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ABSTRACT

A time-dependent, three dimensional, finite-difference simulation of the

Hudson-Raritan estuary is presented. The calculation covers July through

September, 1980 and inc 1 udes real t i de and wind f ore in g and also

time-dependent river and sewage discharges. Turbulence mixing coefficients in

the estuary are ca1culated according to second moment, turbulence closure

sub-model. Salinity contours show formation of complex pattern of eddies

produced by the interaction of the unsteady, three dimensional velocity field

with coastline and bottom bathymetries. These eddies are advected and

subsequentwy mixed throughout the water column and are important physical

elements in shear dispersion processes in the estuary.

The effect of wind on the vertical salinity structure is significant in

-2
shallow regions of the estuary. An up-estuary wind of magnitude 0.5 dyne cm

can turn an originally stratified estuary with an average depth of 5m into a

well-mixed estuary. A down-estuary wind produces the opposite effect. Subtidal

velocity and salinity fields are found to depend significantly on the wind

forcing.

Salinity measurements along the Sandy Hook-Rockaway transect were made

during August 20th and 27th, 1980. It is found that the model predicts well

the details of the observed salinity distribution. Throughout the tidal cycle,

the observations show that unstably stratified water columns are created by

advection of waters of different densities which subsequently mix. The

observation also shows that the water becomes vertically homogeneous during a

spring tidal cycle. These complex three dimensional flow structures and mixing

events are predicted remarkably well by the model. There is also good

agreement with the observed time-averaged circulation in Raritan Bay.



1. Introduction

Mathematical modelling of estuaries and coastal waters is not an easy

task ~ A theoretical approach usually requires simplifying assumptions such as

steady state or an ideal estuarine geometry. This results in simpler analyses,

some useful solutians and semi-empirical relations can be obtained  see for

examples: Hansen and Rattray �965!, Chatwin �976!, Hamrick �979! and Oey

�984!!. Nevertheless, a real estuary is never in a steady state and its

coast 1 ine geometry and bot tom topography are usual ly very comp 1 i cated.

Estuarine hydrodynamics invlove a wide range of spatial and tempor a1 scales;

it is generally not possible to single out one or two preferred scales which

can be used to simplify the governing equations.

Some researchers have therefore turned to numerical model lings  see for

examples: Hamilton �975!, Festa and Hansen �976!, Johns �978!, Tee �979!,

Owen �980!, Oey, Mellor and Hires �984a, henceforth referred to as OMH! and

Sundermann and Lenz <1983!! wherein insufficient computer time and storage

general iy dictate either a depth-integrated xy-model or a width-averaged

xz-model. Again, one can obtain same useful and interesting results from these

models but they do not simultaneously cope with significant vertical

variations in salinity and velocity and with complex coastline geometry. Tee

�979! used a linear set of equations and separated the vertical deviations of

the currents from their vertical averages. The resulting set of equations can

be solved efficiently for various vertical algebraic eddy viscosity

forml ations. He was only interested in the three dimensional tidal current

structure, however, and did not consider any vertical and horizontal salinity

variations. Owen �980! used a Galerkin method in the vertical and a finite

difference grid in the horizontal to compute three-dimensional tidal current

in Bristol Bay, England. Again, no stratification effect was considered. Most

of these models use algebraic eddy diffusivity expressions to mode1 the



turbulent mixing and adjust these expressions so that the mean fields fit the

observ at i ons. These express i ons 1 ack some general i ty and are sometimes

measurement-dependent. They probably work we11 in certain conditions but may

fail in slightly altered conditions. Some models are designed for large-scale

simulations  the North sea, for example. See Sundermann and Lenz, 1983! and

therefore neglect any density gradients caused by fresh water discharges from

rivers. Little work has been done, therefore, to simulate a r ea1 estuary with

three-dimensional velocity and salinity structures. For a more complete review

of the present state-of-the-art of numerical modelling in coastal waters, the

reader is referred to Blumberg and Oey �984!.

In this paper, we present some results of a real-time, three dimensional

numerical simulation of the Hudson-Raritan estuary for the period covering

July, August and September, 1980, which happened to cover a period of low

river discharges and for which there are velocity and salinity measurements.

