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Abstract

TheNewark Bay Complex, which is part af New York-New Jersey (NY-NJ) Harbor, cehsists of Newark Bay, the Arthur Kill
and Kill van Kull tidal straits, and the' Passaic and Hackensack Rivers. The presetice. of toxic: chemicals in water- and
sediments throughout.the harbor has resulted in reduced water quality, fisheries restrictionsfadvisories, and general
adverse impagts to the estuarine and eoastal ecesystems. Study I-E of the New isey Toxics Reduction Workpian for NY-
NJ Harbor is & cgéimprehensive hydrodyhamie study completed between the years 2000 dhd 2002 ta begih to uhderstand
the -effects of ftidal, meteorological, -and freghwater forces on circulation patterns n the system. In addition, a three-
dimensional hydrodynamic model of the complex has been developed that replicates the available water elevation,
salinity, and current velocity data. Circulation in the- Newark Bay Complex responds-to a combination of influences in a
complex gvent-driven fashion, making the identification of a long-term average circulatian pattern difficult. Within the
navigation channel of Newark Bay, classic estuarine gravitational circulation occurs, with daily-averaged currents directed
seaward near the surface and landward near the boftom. This circulation pattern ean be broken down during periods of
very low discharge from the Pagsaic River, -such that daily-averaged currents are largely directed landward throughout
most of the water column. Persistent eastiwest wind events can produce large “flew-through” flushing evenis in the
Newark Bay Complex, with currents predominantly directed through the Kill Van Kull. Large Passaic River fiow events
produce. higher suspended sediment concentratrons---m Newark Bay. Such events also |ncrease both vertrcal stratrflcatlon

ce outflow and can tra" port slow . settllng material towards the KJ”

van K, Where stronger tictal currents can carry this material into Upper ew York Bay The fate of the suspended
sedlment WIH depend on the settling rate of the partlcles The partrtlonlng of contaminants across sediment srze and the

Introduction

The- New York-New Jersey Harbor estuary system is of cals of concern, including poiychlorinated biphenyis (PCBs),
encrmous and interdependent ecclogical and econamic  dioxinsfurans, chlarinated pesticides, polycyclic-aromatic
impottance. The Port of New York and New Jersey is cen- hydrocarbons {PAHs), @nd metals. The HEP CCMP includes
tral to.the- economy of the region, and is the largest porton @ number of actions to achieve its goals and objectives re-
the East Coast of the United States. The-presence of texic  lated to the "Management of Toxic Contamination™
chemicals i water ang sediments throughout the harbor

results ‘in reduced water quality, fisheries restrictionsiad- (1) reduce continuing dischiarges of the chemicals of con-
visories, and general adverse impacts fo the esfuarine cern to the estuary;

and odastal ecosystems. Problems associated with the (2) remediate selected contaminated sediments:
manageiiant of contaminated dredged rigtatial have re- {3) minimize hyimgn health risks due tothe consumptich-of

sulted T uneertainty regarding construction arid Tuture contaminated fish and =-s’he‘llfish; and B
maintenance of the maritime infrastructure that supports {4) better understand the problem and take additiona) :ac-

shipping. in the harbor. tions as more is learned.
The New York-New Jersey Harbor Estuary Program Com-  The Joint Dredging Plan for the Port of New York ard New

prehensive Conservation and Management Plan {HEP Jersey (October 7, 1996) stresses the economic importance
CCMP; March: 1996) has identified at {east fifteen chami- of the pornt, and the agsociated need to dredge navigation
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channels and maintain port facilities. The Joint Bredging
Plan has two' major ‘objectives:

(1Y to promote greater certainty and predictability in the
dredging project review process and dredged matérial
management; and to

(2) facilitate effective long-term environmentally sound
management stratagies for addressing dredging and
disposal needs for the region.

As part of the commitments included in the Joint Dredging
Flan, the States of New Jersey and New York agreed to
implemeant the HER-CCMP as it relates to & number of 'sedi-
ment @nd toxic contamination concerns. In response, the
HEP Contaminant Assessment and Reduction Program
(CARP) was developed and implemented. The New Jersey
Toxics Redyctish Workplah for NY:NJ Harber (NJTRWP) is
the New Jersey component of CARP.

