed at each mooring in figures 3-4 and 3-5. The subtidal salinity

variability in figures 3-4 and 3-5 suggests that the characteristics of the system substantially

change with variations in environmental conditions.

Temporal variations in the TEF and Eulerian characteristics of each reach are shown in

a sequence of figures 3-7, 3-9, 3-11, and 3-12. The top panel of each figure depicts the fresh

water discharge and tidal volume flux over the course of the mooring deployment; the tidal

volume flux is the tidally-averaged magnitude of the volume fluxes associated with depth-

averaged tidal velocities. The second panel depicts the estuarine exchange flow (QE; Eq.

3.14), the residual circulation (QRc), and the residual component of the exchange flow (QRE;

Eq. 3.16) to directly examine the contribution of the residual circulation to the exchange

flow. The difference between QE and QRE indicates the contribution of tidal processes to

the estuarine exchange flow. The third panel shows the difference between the TEF inflow

and outflow salinities (ASE; Eq. 3.13), as well as the Eulerian tidally-averaged stratification

(ASv) and depth-averaged tidal salinity range (AST) for reference. The estuarine salt flux

(QSE), which is the product of QE and ASE (Eq. 3.15), is depicted in the fourth panel. The

Eulerian estuarine salt flux (QSEul; Eq. 3.7) is shown in the fourth panel to compare the

TEF and Eulerian approaches to the subtidal salt balance. TEF and Eulerian versions of the

residual salt flux (QSRE and QSRC) are also depicted to illuminate the relative contributions
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of residual processes to the estuarine salt flux. The fifth panel shows estimates of the tidal

fraction of the estuarine salt flux (vE and vEul). The normalized unsteadiness of the salt

balance is also shown, which is normalized by the record-mean estuarine salt flux following

Banas et al. (2004):

VEul _- (f s dV) (3.30)
((QSEul))

and

O - Tf s dV)
((QSE))

Single brackets are used to signify tidally-averaged quantities, and double brackets signify

record-average quantities. These non-dimensional values provide context to the contribu-

tions of tidal and residual processes to the estuarine salt flux, as well as the overall subtidal

salt balance. The unsteadiness of the salt balance is shown on its own in the sixth panel;

this term is independent of the framework used to calculate the subtidal salt balance (cf.

Eq. 3.1 and 3.3).

Salt balance in the Passaic River

The estuarine exchange flow in the Passaic River (QE; Fig. 3-7, second panel) remains

nearly constant through the observation period despite significant fluctuations in the spring-

neap cycle and freshwater discharge. The residual circulation (QRc), however, changes

substantially in response to the spring-neap cycle. QRC is nearly three times larger during

neap tides as it is during spring tides. QRC is similar to the residual component of the

exchange flow (QRE) throughout much of the deployment, indicating that much of the

residual circulation contributes to the exchange flow. However, QRE is often much smaller

than QE, indicating that much of the exchange flow is driven by tidal processes. The tidal

fraction of the exchange flow fluctuates substantially in response to the spring-neap cycle.

Roughly half of QE is driven by tidal processes during neap tides, and nearly all of QE is

driven by tidal processes during spring tides.

The difference between TEF inflow and outflow salinities (ASE,third panel) remains

nearly constant throughout the deployment, and is similar in magnitude to the tidally-

averaged stratification (ASv). The tidal salinity range (AST), however, is much larger

than ASv and ASE, and increases substantially during spring tides. Note that AST results

mainly from the horizontal advection of the salinity gradient. Its large value is consistent
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Figure 3-7: Environmental conditions and salt balance terms in the Passaic River during
the 2008 deployment. Eulerian values-the residual circulation (QRc), stratification (ASv),
tidal salinity range (AST), and salt flux components-are shown with dotted lines. The

salinity difference between inflow and outflow in isohaline coordinates is indicated by ASE.
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with the presence of a salinity front in the vicinity of the mooring, as discussed in Chapter

2.

TEF and Eulerian salt fluxes are nearly identical (fourth panel), as was already verified

for the record-length averages in Table 3.1. The estuarine salt flux (QSE and QSEul) is

always substantially larger than the residual salt flux (QSRE and QSRC). The large tidal

component of the estuarine salt flux is reflected in the large value of V (bottom panel),

especially during spring tides, when both vE and vEu are both nearly one. The large value

of v is not surprising in light of the large value of QE relative to QRE (second panel). What

is surprising is that ASE is so similar to ASv, even when virtually all of the salt flux is

accomplished by tidal variability. This result indicates, in effect, that the tidal variations

of salinity responsible for the net salt flux have the same magnitude as the tidally-averaged

vertical salinity difference. This suggests that the tidal distortion of the vertical salinity

gradient may be a key process leading to the tidal oscillatory salt flux. Such tidal distortions

can be caused by the vertical heaving of a pycnocline, described by Geyer and Nepf (1996)

and Wang et al. (2015) in the Hudson River, as well as by tidal asymmetries in shear and/or

stratification (e.g., J. H. Simpson et al., 1990).

Although the estuarine salt flux is nearly constant, the tendency of the salt content

within the Passaic fluctuates in response to the freshwater discharge rate (, fifth panel).

OE and Eul are nearly identical, and reveal that the Passaic River loses salt during high

discharge and gains salt during low discharge. Because QSE and QSEl only change slightly

throughout the deployment, these fluctuations are due to changes in the seaward riverine

transport (Eq. 3.3; term 1). During much of the deployment, however, 4 less than 0.5.

While not steady-state, the relative variability is smaller than other parts of the system, as

will be seen in the ensuing discussion.

Salt balance in the Hackensack River

The primary source of fresh water for the Hackensack River is the Passaic River; fresh water

from the Passaic is transported landward into the Hackensack from the Passaic-Hackensack

confluence. This seaward source of fresh water often generates three distinct layers of the

exchange flow within the Hackensack (Fig. 3-8, left panel), in which the landward flux

of both low and high salinity water is compensated by the seaward flux of mid-salinity

water. Because the inflow contains both high and low salinity water, the salinity difference
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Figure 3-8: Exchange flow in the Hackensack River during the neap tide in mid-July 2008
and the spring tide in early July 2008. The total exchange flow is shown in black and with

grey shading, the residual exchange flow is shown in blue, and the tidal oscillatory exchange

flow is shown in red.

between TEF inflow and outflow (ASE) can be positive, negligible, or even negative, despite

a substantial exchange flow. In the Hackensack, the exchange flow (QE) is quantified as the

average of the outflowing layer and the sum of the two inflowing layers (cf. §3.3.2):

Q(E = 0.5 x Qin, saline + Qin, fresh - Qout (3.32)
2/

ASE in the Hackensack is similarly calculated from the average of the outflow salinity and

the flux-weighted average inflow salinity:

ASE = 0.5 x QSin, saline + QSin, fresh / Sout (3.33)
\ Qin, saline + Qin, fresh

The exchange flow in the Hackensack (QE; Fig. 3-9, second panel) remains nearly

constant throughout the deployment, similar to the Passaic, however it is roughly twice as

large. The residual circulation (QRC) fluctuates in response to the spring-neap cycle, similar

to the Passaic. However, much of QRC does not contribute to the exchange flow; QRE is

often much smaller than QRC. This means that while there is a robust residual circulation

in the Hackensack, it is only weakly correlated with salinity variations, so it generates little

exchange flow. Moreover, QRE is much smaller than QE, accounting for only 20% of the

exchange flow on average. During neap tides, roughly two-thirds of the exchange flow is due
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to tidal processes; as shown in the left panel of figure 3-8, these processes drive the landward

transport of fresh water from the Passaic as well as much of the seaward transport of mixed

water. During spring tides, on the other hand, nearly all of the exchange flow is associated

with tidal processes. The right panel of figure 3-8 reveals that the residual exchange flow

does not contribute to the bulk measure of the total exchange flow during these periods

because it is entirely confined to salinities associated with the exchange flow inflow.

ASE in the Hackensack River is small and fluctuates in response to the spring-neap cycle;

ASE is positive during neap tides and negative during spring tides. Recall that ASE in this

three-layer regime does not have the simple meaning that it has in the two-layer regime, and

its small and variable value reflects the lack of a persistent along-estuary salinity gradient

due to the absence of a significant landward source of fresh water. The small ASE during

neap tides reflects the landward transport of both high and low salinity water (shown in

the left panel of figure 3-8). The negative ASE during spring tides is caused by the reversal

of the exchange flow (Fig. 3-8, right panel); tidal processes transport high salinity water

seaward and low salinity water landward during these periods.

Eulerian and TEF salt fluxes are nearly identical, and reveal that the small estuarine

salt flux (QSE and QSEul) is generated by a balance between the positive residual salt flux

(QSRE and QSRC) and a negative tidal salt flux (Fig. 3-9, fourth panel). Although the

tidal salt flux is negative, it is nearly the same magnitude as the residual salt flux (v, fifth

panel). The TEF profiles in figure 3-8 reveal that much of the negative tidal salt flux is

generated by the landward transport of fresh water (left panel), though tidal processes also

transport salt water seaward during spring tides (right panel). Both of these aspects of the

tidal exchange flow induce a negative tidal salt flux.