The Hudson-Raritan estuary is a typical drowned river, partially mixed estuary

located in the north-east coast of United States just off New York City

<Figure I!. Over the decades commercial needs have prompted buildings of deep

channels and narrow straits and have therefore modified the natural bathymetry

of the estuary. The major source of fresh water discharge is from the Hudson

river and this ranges from about 100 m s in dry seasons to about 1800 m s
3 -1 3 -1

in spring. The combined discharge of Raritan and Passaic Rivers ranges from 10

m s to 100 m s . The circulation and salinity distribution in Raritan Bay
3 -1 3 -1

are particularly influenced by this source of fresh water. The estuary is

connected to the Atlantic ocean through the Sandy Hook-Rockaway transect in

the southeast and it is connected to Long Island Sound through the East River

Strait in the northeast. These are open boundaries where we shall specify sea

level elevations and salinity distributions. Another important factor which

governs the circulation in certain shal lower regions of the estuary is the

surface wind stress. Our model also includes this as part of the surface
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boundary conditions.

Our primary purpose in undertaking the present research is  i! to study

in more detail the mixing, the velocity and sa1inity structure in the estuary

and to understand how these structures mi ght be affected by transient winds

and different tidal ranges;  ii! to test the general predictive capability of

a fairly sophisticated time-dependent, three dimensional numerical model as it

is applied to a real estuary with real tide and wind forcing and river

discharge;  iii! to determine the dominant salt dispersion mechanism in the

estuary, and to study how the different mechanisms may be related to estuarine

geometry, winds, stratification and tides; and  iv! to study the estuarine

circulation and salt transport, particularly in their relations to winds and

other sub-tidal forcing.

This paper is Part I of a series of three papers and contains some of the

results we have obtained under item number  i!, Although comparisons of

computed and observed salinity distributions along the Sandy Hook-Rockaway

Point transect are made in section 4, we shall defer the main bulk of item

number  ii!, which includes detailed comparisons with observations of time

series of velocity and salinity at a number of stations and depths throughout

the estuary, to Part II  Oey, Hires and Mellor, 1984, henceforth II! and the

results obtained under item number  iii! and portion of  iv! to Part III  Oey,

Mellor and Hires, 1984b, henceforth III!. The outline of this paper is as

fol lows.

In section 2 we shall describe the numerical model and the associated

boundary and initial conditions. We use the finite-difference model originally

developed by Blumberg and Nel lor �980, 1983!, suitably modified to include

rivers and narrow channels as discussed by QNH. The model uses the Mellor and

Yamada turbulence model �982!; it responds to tidal forcing, surface winds,

and heat flux and evaporation  neglected in the present application! and

solves for elevations and for the three dimensional velocity, temperature and
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salinity fields. In section 3, we examine the instantaneous fields of velocity

and salinity in the estuary and, in particular, their temporal variations and

also the variation of eddy diffusivity at two cross sections in the estuary.

We shall study the importance of winds in affecting the currents and vertical

salinity structure and hence the mixing processes. In section 4, we shall

describe a series of salinity measurements obtained by us along the Sandy

Hook-Rockaway transect and we shal 1 compare model prediction with these

observations. The paper ends with a concluding summary in section 5.

In addition to the present low fresh water discharge simulation, we have

also completed a high discharge calculation. We shall publish the results in a

separate paper. We note that Oey �984! has already used some of these

numer ical results to check the validity of a generalised Hansen-Rattray's

theory of salt transport in estuaries.
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2. The Numerical Method

A detailed description of the numerical algorithm is given in Blumberg

and Mel for �980, 1983!. We shal l give an outline here. In the pr esent

application, it is noteworthy that the model equations do not contain

hor i zont a 1 di spers ion terms . The vert i ca 1 and hor i zontal resolution are

sufficient such that the model explicitly accounts for horizontal dispersion

processes due to small scale advection and vertical mixing  Taylor 1954 !. This

wi ll be a subject of Part III.

The model solves the continuity equation

�.1!U +V +W =0
x y z

and Reynolds ' momentum equ at i ons:

U +  U ! +  UV! +  UW! -fV = -P /t02
t X z x 0

V +  UV! +  V ! +  VW! +fU = -P /P02
t x y z y 0

f'g = -P
z

-   !

-  vw!
z

�. 2!

�.3!