The NJTRWP includes a series. of studies desighed to. pro-
vide the NJ Departmient of Environmental Protéction (NJOEP)
with the information it needs to identify. sources: of the. toxic
chemicals of concern, and to prioritize these. sources for
appropriate-action. As part of the NJTRWE, a comprehen-
sive hﬁ/drodyn:a“mi'c studly was completed td begin to uRder-
stand the sffects of tidal, meteorological, and freshwater
forces.on circulation patterns in the system. In the Newark
Bay Complex, tidal motion is dominated by semidiurnal {oc-
curring twice & day) metion driven by the gravitational effects
of the sunfearth/moon system. Subtidal motion refers to
motioh at pericds longer than one day, and is driven by
metecrological conditions (i.e., wind-forcing) in the estuary
and acean. Study |-Eaf the NITRWP, underaken by Stevehs
Institute of Technology'(SIT) and Rutgers Uriversity, focuses
on the analysis of the hydrodynamics data collected from

long-term instrument moarings deployed in the harbor duting
2000-2002. This was by far the most comprehensive deploy-
ment of hydrodynamic-monitoring equipment of this type ever to.
deour in this economically impoftant and complex estuarine
system. o

In addition, because the dafta collected were not continuous
enough in time or-space to gain a complete understanding of
the system, a three-dimensicnal hydrodynamic model gf the
area has been developed by SIT.

Methods and Data Analysis

The Newark Bay Compiex, which is part of Mew York-New Jer-
sey Harbor, consists of Newaik Bay, the Arthur Kill and Kill van
Kull tickal straits, and the Passaic and Hackensack Rivers. Dur-
ing the years 2000-2002-a-series-of hydrodynamic rieasure-
ments, including ohg-term (~30-day) moering depidyments
and short-term profilingftransects, were implemernited in the.
Newark Bay Complex in order fo characterize aspects of the
tidal and subtidal flow, salinity, and the suspended . -sediment
load. Figure 1 shows the approximate times and duratioris. af
the various comporients of the: NJTRWP hydrodynarmic work.

Figure 2 shows the approximate locations: of the moaring sta-
tions established ag part of the study:

* Stations NB1 and NB3 are located in upper and lower
Newark Bay, respectively;

¢ Station KVK1 is located in the western portion of the  Kill
Van Kull;

% Stations AKT and PAT1 are located in the upper and iower
Arthur Kill, respectively.
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ting -and receiving acoustic pulses. The OBS
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also provides estimates of suspended sedi-
ment (SS) through the backscatter.of an optical
jsrgna! Unlike the ADP, which provides vertical

ata. pornt in the water column. The'inten [
theacousticioptical backscatter from these. fwo
instrurments-can be used as a proxy for the 88
congentration, but this requires calibratian with
in site 85 samples. The CT sensor measures
the temperature and electrical conductivity of
the: water, fromt which salinity and density are
estimated. Finally, the LISST provides esti-
mates of the particle size distribution of mate-
rial suspended in the water column by mes-
suring the forward scattering of a laser.as it is
transmitted through the water.

Rawdata for the moored ADP conductivity: tem—
perature-depth (CTD), and OBS instr

werecoliscied at 30-second intervals. The. data
was gcreened for obvious outliers (defmed as
current speeds exceedrng 3 mlsec) and aver-

FaA 7435

Each bottom mount deployment involved at least three moor-
ings, with two of the moorings located at Stations NB1 and
KVK1,-and the third deployed in the -Arthur Kill either at Sta-
ficn AKY .or Station PA1. In addition, there were two deploy-
ments at: Station NB3 in. 2001/2002.

OB'- ) a Seablrd conductrvrty and temperature sensor (CT
sensot SBE37si), and a Laser In-Situ Scattering -and
Tranismissoietry (LISST-100) instrurhent (see Figure 3).
The ADP measures vertical profiles of currerts by transmit-

: nd insturisniat on

the tldal frequency mction was separated from
the lower-frequency subtidal pericd mofion by
applying a low-passed filter to the data using a
Lancoz window {(Emery, 1998). Both the tidal
period and subtidal period metion were characterized in terms
of their depth-averaged and depth-dependent structure, and
these were then characterized in terms of the tidal range,
Passaic River flow. and meteorological forcing.