Both TEF and Eulerian approaches show that the Hackensack gains salt during spring

tides, despite a negative estuarine salt flux due to the reversal of the exchange flow (4; Fig. 3-

9, fifth panel). During neap tides, the Hackensack loses salt despite a weak positive estuarine

salt flux. This indicates that much of the subtidal salt balance is driven by barotropic

processes that oscillate in response to the spring-neap cycle. The spring-neap dependence

of the Hackensack salt tendency stands in contrast with the Passaic salt tendency, which

fluctuates in response to changes in freshwater discharge. This, together with differences in

the roles of tidal and residual processes, emphasizes the stark difference in estuarine regime

between the Hackensack and Passaic Rivers.
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Figure 3-9: Environmental conditions and salt balance terms in the Hackensack River during
the 2008 deployment. Eulerian values-the residual circulation (QRc), stratification (ASV),
tidal salinity range (AST), and salt flux components-are shown with dotted lines. The

salinity difference between inflow and outflow in isohaline coordinates is indicated by ASE.
*values of v are shown based on the magnitudes of the tidal and residual salt fluxes to

indicate the relative size of the tidal salt flux.
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Figure 3-10: Exchange flow in Newark Bay during the neap tide in late April 2016 and the
spring tide in early May 2016. The total exchange flow is shown in black and with grey
shading, the residual exchange flow is shown in blue, and the tidal oscillatory exchange flow
is shown in red.

Salt balance in Newark Bay

Nearly all fresh water enters Newark Bay from its head at the Passaic-Hackensack confluence,

so Newark Bay has more persistent upstream freshwater forcing than the Hackensack River.

However, the cross-sectional area of Newark Bay is much larger than the Passaic and low

salinity water from the Hudson and Rahway rivers sometimes compete with the Passaic

outflow, leading to much more time-variability in the salt balance than the Passaic, even

including reversals of the estuarine salt flux. Like the Hackensack, the exchange flow is not

always two-layered in salinity space (Fig. 3-10)-a consequence of the variability of the

freshwater sources in the landward and seaward directions. Because the exchange flow is

multi-layered, volumetric exchange flows in Newark Bay may not be commensurate with the

corresponding salt fluxes.

First considering the exchange flow, QE in Newark Bay substantially changes in response

to the spring-neap cycle (Fig. 3-11, second panel). During spring tides, the exchange flow

is 50% larger than it is during neap tides. This is due to the spring-neap dependence of the

tidal component of the exchange flow. Tidal processes account for 80% of the exchange flow

during spring tides, and roughly 60% of the exchange flow during neap tides. The residual

component of the exchange flow (QRE) is weakly influenced by the spring-neap cycle as well,

and increases slightly during neap tides. The residual circulation (QRC), on the other hand,
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Figure 3-11: Environmental conditions and salt balance terms in Newark Bay during the
2016 deployment. Eulerian values-the residual circulation (QRc), stratification (ASv),
tidal salinity range (AST), and salt flux components-are shown with dotted lines. The
salinity difference between inflow and outflow in isohaline coordinates is indicated by ASE.
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remains nearly constant throughout much of the deployment.

ASE shows large variations, even going negative at one point in the record, indicative of

the variability of the salt flux relative to the exchange flow. Note that changes in the sign

of ASE correspond to changes in sign of the salt flux. The negative tidal salt flux observed

during the early April spring tide is due to the landward flux of fresh water, similar to the

conditions observed in the Hackensack. The source of this fresh water is likely the Hudson

River, as a large fresh water discharge event (on the order of 1000 m3 /s) was measured in the

Hudson several days prior, and this discharge event coincided with a period of strong westerly

winds over Raritan Bay, which have been shown to enhance the transport of water from New

York Harbor into the Newark Bay estuarine network via Kill van Kull (Kaluarachchi et al.,

2003; Chant et al., 2006).

The value of ASE generally increases during neap tides and decreases during spring tides;

this roughly corresponds to the presence of multiple layers of the exchange flow. During neap

tides (Fig. 3-10, left panel), the exchange flow transports multiple water masses landward

and multiple water masses seaward, largely due to tidal processes. During spring tides (Fig.

3-10, right panel), on the other hand, the exchange flow exhibits a more classical structure,

transporting salt water landward and fresh water seaward. Consequently, the volumetric

exchange flow is more commensurate with QSE during spring tides, whereas the multi-

layered exchange flow during neap tides masks relationships between volumetric exchange

flows and salt fluxes (i.e. QRE and QSRE).

ASE also increases during high freshwater discharge, such as during the spring tide in

early May 2008 (Fig. 3-11, third panel). This is a general finding for estuarine regimes, in

which increases in discharge translate into larger amplitude salinity variations, irrespective

of the relative roles of tidal and residual flows (MacCready & Geyer, 2010). This increased

ASE with discharge is reflected in the increase in the estuarine salt flux (QSE and QSEul)

shown in the fourth panel.

While the estuarine salt flux does not appear to be highly variable during the deployment,

it is quite variable relative to the mean advective outflow of salt. Both OE and OEul vary

markedly through the deployment, with typical values of ±5 that indicate marked departures

from a steady salt flux regime. These departures appear to be larger than can be accounted

for by gains and losses of salt in this reach of Newark Bay, suggesting that there may be

errors in the flux estimates due to unresolved lateral variability.
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Salt balance in Kill van Kull/Arthur Kill

The estuarine exchange flow (QE) at the Kill van Kull/Arthur Kill combined section is

strongly influenced by the spring-neap cycle (Fig. 3-12, second panel), increasing by a

factor of two from neap tide to spring tide. This is driven by an increase in the magnitude

of the tidal exchange flow, similar in manner to Newark Bay. In contrast, both the residual

circulation (QRc) and the residual exchange flow (QRE) in Kill van Kull/Arthur Kill increase

during neap tides. On average, half of the residual circulation contributes to the exchange

flow. This fraction is largest during neap tides due to enhanced stratification (ASv; third

panel), which increases the salinity-correlated portion of the residual circulation. Due to

fluctuations in both the tidal and residual components of the exchange flow, QRE accounts

for roughly half of the total exchange flow during neap tides, but only 10% of the exchange

flow during spring tides. This indicates that tidal processes dominate the exchange flow

during spring tides.

ASE is also strongly influenced by the spring-neap cycle, but its behavior is opposite

that of QE. ASE substantially increases during neap tides rather than spring tides (third

panel). The same spring-neap behavior also characterizes the local stratification (ASv) and

tidal salinity range (AST). The occurrence of weak salinity gradients during spring tides

rather than neap tides suggests that the region is characterized by efficient tidal dispersion.

This would effectively disperse salt during periods of large tidal velocities, creating a more

homogeneous salinity field. The shipboard hydrography shown in figure 3-6, and discussed

in Chapter 2, indicates that the region is indeed characterized by a local minimum of the

along-channel salinity gradient during spring tides.

Because the spring-neap behavior of ASE is opposite that of QE, the estuarine salt

flux (QSE and QSEul) largely tracks fluctuations in freshwater discharge (Fig. 3-12, fourth

panel); TEF and Eulerian salt fluxes are nearly identical. This trend is similar to trends

of QSE in Newark Bay. However, more of the estuarine salt flux in Kill van Kull/Arthur

Kill is due to tidal processes; the tidal salt flux accounts for roughly 20% of the estuarine

salt flux during neap tides, but at least 60% of the salt flux during even moderate spring

tides. Kill van Kull/Arthur Kill also shows much less temporal variability in salt flux than

Newark Bay; 0 is roughly an order of magnitude smaller (fifth panel), and ranges from -0.5

to +0.5. Unlike the other reaches of the estuarine network, OE and '/Eul reveal that Kill
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Figure 3-12: Environmental conditions and salt balance terms in Kill van Kull and Arthur
Kill during the 2008 deployment. Eulerian values-the residual circulation (QRc), stratifi-
cation (ASy), tidal salinity range (AST), and salt flux components-are shown with dotted
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van Kull/Arthur Kill loses salt during spring tides and gains salt during neap tides. This is

similar to trends of the salt content in the adjacent Hudson River (Lerczak et al., 2006), and

suggests that variations in stratification in the Hudson may drive this spring-neap variation

in the salt content of the Newark Bay estuarine network.

Mechanisms of tidal salt dispersion

Throughout the Newark Bay estuarine network, both the Eulerian and TEF estuarine salt

fluxes are largely driven by tidal processes during spring tides (Fig. 3-7-3-12). The tidal

mechanisms that contribute to the estuarine salt flux, however, change from site to site.

Following Fischer (1976), we estimate a site-specific tidal dispersion coefficient (K) from

the mean tidal salt flux (QTE; equivalent to QSE- QSRE, cf. Eq. 3.27), tidally-averaged

cross-sectional area (A), and along-channel salinity gradient (as/ax):

K QSTE (A • (3.34)

K varies by a factor of six between sites (Table 3.2), revealing that much of the tidal

dispersion of salt occurs in Kill van Kull/Arthur Kill. To suggest mechanisms for this tidal

dispersion, K is scaled with UTt2de/w as a measure of the efficiency of tidal mixing (a, Table

3.2; Fischer et al., 1979). These estimates are generally larger than would be expected for

tidal shear dispersion alone; Fischer et al. (1979) found a to be between 0.005 and 0.02 for

shear dispersion in a straight, unstratified channel (Fig. 3-13). This suggests that other,

more efficient dispersion mechanisms are occurring. In Newark Bay, the average magnitude

of a is consistent with tidal trapping. From Okubo (1973)'s investigation of tidal trapping

when the ratio of the embayment to channel volume is between 0 and 1, a is estimated to be

a maximum of 0.05 for tidal trapping when the timescale of embayment-channel exchange

is equivalent to the tidal timescale (Fig. 3-13). Observations of the northern side channel

in Newark Bay by Corlett and Geyer (2018) suggest that the two timescales at this side

channel may be similar. From equation 3.34, Geyer and Signell (1992) estimated a maximum

dispersion coefficient due to tidal trapping from the ratio between the embayment volume

and the main channel volume (R), the tidal excursion (Ltide), and the average tidal velocity

(Utide):
1

Ktrapping < _RLtideUtide. (3.35)
4
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Table 3.2: Mean tidal dispersion characteristics of each cross-section within the Newark Bay
estuarine network. *Negative values in the Hackensack River are due to the tidal dispersion
of fresh water from the Passaic River. Iy is modified in the Hackensack to reflect the relative
magnitude of the tidal salt flux, and is calculated from the combined magnitudes of the tidal
and residual salt fluxes. *The median value of v is given in Newark Bay to more accurately
reflect the observed conditions.