� ~ 4!

where x is positive eastward, y positive northward and z positive upward; the

orig',n at the mean tidal level; t is time; U+u, V+v and Wtw are instantaneous

velocities in the x, y and z directions, respectively, where U, V and W denote

the ensemble mean velocities and u, v and w the corr esponding fluctuating

velocities; uw and vw are turbulent Reynolds stresses defined by

�.5! -uw, -vw! = KM  U , V

where K is the turbulent mixing coefficient for momentum to be defined
M

-5 -1shortly; f is the Coriolis parameter = 9.57xl0 s;  is the mean density and

P is a reference density; g is the acceleration dne to gravity and e is the
0

pressure. We have made the hydrostatic assumption in �.4! and have also

The equation for the mean salinity S is

S +  US! +  VS! +  WS! = - ws!
t x y z z

�.6!

neglected any density differences unless these differences are multiplied by

gravity.



where the turbulence salt flux ws is defined by

�.7!-ws =KHS
Z

and K is the turbulence mixing coefficient for salt. Equations similar to
H

�.6! and �.7! for temperature T may also be solved by the model but have

been omitted. The density is related to the salinity and temperature by an

equation of state  Fofonoff, 1962!:

P = q T,S! �.8!

where, here, T=17 c.
0

K and K are calculated according to the Mellor and Yamada �982! "level
M H

2.5" turbulen ce model wherein,

K =S lq, K =S lq, �.9!

l is the turbu lence length scale and q /2 is the turbulence kinetic energy.2

They are calculated from turbulence transport equations of the form

Df/Dt =  diffusion of f!+ shear and buoyancy productions of f!

+ dissipation of f! �.10!

where f denotes either q /2 or q l. S�and S are stability factors which2 2

depend on q, 1 and the vertical velocity and buoyancy gradients.

Equations �.1! through �.10! are cast in finite difference forms and

stepped forward in time. The scheme is explicit in the advective tr ansport

terms and, because of the generally finer mesh spacing in z, is implicit in

the vertical diffusive flux terms. It is formally second order accurate in

space and first order accurate in time. The temporal error cannot be large

however because of the short time step pt imposed for stability by the Cour ant

condition of the form

bt < �/2![c �/bx + 1/~y !j
2 -1/2

�.11!

where bx and dy are the grid sizes in the x and y directions and c is the

phase speed of either the free surface gravity wave or the internal gravity

wave. A salient feature of the model is the "barotropic-baroclinic" mode

splitting technique. Equations �. 1! through �.4! are vertically integrated
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and the barotropic set of equations which result are integrated in time with a

short time step determined by c= gH ! in equation �.11!, where H is1/2

max max

the maximum water depth below the mean tidal level. The full three dimensional

set of equations are integrated in time with a much longer time step

determined by the baroclinic internal wave speed c. � gH Kf'/P!; $$ is the1/2

top to bottom density difference. In our calculation with bx=4y=0.53 km, bt is

15 seconds if c is the surface gravity wave speed and bt is 3 minutes if c is

the internal gravity wave speed, both are much smaller than the M - tidaI

period of 12.42 hours. The overall numerical scheme is efficient since, for

every twelve barotropic calculations, we need only calculate the three

dimensional "baroclinic" set of equations once.

The "baroclinic" mode calculation supplies computed bottom friction and

vertical integrals of density and vertical variances of horizontal velocity to

the barotropic mode calculation. In turn, the barotropic mode calculation

supplies surface elevation to the "baroclinic" mode calculation. Details of

these implementations are found in Blumberg and Me1lor �980!.

Another feature of the model is that the vertical coordinate is a

"a"-coordinate where

=   z- ~! /  H+ ~ !

and where $ is the surface elevation and H is the depth below the mean tidal

level. Thus 6 = 0 at the surface and -1 at the bottom. Irregular bottom

topography and a time-dependent surf ace elevation are accomodated by the

model, simply and accurately. For the present application of the model, there

are 10 6-levels  t.<= 0.1!.

Connections to Jamaica Ba and Sma11 Rivers

For an estuary which consists of broad water regions as well as narrow

channels and rivers like the Hudson-Raritan estuary it is impractical to model

the narrow waterways three dimensional ly and they are therefore modelled by

width-averaged equations which are subset of the full three dimensional



z=  x,y,t!, are:The boundary conditions at the free surface,

 Q�,Q!KM U , V !

KH S !
q2

q 1
2

constant. I ED!

W = U> +VP+g<x y t
t ~

where 7 = � ,7 ! is the wind stress vector and S = S�! E-P!/pD where
~ ~

 E-P! is the net evaporation minus precipitation surface flux rate, which,

however, has been set to be zero in the present calculation.