Water level data were obtained frony tide gages located at:
Bergen Point (western Kill van Kull), the Passaic Valley Sew-
age CommiSsion’ (ner’them’ e'nd of Newark, Bay), C'orrstab!e
Yacht: Cluby (southern Arthur Killy. Water level data wasg col-
lected :as describediin NOAANOS (2004).

In addition fo the lahg-termi mooring deployments; vessels
were used to obtain short-term current and salinity profiles

while moored at those same lecations
(and at a location in the lower Raritan
River] and along transects in variaus
sections of the Newark Bay Comiplex.
These short-term profiles were. col-
ected during vessel transect-sampling
cperations conducted in association
with the NJTRWP Study 1-D and 1-E
| water quality sampling work (NJDEP;
"2001Y. One of two vessels would an-
‘chor-at the water guglity sarmpling sta-
fions, -‘while another vesseél{s) wouild
conduct transects within the harbor,
Each vessel would perforn: casts over
the side using & CTD (with dn GBS at-
tached) and a LISST to gather salinity;
temperature, and S8 data through the
water column. [n .addition, the
ransecting vessel(s) would tow & bot-
om-tracking ADP to measure watsr
| currents through the time of sampling,
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Some aspects of the suspended sediment load, primarily
based on the acoustic backscatter data from the ADF were
glso investigated. Estimates of the suspended sediment
load were based primarily on a calibration made.in Cctober
2003, when-nearly 100 1-Liter pumped 88 samples were
taken while at anchor over a mooring at Station NB1 and
prafiling with the CTD/OBS and LISST instrument package.

Details of the data callection and analysis procedures (and
various presentations of the data) are provided in Thant
(2008) and Pence ef al. (2006), The NJTRWP Study |-E hy-
drodynamics- data has been archived at the Stevens Insti-
tute of Techinglogy, please
contact Dr. WMichasl Bruno

CEBLR R g R e

at mbruno@stevens.edu
for furthier information.

The primary soureg of
freshwater affecting the
Newark Bay is the Passaic
River. Figure 4 shows the
freshwater discharge for
the Passaic River during
2001 and 2002, as well as
longerterm data. The study
period largely coincided
with a period of uncharac-
teristically low flowe in the
rivar. Thus, the ri from
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SIT Madel Devalopment

The hydradyhamics data collected as part of NITRWP Study
I-E were not. continuous in time.and space. {see. Flgure 1).
Therefare, a high resolution three-dimensional model of
the Nevark Bay Complex, based on the Estuarine, Coastal
and Ocesn Madel (ECONM) of Blumberg and Mellor . (1987,
was developed by SIT as atool fo further interpret the hydro-
dynamics of the Newark Bay Complex. The model grid in-
cludes ten-vertical sigma layers, and is shown in Figure 5.
The model was run for the 17 month period of December
2000-April 2002, and was calibrated and validated by.com-
parison to the NJTRWP hydrodynamics data collected over
this same time period. The model replicates the available
water elevation, salinity, and current vélocity data. Pepce ef
al. {2008) provides a detailed description of the madel de-
velopment, :ealibratian, and validation.

Results

Although it is difficult to define a “normal” patiern of cireula-
tion in the Newark Bay Complex, this study-and several prior
studies have indicated that the circulation responds in a
complex évent-driven fashion to a combination of influences,
both short-lived (Wmds and freshwater mf!ow) and longer
term (classic estuarine gravitational circulation). The end
result is that the identification of a long-terrm average circu-
lation pattern is difficult. In light of this finding, it is best to
examine the respanses of the Newark Bay Coamplexto each
of the possibie primary influences.

Gravitational Circulation

Within the navigation channel of Newark Bay, classic estua-
fing gravitational circulation ggcurts, with daily averaged cur-

rents (the current averdged over several tidal cycles) dirécted
seaward near the surface and landward near thie. bottom.
The same-estuarine cirgulation pattern .occursin the Kill- van
Kull and the southern portion: of the Arthur Kill. However, i
these tidal straights this pattern is not ‘as pronounced during
periods with :a large range in tidal hgight (e.q.. Spring Tides).
Figure 6 illustrates this classic estuarine circulation pattern
in NY-NJ Harbor, The NJTRWP Study I-E data also suggests
that while the mean depth-averaged flow in the mair naviga-
tion channel of Newark Bay is landward, the net:flow along
the channel flanks is seaward.