VEul QSTE Area os/Ox K Utide a

psu-m3 /s m2 psu/km m2/s m/s
PR 0.7 210 750 -1.3 230 0.5 0.13
HR 0.5f -90* 2000 -0.4 -150* 0.6 -0.08*
NBc/NBs 0.4t 90 6000 -0.4 50 0.5 0.03
KK/AK 0.5 350 8400 -0.1 300 0.5 0.21

sheer dispersion tidal trapping jet-sink dynamics

plan
view

a =0.005-0.02 as 0.05 az s0.5-0.7

Figure 3-13: Channel geometries associated with tidal salt dispersion by tidal shear, tidal
trapping, and jet-sink dynamics. Blue lines indicate the initial along-channel salinity gra-
dient, and blue shading indicates the spread of salt after dispersion. Arrows indicate the
tidal oscillatory flow field. Ranges of the tidal mixing efficiency (a) are provided for each
mechanism: tidal shear dispersion (Fischer et al., 1979), tidal trapping (Okubo, 1973), and
jet-sink dynamics (Chen et al., 2012).

Assuming that tidal trapping generates the frontal processes observed by Corlett and

Geyer (2018) at the northern side channel in Newark Bay, R - 0.09; using appropriate

values for the tidal excursion (Ltide - 7 km) and tidal velocity, the maximum dispersion

coefficient is estimated to be 80 m2 /s, which is consistent with the observed tidal dispersion

coefficient. The higher tidal mixing efficiencies observed elsewhere in the estuarine network

suggest that more complex processes contribute to tidal dispersion at the mouth and head of

the estuary. In Kill van Kull/Arthur Kill, the relatively high tidal mixing efficiency suggests

that tidal dispersion occurs due to jet-sink dynamics (Fig. 3-13; Stommel & Farmer, 1952),

as Chen et al. (2012) observed that a can be as much as 0.5-0.7 due to inlet dynamics at the

mouth of the Merrimack. At the mouth of the Newark Bay estuarine network, these jet-sink

dynamics likely occur at the entrance of Kill van Kull in New York Harbor, as well as at the

head of Kill van Kull in Newark Bay. Similar dynamics may also occur at the confluence
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between the Passaic and Hackensack rivers; the hydrographic sections shown in Chapter 2

indicate that the region is characterized by intense tidal mixing during ebb tide, and the

TEF analysis in the Hackensack River (§3.4.2) revealed that tidal processes are responsible

for transporting fresh water from the Passaic landward.

3.5 Summary and implications

This chapter compares Eulerian and isohaline estimates of terms in the subtidal salt balance

using data collected from a series of hydrographic moorings within a partially-mixed estu-

arine network. A new form of the isohaline salt balance is derived that explicitly includes

contributions from tidal oscillatory and residual processes. The results at multiple cross-

sections within the estuarine network reveal that Eulerian and isohaline estimates of tidal

and residual salt fluxes are similar. However, the estuarine exchange flow, as the portion

of the total exchange flow driven by non-riverine processes, does not have an equivalent in

Eulerian coordinates. The Eulerian residual circulation is similar to isohaline estimates of

the residual exchange flow, but only in some cases, such as in highly-stratified regions. In

regions with multiple sources of fresh water, the use of isohaline coordinates also reveals

multi-layered exchange flows, which are largely generated by tidal oscillatory processes.

The Eulerian and isohaline salt balances presented in this chapter can be similar because

they are based upon the same salinity and velocity measurements. The ability of these

fields to represent the physical salt balance of the estuary was assessed by calculating the

necessary approximations for unresolved tidal and spatial variability to conserve salt and

volume landward of each cross-section over the course of the mooring deployment (cf. §3.3.2).

Although these approximations were small (<5-10%) at all sites, the salt balance in Newark

Bay was found to be highly unsteady (Fig. 3-11). Estimates of the amount of salt stored

landward of the Newark Bay cross-section over the course of a spring-neap cycle exceed the

magnitude of observed salinity variability in the estuary. This suggests that the salt balance

in Newark Bay is modified on timescales shorter than the mooring deployment, likely by

unresolved lateral variability. At the other cross-sections, the salt balance unsteadiness is

within reasonable bounds, indicating that Eulerian and isohaline salt balances are good

approximations of the physical salt balance.

The comparison of Eulerian and isohaline estimates of terms in the subtidal salt balance
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builds upon previous studies by Burchard et al. (2018), Chen et al. (2012), and others by

directly comparing the two methods, and by including comparisons of the individual contri-

butions of tidal and residual processes to Eulerian and isohaline salt and volume balances.

These comparisons reveal that the approaches are consistently similar, despite different defi-

nitions of the salinity advected by subtidal barotropic processes (cf. Eq. 3.11). This chapter

uses the average of the inflow and outflow salinities (5) to provide an isohaline-native esti-

mate of the Eulerian quantity (§). was defined from quantities commonly used in isohaline

calculations (e.g., Wang et al., 2015; Burchard et al., 2018), as the isohaline TEF frame-

work does not specify an isohaline-native version of (3) (MacCready, 2011). We note that

MacCready (2011) defined the TEF inflow and outflow salinities as flux-weighted averages,

which suggests that 3 could be calculated as a flux-weighted average as well. However, we

found that flux-weighted estimates of 3 differ more from the Eulerian (3) than the simplified

version of 5 used in this study. This was most evident during periods of high freshwater

discharge, during which the flux-averaged S was less saline than both the average of the

inflow and outflow salinities and the Eulerian (3). The consistent similarity between (9) and

the simplified version of 5 indicates that the isohaline approximation of (§) described in this

chapter works well. Perhaps the flux-weighted salinity more accurately reflects the salinity

of water transported seaward by river flow, but this line of research is beyond the scope of

this thesis.

Bulk values are used to characterize the TEF inflow and outflow in both two-layer (e.g.,

MacCready, 2011) and multi-layer (e.g., Lorenz et al., 2019) exchange flows; however, we

note that multi-layered exchange flows limit the dynamical insight that can be gained from

bulk terms, especially when examining the individual effects of tidal and residual processes.

The difference between bulk TEF inflow and outflow salinities (ASE) in a multi-layered

exchange flow, for example, reflects the sign of the estuarine salt flux but masks the char-

acteristics of the individual circulation cells within the exchange flow. In addition, the

presence of a multi-layered exchange flow masks relationships between volumetric exchange

flows associated with tidal or residual processes and the corresponding salt fluxes. In both

the Hackensack River and Newark Bay, for example, the bulk residual exchange flow can

be negligible despite a substantial residual salt flux. In these cases, although the subtidal

salt balance is effectively represented by bulk parameterizations, the examination of TEF

profiles is often required to illuminate the detailed effects of tidal and residual processes on
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the subtidal salt balance.

The Eulerian residual circulation was often observed to be similar in variability to the

residual component of the exchange flow. However, the residual circulation and residual

exchange flow were only similar in magnitude during periods of high stratification. This

residual exchange flow was often less than half of the total exchange flow at many locations

within the estuarine network. Consequently, the magnitude and variability of the estuarine

exchange flow was often substantially different from the Eulerian residual circulation. This

builds on previous studies, which have primarily focussed on the variability of the inflow

portion of the total exchange flow (Wang et al., 2017; Burchard et al., 2018). The decom-

position presented here indicates that, as the inflow and outflow of the total exchange flow

are the generated by the sum of barotropic, baroclinic, and tidal oscillatory processes, the

exchange flow can fluctuate independently of fluctuations in freshwater discharge in regions

characterized by tidal processes. This is evident within the Newark Bay estuarine network.

The residual circulation at the mouth of the estuarine network responds to fluctuations in

freshwater discharge in a manner that is consistent with the classical scaling (Chant et al.,

2018). We find that this residual circulation is often similar in variability to the residual

exchange flow, but the residual exchange flow is roughly half as large. The tidal oscillatory

exchange flow at the Kill van Kull/Arthur Kill cross-section is often three times larger than

the residual exchange flow, and increases when the residual exchange flow decreases. Con-

sequently, the total exchange flow is governed by fluctuations in the magnitude of the tidal

oscillatory exchange flow.