At the bottom the boundary conditions for S, q and q 1 are similar to2 2

those at the surface. For W, we have

W = -U.H - V.H , z = -H x,y!'x 'y'

and for U and V we match the computed solutions with the turbulence law of the
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equations �. 1! through �. 10!. These narrow rivers are stored in computer

memory which, otherwise, would correspond to the land areas shown in figure 1

and are therefore inc'Iuded at no additional computer cost. The four rivers and

one strait handelled in this way are: the Hudson, Hackensack, Passaic and

Raritan Rivers and the East River Strait. Additional matching conditions are

imposed at the rivers-bay junctions. Details of these procedures can be found

in OMH.

Jamaica Bay has an average depth of about 3m and is further complicated

by the presence of small islands and marsh areas. These fine details can

barely be resolved by our present model resolution. Since the circulation and

salinity distribution inside the bay is not of particular interest to us we

decided to model the bay with a constant-depth "bay" of approximately equal

volume and store it in computer memory in the land area marked "NEW YORK" in

figure 1. Matchings conditions are imposed at the mouth of Jamaica Bay

connecting to the main harbour region.

Boundar Conditions
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wal'I which extends the computed U and V into the viscous or roughness sublayer

where the no slip condition at the ocean floor is satisfied. Thus,

 U,Y! ~   -wu,-wv!/ku~!. ln  H+z!/z0! as z ~ -H,

where u~ is the bottom friction velocity, k=0.40 is von Karman's constant and

10 is the roughness height. For the results in these papers, zp 0 2 cm.

Sensitivity studies show that an increase of z to I cm decreases the M tidal

amplitudes at Sandy Hook and at the Battery by 3X and 7X of the observed

amplitudes of 67.9 cm and 68.6 cm, respectively. Thus a precise value of z

does not appear to have particularly significant influence on the numerical

results.

At the open boundaries at the Sandy Hook connection with the Atlantic

ocean and at the East River Strait connection with the Long Island Sound,

tidal elevations are specified using NOS tidal records at Sandy Hook and at

Willets Point. Since the actual open boundary on the eastern region of the

model is some 10 km away from Sandy Hook the phase of the tidal record is

advanced by about 15 minutes  Swansen, 1976!. Figure 2 shows the tidal record

used in the model at the Sandy Hook open boundary region. The tide in the

estuary is mainly semi-diurnal with the ratio of the amplitudes of the four

major constituents  K>+0>!/ N2+S2! ranges from about 0.12 at Wil lets Point to

about 0.19 at Sandy Hook. During flood, the salinity is linearly interpolated

for a duration of one hour from its  computed! value at the end of ebb to a

value of 34 ppt along the south eastern open boundary and to a value of 27.3

ppt at the other open boundary at Wil lets Point. During ebb, the salinity is

calculated using an advection equation. The depth-independent salinity value

specified during flood is obviously an over simplification of the actual

physics. Ideally a salinity boundary condition with vertical structure,

obtained from field observation, would have been preferred. Such data is not

avail able, however.

Upstr earn of rivers, fresh water discharge velocities are specified and
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the salinities are set to zero. The fresh water discharges were obtained from

U.S. Geological Survey Water - data report. The Hudson River contributes most

with a mean discharge of 130 m s during the simulation period . The Raritan,
3 -1

Passaic and Hackensack Rivers' discharges are much smaller with a total mean

of 9 m s . There are four major sewage sources. Two with a combined mean
3 -1

discharge of 11 m s are near the mouth of Kill van Kull which opens to the
3 -1

upper harbor near the mouth of the Passaic River. A third is in the East River

Strait with a mean discharge of 42 m s and the fourth sewage source is in
3 -1

3 -1
Jamaica Bay with a mean discharge of 14 m s . All of these are included as

"fresh water" model inputs.

The wind record for the simulation period was obtained from John F.

Kennedy International  JFK! Airport, New York, and is assumed spaci ally

uniform for the entire estuary. The wind is gener ally light and southwesterly
-1

 wind blowing from the southwest! with speeds rarely exceeding about 10 ms
-2

 maximum wind stress 1.5 dyne cm !. The wind stress components are shown in

f i gure 3.