The classic estuarine gravitational circulation patiern can be
broken down — that:is, the daily averaged currents become
uniform throughout depth — during periods of very low fresh-
water discharge from the F’assaic: River. During these peri-
ods, the daily ‘averaged e dirécted
largely landward (north) at. ali depths except near. the surface.

An illustration of the effects of the competing influehces of the
tidail mation and gravitational ciretlation associated with the
Passaic River freshwater infiow is ‘shown 'in Figure 7,-whieh
presents the - measured daily averaged currents at Newark:
Bay, the Kill van Kull and Perth Amboy during Warct: 2001
Days 66 to 68 were characterized as Spring Tide large tidal
range) and very low freshwater inflow. Days 77 to 78 were
characterized as Neap Tide (small tidal range) and high frash-
water inflow. Days-87 to 89 were characterized as-Spring Tide
and moderately high freshwater inflow. During days 68 1068,
the daily averaged currents are nearly uniform throughout
depth at all three locations, and are directed landward.-(north)
in Newark Bay at all depths-except very close to the water
surface. By confrast, the perigds during days 77 to 78:and 87
to 89, when the freshwater inflow was considerabiy higher,
are characterized by daily averaged currents with consider-

Daily Averaged Currents

Rarface

Botiom

Surface

Bottom

Burface

Boltom

Figure 7: Dai
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able vertical variability. Seaward directed currents in the up-
per layers and landward directed currents in the lower lay-
ers. The exception fo this pattern-is the Kill van Kull during
days 87 10 89, which exhibited neatly uniform, seaward di--
rected daily averaged currents. This is likely the regult of
very strong vertical miixing produced by the combination of
the Spring Tide and the storm conditions that existed during
this period. Thus, there is-significant spring/neap tide vari-
ability in the vertical structure of the currents (and salinity),
even during times of low Passaic River discharge.

X
visestions 4

In addition, the following observations concerning the fidal
motion and salinity in the Newark Bay Complex have been
made:

*+ the tidal wave.can be.characterized as a standing wave.
in Newark Bay and the Kill van Kull, but in the Arthur Kill it-is
* tidal currents are greater at the surface and exhibit
strohg vertical strugture;

*+  fidal currents.are strongest in the Kill van Kull &707cr
sec), somewhat weaker in the Arthur Kill {55-60 cmisec),
and weakest in Newark Bay (< 50 cmisec). o
+  yertical structure in fidal currents. is strongest where
salinity stratification is strongest (upper Newark Bay and
lower Arthur Kill};

* salinity responds tapidly to-changes in the Passaic
River discharge and to the spring/neap tidal cycle;

*  shipboard conductivity-temperature-depth (CTD} see-
tiansftransects taken along the length of the Arthur Kill show
a salt front that penetrates-from Perth Amboy into the Arthur
Kill, but only up to the charinel bends in the vicinity of the:
Fresh Kills Landfill (sée Figure 8y,

Waake ﬂo;&! L
A
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Strong and persistent winds can have a major-effeet on
water circulation -in the Newark Bay Compiex and in the
estuary asa Whole and in some extreme cases can dlsrupt
densy for these meteorologmally-mduced rowe to be char-
aclerized as “through-flow’ with circulation around Staten
Island: inflow to (outflow from) the Kili van Kuli is accompa-
nied by a weaker gutflow (inflow) through the Arthur Kill. This
is. in .contrast to @ pumping mode of circulation whereby
Newark Bay would be filled {(emptied) by .a simultaneous
inflow {outflowy: in both the Kill van Kull and Arthur Kili. These
flushing events have an important role in determining: the
fate and transport of sediment and contaminants in the es-
ary.