This chapter also revealed the rich heterogeneity of estuarine characteristics within an

estuarine network, as each of the sites examined in this chapter contains very different

characteristics despite being within a tidal excursion of the other sites. In the Passaic and

Hackensack rivers, both the estuarine salt flux and exchange flow are largely influenced by

tidal processes during spring tides, and residual processes during neap tides (Fig. 3-7 and 3-

9). A similar temporal oscillation between tidal- and residual-driven dynamics was observed

by Jay and Smith (1990) in the Columbia, suggesting that these conditions occur in estuaries

characterized by large horizontal salinity gradients and strong tidal variability. In Kill van

Kull/Arthur Kill, the estuarine salt flux is driven by fluctuations in freshwater discharge

(Fig. 3-12), which is similar to the variability in the estuarine salt flux that is observed in

estuaries that are long relative to the tidal excursion, such as the Hudson River (Lerczak
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et al., 2006). Unlike the Hudson, however, the exchange flow in Kill van Kull/Arthur Kill

increases during spring tides instead of neap tides. This is more similar to shorter estuaries,

such as the Merrimack River (Ralston et al., 2010), which are often influenced by tidal inlet

processes (Chen et al., 2012). Newark Bay exhibits modes of variability for the estuarine

exchange flow that are similar to Kill van Kull/Arthur Kill, but the tidal component of the

salt flux is muted (Fig. 3-11). This range of estuarine dynamics over a relatively short

along-channel distance suggests that estuarine networks may provide helpful case studies in

which to observationally examine the characteristics of estuarine parameter space.
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Chapter 4

Evaluating estuarine parameter space

A comparison of the Newark Bay estuarine

network with other estuaries

4.1 Abstract

Estuaries are often described by the characteristics of a single location despite inherent

spatial and temporal variability in the mechanisms that influence the exchange flow and

subtidal salt balance. This variability in estuarine dynamics is often large in estuarine

networks, which are characterized by multiple connecting channels, and may also contain

multiple sources of fresh water or connections to the ocean. Recent hydrographic obser-

vations in Newark Bay, an estuarine network at the mouth of the Hudson River estuary,

provide an interesting case in which to examine the capability of existing estuarine classifi-

cation schemes in describing the characteristics of a complex estuarine network. This chapter

investigates similarities of estuarine dynamics through the Hansen and Rattray (1966) and

Geyer and MacCready (2014) parameter spaces, in light of the complex characteristics of

the Newark Bay estuarine network. The estuarine network is represented by a wide scatter

of regions in both classification schemes, ranging from time-dependent salt wedge estuary to

fjord. The characteristics of regions that are influenced by both large freshwater and tidal

forcings are well predicted in parameter space. Regions characterized by abrupt changes in

bathymetry, however, are not, due to the large influence of local processes, such as salinity
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front formation or jet-sink inlet dynamics. This study suggests that an additional param-

eter, describing the length-scale of local processes, is required to account for the observed

variability in parameter space.

4.2 Introduction

Estuarine classification serves to group estuaries into categories, either qualitatively or quan-

titatively, in order to make inferences about processes in one estuary based on the charac-

teristics of other estuaries in the same category. Stommel and Farmer (1952) were the

first to quantitatively classify estuaries. They applied a one-dimensional parameter space

based on the normalized stratification of an estuary, creating a range of estuarine classes be-

tween stratified, density-driven estuaries and well-mixed, tide-driven estuaries. Hansen and

Rattray (1966) recognized that estuaries with weak stratification may also have a distinct

residual circulation, prompting them to construct a two-dimensional estuarine parameter

space that includes both stratification and circulation as parameters (Fig. 4-1). Based on

an analytical model of the subtidal salt balance in a partially-mixed estuary (Hansen &

Rattray, 1965), Hansen and Rattray (1966) estimated the steady-state salt balance based

on the location of estuaries within their two-dimensional estuarine parameter space. One

important aspect of estuarine dynamics revealed by this analysis is the relative strength of

tidal dispersion processes compared to the residual, estuarine circulation in the context of

the subtidal salt balance. They defined the parameter v as the "diffusive fraction" of the salt

flux, where "diffusive" represents what we now call the tidal oscillatory salt flux (Ralston

et al., 2010). Their analysis indicated that the relative importance of tidal processes to the

estuarine exchange flow is not simply a function of stratification. Their analysis does show

a general tendency for the estuarine circulation to become more important with increasing

stratification; some highly stratified estuaries (i.e., salt wedges), however, may be dominated

by tides, and some weakly stratified fjords may be dominated by exchange flow.

Geyer and MacCready (2014) attempted a different classification approach that was

based on key forcing variables-the freshwater discharge and magnitude of tidal mixing-to

predict the characteristics of an estuary (Fig. 4-2). This prognostic approach stands in con-

trast to the diagnostic approach of Hansen-Rattray. In the Geyer-MacCready classification,

the effect of river discharge on estuarine dynamics is parameterized by a freshwater Froude
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Figure 4-1: Hansen-Rattray stratification-circulation diagram, relating the tidal fraction of
the estuarine salt flux (v) to parameter space using results from the analytical model of a
coastal plain estuary described by Hansen and Rattray (1965). Mean locations of reaches
within the Newark Bay estuarine network are shown with black dots; the encompassing
boxes represent two standard deviations of variability. Mean values of v are given for each
reach. *v in the Hackensack River is calculated as the magnitude of the tidal salt flux relative

to the sum of the magnitudes of the tidal and residual salt fluxes, as the tidal and residual

salt fluxes are nearly the same magnitude and consistently of opposite sign (Chapter 3). tv

for Newark Bay is the median value to more accurately reflect observed conditions (Chapter

3).
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Figure 4-2: Geyer-MacCready predictive estuarine parameter space, relating the strength

of the local freshwater discharge to tidal mixing. The mean locations of reaches within

the Newark Bay estuarine network are shown with black dots; the surrounding rectangles

represent two standard deviations of variability in both Frf and M over the course of

hydrographic observations in 2008 and 2016.
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number (Frf), which scales the tidally-averaged river discharge velocity by a densimetric

velocity:

Ur
Frf = (4.1)

vg'H '

in which g' = 3 ocean. Tidal mixing is parameterized by M, which provides a measure of

the effectiveness of tide-induced bottom stress in destroying estuarine stratification:

CDU2?
M = (4.2)

in which w is the tidal frequency, Ut is the amplitude of the depth-averaged tidal velocity,

CD is a drag coefficient, and No = /gSoceanH . As M increases, the water column of the

estuary is expected to be increasingly mixed. One problem with this classification approach

is that these parameters vary within an estuary over time due to variations in freshwater

discharge (Frf), as well as changes in tidal velocity over the course of the spring-neap

cycle (M). While this variability is a significant obstacle to applying the Geyer-MacCready

approach to a particular estuary, the parameter space may still provide insights about how

different estuaries behave in context with the strength of external forcing agents.

There is some indication that estuaries in similar locations in the Geyer-MacCready dia-

gram share common characteristics. For example, the estuaries in the upper right quadrant

are characterized by high river discharge and large tidal velocities; these include such estu-

aries as the Merrimack River (Chen et al., 2012) and Fraser River (Geyer & Farmer, 1989).

They would be classified as salt wedges based on their stratification and strong horizontal

salinity gradient, but they also exhibit strong tidal variability, consistent with the high v

categorization of salt wedges in the upper left corner of Hansen-Rattray diagram. Partially-

mixed estuaries are in the middle of the Geyer-MacCready diagram, and are also in the

middle of the Hansen-Rattray diagram. Interestingly, this is the part of the Hansen-Rattray

diagram with strong variability in v. The lower left quadrant of the Geyer-MacCready pa-

rameter space, which is characterized by low freshwater discharge and weak tidal velocities,

includes large embayments such as Puget Sound and the Baltic Sea. This corresponds to the

right side of the Hansen-Rattray diagram, which suggests small values of v, i.e., dominance

of the residual exchange flow. These estuaries tend to have long residence times, and so

their exchange processes may extend over many spring-neap cycles and multiple discharge

events. The lower right quadrant of the Geyer-MacCready diagram includes the strong tidal
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regimes with weak river inflow. These are the high v regimes in the lower left corner of the

Hansen-Rattray parameter space.

Although temporal variability was discussed above as a challenge in the classification

of estuaries, spatial variability within an estuary may present an even greater challenge.

Many estuaries, such as Puget Sound (Banas et al., 2014), Narragansett Bay (Spaulding

& Swanson, 2008), and Chesapeake Bay (Hayward et al., 1982), have multiple branches

and/or tributaries, with considerable variation in depth and width, and sometimes have

multiple connections to the ocean and/or multiple sources of fresh water. In this study, these

estuaries are referred to as estuarine networks. Within estuarine networks, the mechanisms

that drive the exchange flow or subtidal salt balance often substantially change from location

to location. In Puget Sound, for example, the exchange flow is driven by tidal processes over

the shallow sills, and by density-driven flow within the adjacent deep basins (Sutherland et

al., 2011). Similar spatial variability is observed in Narragansett Bay; the salt flux within the

deep Eastern Passage is primarily influenced by density-driven flow (Hess, 1976), whereas the

salt flux within the adjacent shallow Sakonnet River passage is largely tidal (Pilson, 1985).

Despite this spatial heterogeneity of the processes that drive the exchange flow and subtidal

salt balance, estuarine networks are often compared with other estuaries in parameter space

(Hansen & Rattray, 1966; Geyer & MacCready, 2014).

Recent hydrographic observations in the Newark Bay estuarine network present an op-

portunity to examine how to evaluate an estuarine network in context with estuarine classi-

fication parameterizations. Newark Bay is connected to the ocean through two tidal straits,

and is fed by multiple internal and external sources of fresh water (Fig. 4-3; Blumberg et

al., 1999). In addition, the estuarine network is segmented into a series of reaches, with sig-

nificant variations in cross-sectional geometry, tidal conditions and hydrography, as noted

in Chapters 2 and 3. Can the Geyer-MacCready parameter space provide insight about

the overall characteristics of an estuarine network such as Newark Bay? Can estuarine

parameterization capture the characteristics of individual reaches?

This chapter compares the characteristics of the overall Newark Bay estuarine network,

as well as the individual reaches, to similar estuaries in order to shed light on the applica-

bility of estuarine parameterizations. Section 4.3 contains a description of the dynamical

characteristics of Newark Bay. Section 4.4 describes the methods used to determine the pa-

rameter space locations of individual reaches of the Newark Bay estuarine network. Section
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Figure 4-3: Map of Newark Bay and the surrounding environs, showing the locations of
moorings used in this chapter. Moorings deployed in 2008 are shown with red trim, and
moorings deployed in 2016 are shown with white trim. The blue dotted line indicates the
main channel of the estuarine network.