Initial Conditions

The calculation was initialized with a zero salinity value in each of the

rivers and with a transition layer of length of 5 km near its mouth so that

salinity values joined smoothly to ocean values in the main harbor; the latter

were specified linear in z with 33 ppt at the surface and 34 ppt at the

bottom. The ~odel was spun up from this initial state for 155 days. The fresh

water dischar ge, wind stress and open ocean sea level during this spin-up

period were specified cyclicly every 31 days with values corresponding to the

July 1980 period. A water parcel would have travelled the entire length of the

Hudson river and into the Atlantic Ocean during this spin-up period. Oey

�984! has shown that this spin-up time is sufficient for the salt content in

the Hudson River to ~each a near equilibrium state independent of the initial

salinity distribution. The model was run for another 61 days to cover the
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August and September 1980 periods. The entire 216 days' run required about 20

hours on a CDC-Cyber 205 computer, 15% of which was spent on writing computed

resu'Its on tapes. kith more CDC-205 FORTRAN program enhancements it is

possible in the future to cut this time to about 10 hours.
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3. Computed Results

Figure 4 shows a series of near-surface and near-bottom  the lowest sigma

surface, 0.05xdepth from the bottom! velocity vector and salinity contour

plots at four instants during an M tidal cycle beginning at 05:00, 21 August

when the tidal current at the Narrows is at slack, before flood. The phasing

of the surface current vector agree well with NOS Tidal Current Chart and also

with our simpler two dimensional barotropic calculation  ONH!. One notes the

markedly different magnitudes between the surface and bottom currents. The

vertical ve'Iocity shear is significant and therefore is important in affecting

the transport of salt, other passive contaminant and sediment. The bottom

-1
current can attain a value of about 40 cms in the deep channel regions whe~e

the depths exceeds 10m but is general ly smal 1er  = 5 cms ! in shal lower
-1

regions.

The salinity contours show two types of distinct features. One type shows

relatively smooth salinity distribution and occurs in Raritan Bay where the

bottom and coastline bathymetries are slowly varying. Another type shows the

formation of patches of waters of different salinities. This occurs across the

Sandy Hook-Rockaway transect, through the Narrows and into the upper bay

region south of the Battery. The size of a patch is typically of the order of

9 km �6 grid points! and is therefore well resolved by the model. The life
2

time of each patch is of the order of a few hours or less  time scale of

vertical mixing is H /KH, H"-10m, KH .01 m s !, suggesting that each patch2 �2-1

is formed by horizontal advection and subsequent vertical turbulent mixing,

i.e. by shear dispers i on processes. Thi s dispers ion process is important in

determining the circulation and salt distribution in an estuary and cannot be

simulated well by numerical models with coarse grid resolution. A particular

process of mixing which we shall find to be important is when two fluids of
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different sal inities converge due to the interaction of the mean velocity

fields with irregular bottom and coastline bathymetries. We shal 1 see later

from both observation and model results that regions of such intense mixing

occur near the tips of Rockaway and Sandy Hook Peninsulas. These are regions

where sewage from Jamaica Bay and fresh water from a small stream south of

Sandy Hook in the southern boundary of the model domain  Navesink River! are

mixed with the ocean water. In the present simulation the Navesink river

discharge was not considered to be important since it amounts to only about

1/20th of the discharge from Raritan River. In figure 4 one can only see the

sewage plume from Jamaica Bay as it mixes with main harbor's water. As shown

in Part III, the interaction of the main harbor's water with the waters from

Jamaica Bay and Sandy Hook Bay turns out to be very important in affecting the

up-estuary salt transport at the Sandy Hook-Rockaway transect.

In Raritan Bay where the bottom and coastline bathymetries are relatively

smooth and where the tidal current is also rather small with maximum magnitude

-I
of about 40 cms, there are not many s al in i ty pate hes and s a1ini ty

distribution is smooth. The Coriolis effect is such that the less saline water

is on the right hand bank, looking seaward. These salinity contours resemble

the surface salinity observations made by Ayer s et. al. �949!. Precise

comparison is not possible however because  i! the discharge from Raritan

River during the period of observation is about 5-10 times larger than the

discharge we used for Raritan River during the simulation period and  ii! as

we shall see shortly the wind has significant effects on the velocity and

salinity distributions in Raritan Bay. The lack of wind information during the

observation period make it difficult to interpret the results precisely.

The salinity distribution depends strongly on the three dimensional

velocity fields. The most notable example occurs in the Ambrose Channel

running through the mid-section of Sandy Hook-Rockaway transect and into the

Narrows. In figures 4a,b one sees the 30-31 ppt contours being carried by the
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flooding current into the region just south of the Harrows and in figures 4c,d

the same contours are carried out into the open ocean by the ebbing tide. Due

to density gr adients the sa1inity intrusion during flood is more extensive

near the bottom of the channel.