During peripds of strong west winds ‘acting sy roptically over
the New York Bight region (that is, including the coastal
ocean area.cffshore of the harbor estuary), the water level in
Raritan Bay is lowered, producing a strong pressure gradj-
ent frain the Kills to the open ocesn, Under this €ohdition,
the daily averaged cutrents are directed seaward (south)
out 6f Newark Bay and through the Kill van ‘Kull. During
periads. of strong east winds: acting synoptically over the
New York Bight region, the water level in Raritan Bay is
raised, produsing a strong pressure gradient from the open
ocean toward the Kills. Under this condition, the daily aver-
aged currents-are directed landward in through the Kili van
Kull and inte Newark Bay. The daily averaged cutrents in the
Arthur Kill are strongly influenced by local {north/south) winds.
The effects . of these metearclogical events are shown in
Figure 9.

The results. from :@n empirical orthogonal function : (EOF)
analysus suggest that the flushing modes in Newark Bay
respond to both remote wind effects, where east-west winds
calisé & lowering of water level offshore, ‘and lpcal wind
effects which create a ‘setup or setdown in the Arthur Kill
Thus, it.is necessary to have knowledge af both to predlct
and understand the circulation in this. complex-system.

Fate of Passaic River Sediment - SIT Model of the Newari
Bay Complex:

The transpdriffate .of .Suspended sediment -originating in

the Passaic River is impdrtant ta the estuary because it is
contaminated with high' levels of various toxic pallutants.. At
the beginning of each menth of the meodel run, a suspended
sediment (85) concenfration of 1 mg/L was specified in
each made! grid e&ll in the Passaic River. The fate af this
sediment varied at the end of each month (see Table 1), but
overall, the Hackensack River appears to be acting as &
sink for a significant percentage of the S8 from the Passaic
River. Sediment losses from the system were highest dur-
ing those months with the highest Passaic River flows (De-
cember 2000 March and April 2001). These higher flows
suspensuon s_o !_t has a bett_er chance of movmg_ |n_t_0 _t_he.
Arthur Kill and Kill van Kill. Most of the sedimeant that: is
transported ‘inte the Kill van Kull and Arthur Kill is subse:-
quently flushed fram the system. During manths wiith mad-
erate flows in the Passaic River (May, September, ‘@hd Ogta-
ber.2001), the suspended . sediment is transported into
Mewark Bay , where. it can settle andfor move up inte the
Hackensack River. When flows are lower in the Passaic
River {September, Octoker, and Navember 2001} |, the sus-
pended sediment algo tended to remain in the Passaic
River.

Under most conditicns, largely due to gravitational eireula-
tion, a significant amount of the suspended sediment from
the Passaic River is fransported into the Hackensack River.
In order for the gravitational circulation to move the sedi-
ment, it must first ke transported into Newark Bay by fresh-
water flows from the Passaic River. Increasing Passaic River
flows increase the :amount of sediment transported info the
Hackensack River because (1) mdre sediment is initially
transported into-Newark Bay, and (2) mare freshwater flow
seaward along the surface of the estuary results ina greater
salinity intrusion :and sediment transport along the bettom
of the estuary:

Moo Passale Final Concentratiog [0 Toliloa
River Flow fran
{m’lsec) 4 Comolex
Passale | Hackensack  Newark Bay |\ Wil Van Kull krﬁtqlur .
| i
|

Takle1. Sediment distribution at the end of selected months of the SIT model run.
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Based on the NJTRWP Study |-E observatiohs. gand-the re-
sults from the simple sediment transport model developed
by SiT estuanne gravitational circulation-plays @ primary

produce -h‘|gher suspended sediment concentratrons in
Mewark-Bay. The fate of this suspended sediment load. wiil
depend on the settling rate of the suspended material. High
discharge events increase both vertical stratification and
the flow rate in the landward-flowing botton layer in Newark
Bay, and thus effectively trap material that rapidly settles to
the lower layer. However, high flow events also increase the
surface outfiow. and can transport slowly settling material
towards the Kill ¥ar Kull, where stronger tidal currents can
easily carry this material into Upper New York-Bay.