4.5 investigates the parameter space regime of the estuarine network, both as an overall sys-

tem and as individual locations within parameter space, comparing conditions between this

estuarine network and others. Section 4.6 discusses the utility of estuarine parameter space

in diagnosing conditions within estuaries, and suggests additional aspects of an estuary that

should be included in future frameworks. The chapter concludes in Section 4.7 with the

implications of this investigation for future comparative studies.

4.3 Site description

Each reach of the Newark Bay estuarine network-Kill van Kull/Arthur Kill, Newark Bay,

Hackensack River, and Passaic River-is characterized by a distinct cross-sectional geometry

(Fig. 4-3; cf. Chapter 1). Along-channel salinity sections analyzed in Chapter 2 indicate

that each reach also contains different characteristics. As shown in figure 4-4, Kill van

Kull is largely well-mixed, and is characterized by the landward propagation of a bottom

salinity front during flood tide. Newark Bay is partially-mixed; Corlett and Geyer (2018)

found that two fronts form at the entrance of the northern side channel during ebb tide and

propagate landward during flood (Chapter 2). Mixing between the Hackensack and Passaic
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Figure 4-4: Hydrographic section captured during a spring tide in 2016, showing the along-
channel salinity structure of the Newark Bay estuarine network at the end of ebb tide.
Salinity is indicated with both color shading and 1 psu contour lines.

Table 4.1: Mean record-length characteristics of individual reaches within the Newark Bay
estuarine network determined from mooring-based observations in 2008 and 2016. vQ is the
tidal fraction of the estuarine exchange flow (the exchange flow not associated with river
discharge; cf. Chapter 3). *v in the Hackensack River is calculated as the magnitude of the

tidal salt flux relative to the sum of the magnitudes of the tidal and residual salt fluxes, as

the tidal and residual salt fluxes are nearly the same magnitude and consistently of opposite

sign (Chapter 3). tValues of v for Newark Bay are median values to more accurately reflect

observed conditions (Chapter 3).

Ur Ut Us H 6S V VQ

m/s m/s m/s m psu
Passaic River 0.035 0.52 0.10 5 5.3 0.7 0.6
Hackensack River 0.001 0.62 0.05 10 3.1 0.5* 0.9
Newark Bay 0.003 0.49 0.05 13 2.2 0.4t 0.8
Kill van Kull/Arthur Kill 0.003 0.47 0.03 17 2.9 0.5 0.7

rivers during ebb tide generates a surface salinity front at the confluence, which propagates

landward into the stratified Passaic during flood tide (Chapter 2).

The steady-state characteristics of each reach are shown in Table 4.1; these values are

determined from moored hydrographic observations in 2008 and 2016 (Chapter 3). The

riverine velocity (river discharge divided by cross-sectional area; Ur) increases toward the

head of the estuarine network due to a steady decrease in cross-sectional area; the velocity

is a minimum in the Hackensack due to the negligible local supply of fresh water. Depth-

averaged tidal velocities (Ut) and tidally-averaged stratification (6S) also increase toward

the head of the estuary. The tidally-averaged surface velocity (U), as a measure of the

strength of the estuarine circulation, is largest in the Passaic River.
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Tidal processes substantially contribute to both the subtidal salt balance and the ex-

change flow throughout the estuarine network. The tidal oscillatory salt flux is similar in

magnitude to the residual salt flux throughout much of Newark Bay (V ~ 0.5). In addition,

tidal processes account for more than half of the exchange flow; the tidal fraction of the ex-

change flow (v) is consistently larger than 0.6. The substantial influence of tidal processes

on both the subtidal salt balance and the exchange flow was explained in Chapter 3 by the

prevalence of tidal salinity fronts, which were described in Chapter 2. Each front forms at

a channel junction during ebb tide and propagates landward during flood tide, contributing

substantially to the tidal salinity signal (cf. Chapter 2). The presence of fronts results in a

significant correlation between salinity and velocity at tidal timescales, often leading to an

enhanced tidal salt flux and thus large v. The details of these frontal transport mechanisms

vary from site to site (see Chapter 3), but the values of v are similar.

4.4 Methods

Both the Hansen-Rattray and Geyer-MacCready classification schemes were used to cat-

egorize the observed conditions in Newark Bay. The time-averaged conditions as well as

the observed range through the period of the deployment were considered. To assess the

dependence on location, independent estimates of the parameters were used for each of the

reaches: the Passaic River, Hackensack River, Newark Bay, and Kill van Kull/Arthur Kill.

The conditions in Newark Bay were nominally considered as the overall characterization of

the system, although it was recognized a priori that the local Newark Bay properties would

not necessarily represent the mean conditions over the domain.

The tidally-averaged stratification (6S) and depth-averaged salinity (So) for the Hansen-

Rattray classification scheme were determined at each mooring for the period of the deploy-

ment. The tidally-averaged surface velocity (Us) was extrapolated from moored velocity

observations by assuming a quadratic surface velocity profile with a free-slip surface bound-

ary. The tidally-averaged riverine velocity (Ur) was calculated by dividing the observed

discharge in the Passaic River (USGS gage 01389890) and/or Hackensack River (USGS gage

01378500) by the relevant tidally-averaged cross-sectional area.

The values of Ur at each mooring over the course of the deployment were also used in

the Geyer-MacCready classification scheme. The tidally-averaged depth of the channel was
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used for H, and CD was assumed equivalent to 3.3x10-3. The choice of a canonical value

for the drag coefficient was required as no information was available regarding bottom drag

within the Newark Bay estuarine network; the chosen value is based on studies of bottom

drag by Soulsby (1990), and is similar to values of CD estimated in the Hudson River by

Geyer et al. (2000). The amplitude of the depth-averaged tidal velocity (Ut) was calculated

as the average amplitude of peak depth-averaged flood and ebb velocities. To include sites

within the Newark Bay estuarine network in the Geyer-MacCready parameter space, the

parameter Socean was assumed to be equivalent to the inflow salinity of the exchange flow,

calculated using the isohaline TEF framework (MacCready, 2011, see Chapter 3).

The locations of the different reaches of the estuarine network in parameter space were

determined by the mean values of each parameter and the observed range of parameter

variability; two standard deviations of variability were represented by the 1 7 th and 8 3 rd

percentiles of each parameter over the period of moored observations. Once the locations of

the reaches in parameter space were determined, the characteristics of those sub-estuarine

environments, most notably the mechanisms of salt flux in consideration of the parameter

v, were evaluated in context with the Hansen-Rattray predictions and in comparisons with

other estuaries in the same part of parameter space. This analysis was used to provide

insights into the estuarine mechanisms of the different reaches of Newark Bay as well as to

provide an assessment of the utility of these classification schemes.

4.5 Results

4.5.1 Parameterization of the Newark Bay sub-domains

The mean parameterization of each reach is shown as a black dot in both the Hansen-Rattray

and Geyer-MacCready parameterization schemes (Fig. 4-1 and 4-2). In both schemes, the

Newark Bay reach is found in the "partially-mixed" estuary portion of parameter space,

consistent with previous descriptions of the estuary (Suszkowski, 1978). Regarding the

parameterizations of the other reaches, the local Newark Bay categorization clearly does not

reflect the range of conditions observed throughout the rest of the estuarine network. The

Passaic River has substantially greater freshwater forcing than the other segments, and its

parameterization resides close to the "salt wedge" category in both parameterization schemes.

Kill van Kull is close to Newark Bay in both classification approaches. Slightly weaker tidal
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weaker tidal forcing moves it to the left of Newark Bay in the Geyer-MacCready scheme;

however, a comparable shift to the left is also observed in the Hansen-Rattray scheme,

indicating an increased role of tidal processes relative to the estuarine circulation. The

Hackensack is on the far right in both the Hansen-Rattray and Geyer-MacCready schemes.

The very low freshwater forcing and significant tidal forcing explains its position in the

Geyer-MacCready scheme. The large exchange flow relative to the very low riverine forcing

explains its far right position in the Hansen-Rattray scheme. Whether or not these relative

positions in parameter space reveal useful information about the processes in these estuarine

reaches is discussed in the next subsection.

4.5.2 Comparisons with neighboring estuaries in parameter space

Passaic River

The Passaic River, located in the upper-right quadrant of parameter space, has some features

in common with other estuaries close to it in parameter space, including the Columbia River.

While the Columbia is much bigger, with a river discharge that is more than two orders of

magnitude greater than the discharge of the Passaic (Sherwood et al., 1990), it shares some

similar characteristics with the Passaic. The subtidal salt balance in both estuaries is largely

driven by tidal processes during spring tides (v ~ 1). During neap tides, however, the salt

balance in the Columbia is largely driven by the residual circulation (Hughes & Rattray,

1980; Jay & Smith, 1990), whereas the salt balance in the Passaic is still influenced by tidal

processes (v ~ 0.5; Chapter 3). The persistent influence of tidal processes in the Passaic

River is likely due to the landward propagation of the salinity front during nearly every flood

tide (Chapter 2). The recurring presence of a tidal front is similar to the characteristics of

another neighbor in parameter space-the Fraser River-that is substantially influenced by

tidal processes during both spring and neap tides (Geyer & Farmer, 1989). This category

of time-dependent salt wedge has the interesting characteristic of being forced by both

strong density gradients and tidal processes. In the Hansen-Rattray parameterization, that

combination is indicated by the high value of stratification combined with a relatively high

value of the v parameter, indicating the significant contribution of tidal processes. The

potential mechanisms responsible for this combination are explored in the Discussion section.
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Hackensack

The location of the Hackensack in the lower-right quadrant of the Geyer-MacCready pa-

rameter space-"tide-dominated bay"-is based on the local freshwater discharge (Fig. 4-2).