Subtidal befind Forcin Events

As will be shown in Part III, circulation and sea level in the estuary

has significant corre1ation with the winds at time scales of a few days to

weeks. In this subsection, we examine the variations of velocity and salinity

in the time scales of a few days. In particular, we single out a period during

which there is a significant subtidal variation of wind. One such event occurs

from the 15th through the 23rd of August. From the 15-16, the wind is westerly

 blowing from the west, see figure 3 and also the two bottom panels in figures

8a,b!. The 25-hour averages of velocity and salinity distributions centered

around August 15/12:00 are shown in figure 5a. One sees classical two layer

estuarine flows occuring throughout the harbor: in the Narrows, near the

mouths of Jamaica Bay and a11 four rivers and in most regions of Raritan Bay.

The bottom landward flow is particularly noticable in deep channe1s. For

example, the deep channel running the whole length of Raritan Bay from Sandy

Hook to the mouth of Raritan River. The surface to bottom salinity difference

is about 1 ppt in most parts of the harbor, but exceeding values of 2 ppt in

particular places closed to fresh water sources.

On the 16th of August, the wind starts blowing from the north north-west,

reaching a fairly large magnitude of about 1.5 dynes cm . The 25-h averaged
-2

current and salinity centered around August 16/l2:00 are shown in figure 5b.

The current responds quickly to the wind, as can be seen clearly in Raritan

Bay where the surface current turns from an eastward flowing to a southward

flowing direction, and there is a corresponding compensating northward flowing

bottom current. The salinity is not altered significantly from its previous

distribution but there are some changes in Raritan Bay where the contours are
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closer together at the southern shore and also along the Ambrose Channel from

the mid-section of the Sandy Hook-Rockaway Transect to the Narrows where the

bottom sal inity is seen to intrude further up north into the estuary, driven

by a now stronger two layer gravi tat iona1 f low in response to the stronger

n ort her 1 y wind .

On August 18 the wind has changed to light south-southwesterly. F igure 5c

shows that the current in Raritan Bay again responds rapidly. The salinity in

Rar itan Bay has also relaxed back to its original distribution shown in f igure

5a. The response in deeper regi ons such as in the Narrows and in Ambrose

Channel is slower. For example, note that a short tongue of surf ace salinity

of 29 ppt just south of the Nar rows in figure 5a has now elongated further

southward, also that the bottom salinity in Ambrose Channel has intruded

further north into the estuary, both in response to the strong northerly two

days previously.

The wind remains light south-southwesterly until about 6 AN on 20 August

-2
when it chan ges to a fairly strong �. 5 dynes cm ! north-easterly and remains

that way unti 1 23 August. Figure 5d shows that the current str ucture in

Raritan Bay has now changed to a "reversed" two layer estuarine circulation,

with landward-flowing surface and seaward-flowing bottom currents. Note the

change in orientation in the salinity contours in Raritan Bay to a more

north-south direct ion and a more homogeneous vert ical and axial  east-west !

salinity structure. As we shal 1 see shortly, these homogenieties are brought

about by increase in turbulent mixing caused by unstably stratif ied water

columns in the bay. These unstably stratif ied water columns are induced by the

up-estuary  the easterly> wind. Note a1so the formation of a new tounge of

less saline water  the 28.5 ppt salinity contour! just south of the Narrows,

and also the more up-estuary intrusion of bottom saline water along the

Ambrose Channel, both of which are again in response to the north-easterly

wind. From a study of model ' s subtidal results covering the two months



simulation period, we have found that the intrusion of the tounge of salinity

plume from the Narrows to Raritan Bay exists also even in the absence of any

si gnif i cant northerly wind. However, the northerly wind does appear to

strengthen further the plume formation and, in many instants, produces deeper

intrusion of waters from the Narrows into Raritan Bay. After 23 August, the

wind returned to a light south-westerly and the estuary again return to its

original state as in figure 5a. The important conclusion is that the subtidal

dynamics in the estuary are significant and any attempt to represent the

estuary as a steady-state system is bound to be crude and may be erraneous.