Tidal-currentsin the Killvan Kull drive a sighificant exchange
of water and sediment between Newark: Bay-and Upper
New York Bay. ‘Although sediments are transported in both
directions through the Kill van Kull, thers is a.det transgott.of
sediment inta the Newark Bay Complex from Upper New
York Bay..An initial estimate of the suspended sediment fiux
through- the Kill van Kull completed by Rutgers University
indicates that approximately 100,000 metiic tong of sus-
pendad sedifrient (Het) ars transported from Upber New
York Bay into Newark Bay edch year. It has been concluded
that the Kill-van Kull represents the major pathway of sedi-
ment transport inte Newark Bay. Finally, the paritioning of
contaminants across sediment size and the settling veloc-
ity of the suspended sediment particles will significantly
modify the fate and transport of contaminants in- NY-NJ Har-
bor.

SIT Medglof the Newark Bay Complex - Effects
tion Channei] Deeneninq

Naviga-

tioh channels in the harbor gre deepened to 50 feet Deep-
ening all.of the. navrgatlon channels was shown to. increase
the tidal fiux in the Arthur Kill and Kill van Kull by 17% and
2%, respactivély, THIS may increase transport ¢f s&diment
into (or out of} the system from Upper New York Bay.and
Raritan Bay. Tidal velocities would be reduced, which might
result in increased sediment deposition in Newark Bay, and
also limit the résuspension of sediment. Greater salt intru-
sion into the system could also result in the trapping of
more sediment.

Recommendations and Conclusions
Circulation in the Meéwark Bay Complex responds to:a com-

hination of infiiences in a complex_event-diiven fashion,
making the identification of a long-term average ecirculation

pattern difficult. Within the navigation channel of Newark.

Baly, tlassic sstuarine gravitational circulation éecurs, with
daily-averaged -currents directed seaward near the surface
and landward near the bottom. The same pattern also gen-
erally ogcuis in the Kill van Kull and lower Arthur Kill, Larger
Passaic River flows are associated with greater water col-

umn’ stratification anhg enhanced gravitational circwaticn.
This produces higher & ly averaged currents in the New-
ark-Bay channel. Thrs ercuEatlon pattern in Newark Bay can

the Passdic Rlver; eu.{c.h _th_at cja!_l_y averaged currents a.r_e
largely directed tantward throughout: most of the watet col-
umn.

Persistent wind avents ¢an praduce large “flow-through”
flushing events in the. Newark Bay Complex. During peficds
of strong, large-scale west winds over the region, the daily
averaged currents-are directed seaward out of Newark Bay
and through the Kill var Kull. Buring periods of strong, large-
scale east winds, the daily averaged currents are directed
landward in through the Kill van Kull and into Newark Bay.
The daily averaged currenis in the Arthur Kill are strongly
influgnced by logal (harthfsguth) winds. These msteoro-
logical events disrupt the expected patterns of tidal circuta-
tion, and have a major role in-the fransport and fate of sedi-
ment and its associaléd contaminants.

Large Passaic River flow averits produce higher susperided
sediment concentrations. in Newark Bay. Such events also
increase both vettical stiatification and the current valogity
ih the landward-flawirig bottom ldyer of the Bay, and thus
can trap material that: rapidly settles to this layer. However,
these events alsc increase the surface outflow and can
transport slowly settling material towards the Kill van Kull,
where stronger tidal curreénts can carry this material into
Upper New York-Bay Tha fate of the suspended sediment
will depend on the seftling rate of the particles. The parti-
tioning of contaminants across-sediment size and the set-
tling velocity of the suspended sediment particles will sig-
nificantly maodify the fate .and fransport of contaminants in
NY-NJ Harbor.

An initial estimate. of the suspended sediment flux threugfr
the Kill van Kuli‘indicates that appreximately 100,000 metric
tons. of suspended sediment inet) are transported. from-
Upper New York Bay into Newark Bay each year,

Future studies shouid attempt to develop more detailed
estimates of the fluxes of suspended sediment and asso-
ciated contaminants-in the Kill van Kull, Newark Bay, and
the Arthur Kill. High tempgral resclution suspended sedi-
merit-and water column chemistry samples should be taken
to develop relationships between the character of the sus-
pended matter and the contaminant load.

A shortcoming of NJTRWP Study |-E was that it occurred
Iargely during drought conditions In order to fully characten
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charge conditions:
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