The Passaic discharge does influence the Hackensack via transport from the mouth, so an al-

ternative would be to include the Passaic discharge in the classification, which would move

the classification to the "partially-mixed estuary" category. However, neither designation

represents the dynamics of the Hackensack, because the freshwater forcing at the mouth is

a key defining characteristic that is not included in either the Hansen-Rattray or Geyer-

MacCready classification. Baltimore Harbor is perhaps the most familiar example of an

estuary in which the freshwater influence comes from the mouth (Stroup et al., 1961; Long,

1977). Long (1977) described the three-layer circulation that results from this regime, in

which low-salinity and high salinity water enter in the upper and lower layers, and mixed

water leaves in the middle layer. The persistent three-layer exchange flow that characterizes

the Hackensack River (Chapter 3) is consistent with this category of estuary. This type

of circulation is a likely occurrence within an estuarine network that has multiple branches

with different strength freshwater sources. Carr Inlet (Edwards et al., 2007) and Hood Canal

(Sutherland et al., 2011), within the estuarine network of Puget Sound, provide additional

examples in which a three-layer circulation develops under conditions when the mouth has

stronger freshwater forcing than the interior. Willapa Bay intermittently experiences simi-

lar landward fluxes of freshwater from the Columbia River plume (Hickey et al., 2002). In

this case, the large discharge of the Columbia provides such a large freshwater anomaly to

the Pacific Ocean that in effect, Willapa Bay becomes subsumed into the estuarine net-

work of the Columbia. To conclude this assessment of the Hackensack, there are analogous

regimes in the estuarine literature, but they do not map onto the existing, two-dimensional

parameterization schemes.

Newark Bay

The stratification of Newark Bay is reasonably well predicted by the Geyer-MacCready

parameter space. Tidal mixing in Newark Bay reduces the local stratification during peak

flood and ebb tides (Chapter 2), consistent with the location of the reach along the line

of that separates partially-mixed from strongly-stratified estuaries in the Geyer-MacCready
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diagram. As to the dynamics of Newark Bay-which contains an exchange flow that is

largely driven by tidal processes, and is characterized by large variability in v due to multi-

layered exchange flows during neap tides-the Geyer-MacCready diagram does not provide

any useful insight. The problem is that other estuaries in this category, such as the James

River and the Hudson, also have significant variability in v. The value of v in the James

is roughly 0.1, according to Hansen and Rattray (1966). Its value in the Hudson is highly

variable, based on analyses by Chen et al. (2012), ranging from 0.6 to -0.4 along a 50-

km stretch of the estuary, and averaging approximately 0.2 (based on moderate discharge

conditions). It is conceivable that the James also has similar variability, but it would require

a detailed model analysis similar to that performed by Chen et al. (2012) to resolve it. More

insight about the Hudson comes from a model study of frontogenesis by Geyer and Ralston

(2015), which revealed the formation of multiple fronts along the stretch in which Chen et al.

(2012) found the large variations in v. The study by Wang et al. (2015) on the influence of

topographically-induced hydraulic transitions on v in the Hudson estuary also helps explain

the large variability of v. These studies suggest that v may be expected to be highly variable

in partially-mixed estuaries, due to topographic variability and the associated formation of

fronts. So, the moderate value of v in Newark Bay is consistent with the observed association

of partially-mixed estuaries with frontal processes.

Kill van Kull/Arthur Kill

The Kill van Kull/Arthur Kill segment lies close to Newark Bay in both the Hansen-Rattray

and the Geyer-MacCready parameter space, near the partially-mixed category. The Geyer-

MacCready mixing parameter for Kill van Kull is weaker than Newark Bay, mainly because

of its greater depth. This should be reflected in slightly greater stratification, which is

consistent with the higher stratification indicated in the Hansen-Rattray diagram. However,

the proximity of Newark Bay and Kill van Kull in parameter space belies the key difference

in the dynamics of these two environments that was identified in Chapter 3: Kill van Kull

has much more efficient tidal transport of salt than Newark Bay, especially during spring

tides (v ~- 0.8, vQ ~ 0.9; Chapter 3). This is similar to conditions both over shallow sills

in fjords (Sutherland et al., 2011), and in "short" energetic estuaries such as the Merrimack

River (Ralston et al., 2010). The mouths of both Kill van Kull and the Merrimack River

are constricted inlets, and much of the tidal dispersion in both systems is attributed to
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Stommel and Farmer (1952)-type jet-sink flow interactions at this constriction (Chen et al.,

2012). The presence of a constricted inlet is not a feature represented by these two-parameter

classification schemes, so these dynamics are not illuminated in either the Hansen-Rattray or

Geyer-MacCready diagrams. What is revealed in the Hansen-Rattray classification of these

spatially and temporally complex regimes is the tremendous variability of the stratification

and circulation parameters as a function of time, which indicate the richness and variability

of salt exchange mechanisms.

The discrepancies between observed and predicted characteristics of Kill van Kull/Arthur

Kill, Newark Bay, and the Hackensack and Passaic rivers are due to the influence of local

processes. The large influence of local processes is likely due to the prevalence of tidal

salinity fronts within the estuarine network. In both Kill van Kull and Newark Bay, for

example, most of the tidal salinity range is associated with the passage of a salinity front

during flood tide (Chapter 2). The range of characteristics observed in other estuaries are

similarly produced by local processes. The prevalence of tidal mixing over shallow sills

in Puget Sound creates local regions of well-mixed conditions adjacent to deep stratified

basins (Farmer & Freeland, 1983). Tidal processes also drive the characteristics of shallow

reaches in Narragansett Bay, whereas the characteristics of deep reaches are driven by tidal-

residual processes (Hess, 1976). Spatial changes in salt flux mechanisms are even observed

within "classical" estuaries such as the Hudson River, as Wang et al. (2015) found that the

magnitude and sign of the tidal salt flux substantially changes between sites of different

cross-sectional geometry in the Hudson.

4.6 Discussion

These estuarine classification schemes attempt to describe the large-scale characteristics of

an estuary, even though the mechanisms that influence the subtidal salt balance or the

exchange flow at a particular location within an estuary are inherently local. Hansen and

Rattray (1966) argued that spatial and temporal variability within an estuary are repre-

sented as a single diagonal line in their parameter space, stating that a temporal change in

river flow produces the same effect as a spatial shift toward the head of the estuary. Bowden

and Gilligan (1971), however, demonstrated that conditions within the Mersey estuary are

represented by multiple lines in parameter space by examining multiple sites within the estu-
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ary. The time- and space-varying conditions of Newark Bay similarly produce a tremendous

scatter in the Hansen-Rattray diagram, as shown in figure 4-1. This variability indicates that

the steady-state assumptions on which the underlying analytic solution of Hansen and Rat-

tray (1965) are not valid, so the predictive ability of this framework, such as for estimating

v, is not expected to be of quantitative value.

In the Geyer and MacCready (2014) parameter space, the temporal and spatial vari-

ability of estuarine dynamics is addressed by assigning rectangles to encompass the range

of variation of the forcing parameters. These ranges provide some indication of the non-

stationarity of an estuary, which is often large in "long" estuaries such as Chesapeake Bay

(Xu et al., 2012) or Willapa Bay (Banas et al., 2004). However, the application of the

Geyer-MacCready scheme to Newark Bay reveals that, as in the case of the Hansen-Rattray

application, characterizing an estuary as a single region of parameter space is insufficient

when considering its temporal and spatial variability.

The results of this study suggest that an additional parameter is needed in these classi-

fication schemes to represent the spatial variability observed in the Newark Bay estuarine

network. This parameter would represent the degree of spatial heterogeneity of an estuary.

Estuaries with a high degree of heterogeneity would be expected to be influenced by local

processes rather than estuary-scale processes. This characteristic is evident in the impor-

tance of tidal processes within the reaches of the Newark Bay estuarine network, and in the

spatial shifts between tidal and subtidal processes in driving the exchange flow and salt flux

within fjords such as Puget Sound (Sutherland et al., 2011), or other estuarine networks

such as Narragansett Bay (Weisberg, 1976; Kincaid, 2006). Ralston et al. (2008) similarly

noted the importance of local dynamics in modifying the length of the salt intrusion in San

Francisco Bay.

The main motivation for the identification of heterogeneity as an important estuarine

parameter arises from (1) the observation of tidal-timescale salinity fronts, described in

Chapter 2, and (2) the important role of tidal-timescale salt fluxes, described in Chapter

3. Therefore, heterogeneity may be quantitatively described through the comparison of a

cross-front salinity difference to the tidal salinity range. On average, this fraction is roughly

0.4 in Kill van Kull, 0.3 in Newark Bay, and 0.2 in the Passaic River (Fig. 4-5). The

spatial decrease of the frontal salinity fraction toward the Passaic occurs throughout much

of the moored record, and is strongest during spring tides. This persistent spatial trend is
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consistent with the smaller discrepancies between observed and predicted characteristics at

the head of the estuarine network.

As shown by Geyer and Ralston (2015) in the Hudson River, and Corlett and Geyer

(2018) in the sub-estuaries of the Newark Bay estuarine network, tidal salinity fronts form

in regions in which the cross-sectional geometry of an estuary abruptly changes. This sug-

gests that a geometric length scale, such as the along-channel correlation-scale of the cross-

sectional area of an estuary, could be used to predict the overall heterogeneity of an estuary.

Estuaries that are much longer than the tidal excursion, such as those in the lower-left

quadrant of the Geyer-MacCready parameter space, would be expected to have a higher

likelihood of containing multiple abrupt changes in cross-sectional geometry. This suggests

that the characteristics of these "long" estuaries may substantially change from site to site

due to local processes that are not predicted by the two-dimensional parameter space.