Finally, we show in figure 6 a time-depth plot of the low-pass filtered

ve1ocity at the mid-station of Sandy Hook-Rockaway transect. Here, the

direction of the velocity is defined to be normal to the transect, positive

seaward. The filter used has a half-amplitude gain at 34 hours. The M2 tidal
-3

amplitude is reduced by 10 after filtering. The original and filtered wind

stress in a direction normal to the transect is a1so shown. Me see that the

two-layer flow is modified significant'Iy by the wind stress. An up-estuary

wind  a southeasterly! around August 14 destroys the two-layer density induced

flow on August 15 while a down-estuary wind  a northwesterly! centered around

noon, August 16 strengthened the density-induced flow. If the up-estuary wind

were stronger  or the local depth more shallow! a reversed two-layer flow

similar to that found in Raritan Bay wou1d probably result. One cannot

entirely ignore three dimensionality however, since the cross-transect bottom

variation is significant in this case.

Tem oral Variations of u S and K

Me next examine a series of instantaneous tangential velocity, normal

velocity, salinity and turbulence mixing coefficient contours for one tidal

period at the Sandy Hook-Rockaway transect and at a section across Raritan Bay

 figure 1!. These two sections have very different coastline and bottom

bathymetries. A detailed study of velocity and salinity fields at these



-19-

sections should therefore pr ovide a better understanding of the differences

and similarities of circulation and salt transport caused by variations in

channel shape, tidal strength and wind.

Sand Hook-Rockawa Transect: Cross-section no. 1

figure 7a show that flood  negative sign! begins first on the Rockaway side of
-1

the section where the maximum velocity is 50 cms . From earlier plots  not

shown! we estimate that the flood on the Rockaway side commences one to one

and a half hour earlier than the rest of the section. Me note that the near

surface velocity above the Ambrose channel is still ebbing  positive sign!.

The cross-channel velocity u  positive to the right! is of the same order as

u, implying significant flow curvature and hence large centrifugal

acceleration. The salinity contours show more saline water on the right hand

bank  looking landward! and less saline water on the left bank. This is in

part caused by the coriolis effect and in part caused by the large

cross-channel accelerations. Notice the markedly less saline water near the

surface at the right hand bank. This is due to the sewage discharge from

Jamaica Hay and the relatively strong stratification that remains from the

Al s o not i ce the l ar ge value of KHsalinity distribution of the previous ebb.

in the right hand side of the transect. This large turbulent mixing is not

produced by velocity shear which is small at this instant. hie have computed

the gradient Richardson number

Ri = -gP,q0  U,!  >,! !2 2

and we find that Ri actually attains a negative  unstable! value at this

As seen in figure 7 this section is about 10 km wide and has an averaged

depth of about 8.5 m. It has two deep ship channels: the Ambrose Channel

situated at the mid-section with a maximum depth of about 15 m and the Sandy

Hook Channel situated near Sandy Hook with a max~mum depth of about 12 m.

At 22:00 hours, AUgust 19th, 1980, which corresponds c1osely to the

beginning of flood at this section, the contours of normal velocity, u, inn'



instant in this region of the transect. From a detailed study of the

instantaneous contours of Ri we find that this unstable stratification repeats

itself at the beginning of every flood tide due to a blob of denser water

flowing acr oss the transect near the Rockaway point from a shallower region

north east of the Rockaway point  see figure 1 for location>. @hen this denser

water encounters the less saline near-surface water  see the salinity contours

near the right hand side of the section in figure 7a! from the previous ebb,

an unstable stratification is created and our turbulence model then calculates

large mixing. whether or not this physical event actually occurs is an

interesting question; considering the complex three-dimensionality of the flow

it is, however, not unreasonable. For later reference we shall refer to this

type of instability as a density-overturning instability.

At 23:00 hours,  figure 7b!, the entire cross section is flooding. The

largest flood velocity occurs at the Rockaway side while the velocity at the

rest of the section is developing into a recognizable boundary layer profile.

He note that the flooding velocity near the mid-section is weak and this

combines with the strong flooding velocity near the right hand bank to produce

the salinity contours which now show large leftward inclination. The~e are

three regions of intense mixing: two near the banks and one in the mid-section

above the deep channel. These are produced by the developing flood velocity

shears. Ri is less than about 0.05 in these local regions, well below the

critical Ri =0. 19 over which the level 2.5-turbulence closure model
c

approximately supresses turbu1ent mixng. On the two banks, Ri is negative so

that the density-overturning instability again plays a role in promoting

turbulent mixing.