The dominant length scale of local processes is expected to approach the length of the

estuary in the "time-dependent salt wedge" estuaries in the upper-right quadrant of the

Geyer-MacCready parameter space. In these "short" estuaries, strong river discharge con-

centrates the along-channel and vertical density gradients during ebb tide, creating a salt

wedge that is transported landward by tidal velocities during flood tide; this leads to rel-

atively high values of the v parameter. As the length of the estuary approaches the tidal

excursion, we expect that the dominant physics of an estuary are better resolved in pa-

rameter space. In the Passaic, for example, the average tidal excursion is 9 km, and the

length of the estuary is estimated to be roughly 5 km for the average discharge during the

hydrographic observations (cf. Chant et al., 2011). The characteristics of the Passaic River

were also found to be well-represented by parameter space. In the Passaic, which was often

nearly in steady-state (Chapter 3), fluctuations in parameter space account for nearly 80%

of the variability in both the tidal fraction of the estuarine salt flux and the exchange flow;

both v and vQ increase with decreasing Frf and increasing M.

The presence of heterogeneous characteristics within both "long" estuaries, such as the

Hudson River (Geyer & Ralston, 2015), and estuarine networks introduces the need for fur-

ther clarification regarding the definition of an estuarine network. An estuarine network is

defined in Chapter 1 to have multiple sources of fresh water and/or multiple connections to

the ocean. We interpret this to include estuaries that contain side channels or embayments

that may not have a local source of freshwater, as these reaches may be effective sources of
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Figure 4-5: Comparisons between frontal salinity difference (ASRont) and tidal salinity
range (ASTide) at moorings within the Newark Bay estuarine network, adapted from figure
2-4. The comparison suggests that the frontal salinity fraction can be used as a metric

to describe the relative influence of local processes rather than estuary-wide processes in

estuarine dynamics.
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low salinity water for the main channel due to tidal phase-shifts. The junctions between the

multiple channels of an estuarine network are often characterized by barotropic and/or baro-

clinic tidal phase-shifts, and can both generate and modify tidal salinity fronts (cf. Chapter

2). Consequently, fronts may be common within estuarine networks, but they are not defin-

ing features of an estuarine network. Similarly, estuarine networks may contain reaches with

drastically different characteristics, but this may also occur within "long" classical estuaries

due to segmentation by abrupt changes in cross-sectional geometry.

Within "long" estuaries, the ability of parameter space to capture the characteristics of an

estuary depends on the scale of interest. The Hudson River, for example, is largely influenced

by a single source of fresh water and has a single channel that extends over multiple tidal

excursions from the source of salt water to the primary source of fresh water (Abood, 1974).

At the scale of the estuary, the Hudson is a stratified system that is largely influenced by

residual processes (Ralston & Geyer, 2019). At scales less than a tidal excursion, however,

the Hudson can be characterized by tidal mixing, front formation, and large values of v

(Chen et al., 2012). The Hansen-Rattray and Geyer-MacCready classification schemes do

not capture this local-scale variability, but they do describe the large-scale characteristics

of the estuary. The inability of these classification schemes to describe the dynamics of an

estuarine network such as Newark Bay, therefore, is due to the lack of general characteristics

within an estuarine network. The processes that drive the exchange flow and salt balance

in one reach of an estuarine network can be independent of the processes that drive the

exchange flow and salt balance within an adjacent reach, despite both reaches containing

similar features (e.g., fronts). Consequently, the characteristics of an estuarine network are

inherently local, and likely cannot be described at the scale of the estuary.

The inability of existing estuarine classification schemes to describe local dynamics is em-

phasized by both schemes being unable to distinguish the exchange flow regime of estuaries

in which freshwater inflow comes from the mouth. The commonality between the Hack-

ensack River regime and other "three-layer" estuaries, such as Baltimore Harbor, suggests

that this "class" of estuarine regime needs to be defined within an estuarine classification

scheme. However, that cannot be done with either of the two-dimensional schemes that

were evaluated, and it is unlikely that this category could be accommodated within two

dimensions.

The ability of local processes to determine the characteristics of an estuary suggests
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that, in some cases, anthropogenic modifications may substantially modify the dynamical

regime of an estuary. Estuary modifications, such as the construction of a side embayment

or deepening of the main channel, are largely local perturbations. These modifications have

previously been found to modify local dynamics. van Maren et al. (2009), for example, found

that the length of a side channel substantially modifies local sediment trapping. Hetland

and MacDonald (2008) similarly attributed some of the efficiency of tidal dispersion at the

mouth of the Merrimack River to the presence of rock jetties. Do these local anthropogenic

modifications also modify the characteristics of the larger estuary? Ralston et al. (2018)

argue that the deepening of the main channel in the Hudson River has had little effect

on the location of the estuary in parameter space; however, channel deepening may have

substantially modified the characteristics of regions characterized by fronts by reducing the

influence oftidal processes.

4.7 Conclusions

This examination of the characteristics of the Newark Bay estuarine network in context with

the Hansen-Rattray and Geyer-MacCready estuarine classification schemes indicates that

neither of these schemes distinguishes the variations in processes among the sub-estuaries

of Newark Bay. Some of these discrepancies between observed and predicted characteristics

arise because local tidal dynamics drive much of the exchange flow and subtidal salt balance

within the estuarine network. Similar discrepancies occur in other estuarine networks, and in

other estuaries that contain abrupt changes in cross-sectional geometry. This suggests that

an additional geometry-dependent parameter is necessary to provide an indication of the

heterogeneity of dynamics within an estuary. The heterogeneity of an estuary, or dominant

influence of local processes, likely increases in larger estuaries, represented by the lower-left

quadrant of the Geyer-MacCready parameter space, as these estuaries tend to be longer

than the tidal excursion and often consist of multiple reaches, sources of fresh water, and/or

connections to the ocean. Heterogeneity likely decreases toward the upper-right quadrant

of the Geyer-MacCready parameter space as the length of the estuary and the length scale

of local processes converge. Within these energetic "short" estuaries, the same processes are

expected to drive both local and estuary-wide characteristics.

We echo Pritchard (1989)'s conclusions in his evaluation of estuarine classification:

105



". . . despite the new knowledge of the complexity of estuaries, there is still value

in using some of the simpler tools which have been available to us for some time.

We must of course use them with caution, and not extend their use to problems

which require greater spatial and temporal detail than can be represented by

these tools."

The Hansen-Rattray and Geyer-MacCready classification schemes are useful in examining

the characteristics of "short" energetic estuaries, or regions of larger estuaries that have

similar characteristics. However, additional parameters are required to account for the

range of processes that drive the salt balance or exchange flow within complex estuarine

networks. This study suggests that future attempts to construct a dynamical estuarine

parameter space consider the range of variability within an estuary through the inclusion of

local dynamically-important length scales, such as the along-channel geometry of the system

or the inherent along-channel salinity variability.
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Chapter 5

Conclusions and implications

5.1 Summary and conclusions

Estuarine networks are a distinct and important class of estuarine environments, character-

ized by multiple channels and tributaries, as well as multiple sources of fresh water and/or

multiple connections to the ocean. Many estuarine networks are also associated with globally

significant ports; the Port of New York and New Jersey, for example, is largely contained

within the Newark Bay estuarine network (Chant et al., 2018). Within urban estuarine

networks, the shape and depth of the estuary are often substantially modified to enable the

safe passage of ships (Jiang et al., 2012; van Maren, van Kessel, et al., 2015). Because of

feedback processes between the shape of an estuary and estuarine dynamics (Winterwerp

& Wang, 2013), anthropogenic modifications have the potential to substantially modify the

dynamics of urban estuaries. This thesis uses hydrographic observations in the Newark Bay

estuarine network to investigate the hydrographic variability and exchange flow of estuarine

networks in light of both natural and man-made aspects of the estuarine geometry. Newark

Bay is connected to the ocean through two tidal straits, and is fed by multiple internal

and external sources of fresh water. Dredging within the estuarine network has deepened

the main channel by 300% throughout much of the estuary over the past 150 years, and

has created two side channels in Newark Bay to support port activities (Marshall, 2004).

The natural geometry of the estuarine network divides the estuary into a series of reaches

that are each characterized by a different cross-sectional geometry, with varying amounts

of anthropogenic influence. Hydrographic observations within each reach were examined to

provide insight into both the local and estuary-wide dynamics of an estuarine network, with
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implications for ecology, sediment trapping, and anthropogenic estuary modifications.

Hydrographic observations of the Newark Bay estuarine network reveal that the system

is characterized by multiple tidal salinity fronts (Chapter 2). The relevant frontogenesis

mechanisms have in many cases been described by previous studies (Best, 1987; van Maren

et al., 2009; Geyer & Ralston, 2015); however, the dynamics at junctions within Newark

Bay substantially modify fronts such that this study reveals important variations on classical

ideas of frontogenesis. For example, a bottom lift-off front forms where Kill van Kull meets

New York Harbor. This front forms through the hydraulic response of ebb flow to the

seaward channel expansion, similar to other lift-off fronts (Luketina & Imberger, 1987; Geyer

& Ralston, 2015). However, this front is substantially modified by the 90-minute tidal phase

shift between Kill van Kull and New York Harbor (Corlett & Geyer, 2018). The phase-

shift initially strengthens the front, allowing the bottom front to form earlier in ebb tide

than would otherwise occur. During flood tide, on the other hand, the phase-shift weakens

the landward-propagating front by removing its source of salt water. The fronts observed

in Newark Bay are also influenced by a tidal phase shift. This phase shift is between

the main channel and a side channel, and generates a lateral density-driven circulation

similar to previous observations at the entrances of harbors (e.g., Roelfzema & van Os,

1978; Langendoen & Karelse, 1990). However, instead of forming a bottom front within

the side channel (van Maren et al., 2009), this circulation forms both a bottom front and a

surface front in the main channel during ebb tide. The bottom front is a modified version

of a lift-off front. The surface front is distinctive in that it is associated with the lateral

divergence in the main channel. This front, as well as the confluence front that forms at

the junction between the Passaic and Hackensack rivers, is also distinctive in that the front

maintains its position while the water within the front persistently decreases in salinity.

The frontal dynamics responsible for this phenomenon involve a combination of horizontal

convergence and spatial variation of mixing, as described in an oceanic context by Rudnick

and Davis (1988). Each of the fronts documented in the Newark Bay estuarine network

propagates landward during flood tide, substantially influencing the along-channel salinity

distribution and contributing to tidal oscillatory salt flux, as described next.

The effect of tidal processes on the kinematics of the estuarine network was examined

in Chapter 3 through a combination of isohaline (e.g., MacCready, 2011) and Eulerian

(e.g., Lerczak et al., 2006) estimates of the subtidal salt balance in individual reaches of
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the estuarine network. The comparison of isohaline and Eulerian estimates of tidal and

residual salt fluxes revealed that the two coordinate systems produce near-identical values-

this was previously known for the overall salt balance (MacCready, 2011), but had not

been investigated for individual terms. The comparison further emphasized the value of

using the isohaline framework to resolve the magnitude and variability of the exchange flow,

as neither is resolved by the Eulerian residual circulation. This was shown previously by

Sutherland et al. (2011) and Wang et al. (2015), but deserves reemphasizing in light of the

direct comparison between isohaline and Eulerian versions of the salt balance. On average,

the exchange flow throughout the Newark Bay estuarine network is largely driven by tidal

processes. In addition, the tidal oscillatory salt flux is at least as large as the residual salt

flux throughout much of the estuarine network. From the geometry of the different reaches

and scalings of the magnitude of salt flux relative to forcing variables, potential mechanisms

of tidal dispersion were identified. These include tidal trapping (Okubo, 1973) in Newark

Bay and jet-sink exchange (Stommel & Farmer, 1952) at the mouth of Kill van Kull. Both

of these potential dispersion mechanisms are likely associated with the dynamics of the

tidal salinity fronts identified in Chapter 2; however, we stress that these are only potential

mechanisms, as more information is needed regarding the spatial structure of flow within

the estuarine network before the tidal dispersion mechanisms can be definitively identified.

In Chapter 4, the hydrographic structure and salt-flux mechanisms of the Newark Bay

estuarine network were considered in light of two estuarine classification schemes: Hansen

and Rattray (1966) and Geyer and MacCready (2014). Both of these approaches were effec-

tive at characterizing the conditions in the Passaic River, in light of comparison with other

estuaries in the same part of parameter space as well as consideration of the mechanisms of

salt flux. The classification of the Newark Bay and Kill van Kull reaches near the "partially-

mixed" category provides a reasonable representation of the hydrographic conditions, but the

roles of the tidal salt flux and exchange flow could not be discerned from either classification

approach. The Hackensack did not fit into either scheme, due to the special circumstance of

having the dominant low-salinity water source at the mouth of the river. The problems with

these classification schemes are due in part to their attempt to describe an entire estuarine

system with one region in parameter space, without taking into account the inherent spatial

variability of estuarine dynamics. This analysis suggests a way forward that would quantify

the relative importance of local processes by defining a "heterogeneity" parameter. This
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parameter could compare the scale of frontal salinity variability to the tidal salinity range

to describe the importance of local tidal dispersion processes. This frontal salinity fraction

would elucidates the tidal dispersion in Kill van Kull; however, it would not shed light on

the special regime of the Hackensack River. Future advances in estuarine classification will

need to recognize the rich variation of forcing conditions and geometric configurations in

estuarine networks which require categories and parameterizations that extend beyond the

two dimensions of the Hansen-Rattray and Geyer-MacCready schemes.

5.2 Implications

The relevance of tidal processes, such as the formation of salinity fronts, within estuarine

networks has wide-reaching implications for the ecological characteristics of such estuaries.

The along-channel velocity convergences that often generate surface salinity fronts, for exam-

ple, also gather together phytoplankton and larvae (Dustan & Pinckney, 1989; Wolanski &

Hamner, 1988). Consequently, salinity fronts are biological hotspots for higher trophic levels

as well (Kingsford & Suthers, 1996; Skov & Prins, 2001). Salinity fronts are also boundaries

between distinct ecological habitats (Holligan et al., 1984). The ecological characteristics on

either side of a frontal region are often substantially different because of species' preferences

for different salinities (Kirst, 1989), contributing to the biological diversity of an estuary

(Meire et al., 2005; Sharpe & Baldwin, 2009). Nekton often take advantage of the tidal

propagation of fronts as well; Epifanio et al. (1984) found that crab larvae use the landward

propagation of bottom fronts to preferentially migrate into Delaware Bay. The prevalence

of tidal surface and bottom fronts at junctions within Newark Bay suggests that estuarine

networks are biological hotspots due to the complex mixing of waters and concentration of

biology at fronts.

Tidal salinity fronts may also substantially influence the transport and trapping of sus-

pended sediments within estuarine networks. Traykovski et al. (2004) found that propagat-

ing bottom fronts in the Hudson River trap suspended sediments, and deposit thin layers

of sediment on the bed. The sediment that is trapped within fronts may also propagate

landward with the front (Shellenbarger et al., 2015). These sediments, however, may also

propagate into quiescent side embayments with bottom fronts (Yellen et al., 2017), result-

ing in extremely high trapping efficiencies. de Nijs et al. (2009), for example, found that
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the trapping efficiency of a side channel in the Rotterdam waterway estuarine network ap-

proached 100%. These regions of enhanced trapping concentrate estuarine pollutants, such

as methylmercury (Brunk et al., 1997; Geyer & Ralston, 2018), that are often associated

with fine sediment. Within estuaries with gradual along-channel transitions in cross-sectional

area, much of the suspended sediment is trapped at the head of the salt intrusion (Migniot,

1971). Within an estuarine network, sediment and pollutants are instead likely concen-

trated in local regions of sediment trapping, such as within side channels or at sites of front

formation.

Anthropogenic modifications to an estuary may trap sediment by constructing side chan-

nels (Parchure & Teeter, 2002), shift the location of the head of salt landward by deepening

the main channel (Ralston & Geyer, 2019), or change the mechanisms that drive the local

salt balance and the exchange flow by modifying the cross-sectional geometry. Chant et al.

(2018), for example, found that the deepening of the main channel in the Newark Bay es-

tuarine network over the past decade has doubled the magnitude of the residual circulation

in Kill van Kull. This suggests a substantial dynamical shift toward a regime largely influ-

enced by residual processes, and yet the characteristics of the estuarine network are largely

influenced by tidal processes (Chapter 3). This is likely due to the recurring presence of

fronts. In the Hudson River, dredging has increased the depths of sites of front formation

(Ralston & Geyer, 2019), likely weakening fronts and creating a more uniform estuary. In

Newark Bay, however, the construction of side channels has created recurring bottom and

surface salinity fronts, which likely contribute to tidal salt dispersion.

The substantial contribution of tidal processes to the exchange flow and salt balance

throughout much of the Newark Bay estuarine network despite channel deepening empha-

sizes the importance of understanding local dynamics before predicting the effects of anthro-

pogenic modifications. Regions initially driven by tidal processes (e.g., Kill van Kull), for

example, may actually experience a reduction in the total exchange flow with channel deep-

ening, as deepening often produces a decrease in tidal energy (Chant et al., 2018). Changes

in the subtidal salt balance are similarly difficult to predict without knowledge of local pro-

cesses. Although channel deepening often increases the salt flux associated with residual

processes and decreases that associated with tidal processes (Ralston & Geyer, 2019), the

initial magnitudes of these fluxes are in many cases unknown. So, it is often difficult to say

whether deepening will increase or decrease the magnitude of the combined "estuarine" salt
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flux (cf. Chapter 3) without prior knowledge of local dynamics.

By containing a spectrum of characteristics, estuarine networks are important test sites

in which to further investigate estuarine dynamics and to illuminate the complex cascade of

estuarine characteristics from local tidal phenomena to the overall regime of an estuary. By

examining the range of tidal and residual dynamics within Newark Bay, this thesis provides

an important step toward resolving fundamental questions of estuarine physics, and prompts

such questions as how much of the exchange flow at a site of active frontogenesis is due to

the formation and propagation of the front? And how many dimensions are required to

construct a predictive parameter space that accounts for the local variability of estuarine

processes? More data, and perhaps a model, are required.
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Appendix A

Data and numerical methods

Data and numerical methods that were created for this thesis have been placed on the Woods

Hole Open Access Server, and should be cited as follows:

Corlett, W. B., Geyer, W. R., Chant, R. J., Ralston, D. K., & Sommerfield, C. K.

(2019). Data and numerical methods for determining the dynamics and kinemat-

ics of Newark Bay, NJ [Data set]. Woods Hole Open Access Server. Retrieved

from https: //hdl.handle.net/1912/24371 doi: 10.26025/1912/24371

This data set contains the following materials:

1. raw data for the moorings described in Chapters 2 and 3;

2. processed data for the moorings described in Chapters 2 and 3;

3. numerical methods* for calculating the total exchange flow at individual moorings

(Chapter 3); and,

4. numerical methods* for calculating Eulerian and isohaline salt balance terms (Chapter

3).

*Numerical methods are written in the MATLAB9 programming language; MATLAB is a registered
trademark of The MathWorks, Inc.
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