At 01:00 hour, August 20th  figure 7c!, full flooding velocity profiles

have developed across the section. The velocity at the Rockaway side has

receeded from its max~mum flood |Niplitude. bfe see the large bottom generated

turbulence in the deep channe1 and across the section. The turbu1ence is now
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mainly due to an almost 3-fold increase in the turbulence kinetic energy  not

shown!, produced by the large velocity shears. However, density-overturning

instability is sti11 evident in the mid-section region, where Ri attains a

minimum value of -0.05. The water becomes more vertically homogeneous as shown

by the salinity contours.

At 03:00 hours  figure 7d!, which is close to the end of flood and the

beginning of ebb, the bottom currents are already ebbing at the Rockaway side

of the section while the near surface currents are still flooding. In a

vertically homogeneous flow the near -bottom boundary 'layer fluid with less

momentum reverses first under an opposing pressure gradient. In the present

case of low fresh water discharge and hence weak stratification the horizontal

density gradient is not sufficiently strong to sustain a bottom flooding flaw

during the turn of ebb. The salinity contours show that the "kink" which was

previously near the mid-section's surface at Ol:00 hour  figure 7c! has been

displaced leftward by the  previously! large flood water in the deep channe1

and in the region to the right of the channel and also by the generally

negative cross-channel velocity during the whole flood stage. The cross-

sectionally averaged salinity has in fact reached a maximum at this instant.

At 05:00 hours  figure 7e! a full ebb velocity profile has developed. Me

see the formation of three isohaline "eyes", one above the deep channel in the

mid-section and the other two on both sides of the section, at which the

salinities are local minimums. These centers of minimum salinity are due to

the maximum ebbing velocities at these locations, as shown by the isotach

contours. These are also regions where velocity shear is large, but, because

of the correspondingly strong stratification  Ri 0.25!, mixing is small.

Relatively large near-surface K near the mid-section remains from the intense
H

mixing produced at 04:00 hours  not shown! by the density-overturning

instabi1ity.

At 07:00 hours  figure 7f! a new salinity minimum is formed on the right
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half of the section. Again this is due to the large quantity of less saline

sewage water originating in Jamaica bay. This is clearly seen also from the

negative cross-channel surface velocity near the right hand bank. The V-shape

central channel produces ve'locity profiles such that there exists a
-1

sub-surface jet with velocity magnitude greater than 0.9 ms exactly above

the deepest portion of the channel. The ebb velocity in the deep channel

region is larger than that in the other parts of the cross-section. Despite

the large velocity shears, turbulent mixing is inhibited by the strong

stratification in most parts of the section, and only become more intense near

the left hand bank, where Ri 0.05.

At 09:00 hours  figure 7g! the ebb velocity at the Rockaway side has

weakened while that in the part of the cross-section to the 'left of the deep

channel is still quite strong. K in the mid-section is very large since Ri is

negative and large in magnitude, caused again by the density-overturning

instability. As we shall discuss in the next sub-section, there is an
-2

easterly, up-estuary wind of magnitude 0.5 dyne cm at this instant. As a

result the near surface water actually floods before the sub-surface water.

Thi s brings in sl i ghtly sa'lt ier water near the surf ace and produces an

unstable water column.

At 10:00 hours  not shown! flood begins and the subsequent contours are

similar to those we have just described  figures 7a through 7g!. There is one

modification however due to the diurnal inequality of the tide  see for

example figure 2b!. The tidal cycle which commences at 22:00, August 19th

 figure 7a! and ends at 09:00, August 20th  figure 7g! is a low amplitude

cycle relatve to the subsequent high amplitude cycle �0:00 through 22:00,

August 20th!. There is about 35cm difference in tidal range between the two

cycles. The larger amplitude, second cycle produces more vigorous mixing and

generally less stratification. Figure 7h shows for example the contours at

about two hours before the end of flood at 13:00 hours, August 20th. One
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should compare this with figure 7c. We see that the "kink" in the salinity

contours in figure 7c disappears in figure 7h. The generally larger tidal

velocity and intense mixing during this second cycle results in the section

becoming vertically homogeneous.

We ar r ive at the f o 1 1 owin g conc 1 us i ons:

 i! During times of slack water  end of flood or ebb! water columns often

become unstably stratified due to density-overturning caused by advection with

subsequent mixing of waters of different densities. Clearly this type of

mi xi 4 g depends in a comp 1 i c ated way on es tuar in e geometry and bot tom

topography. The instability, though infrequent and less intense, also occurs

during the entire flood stage. Thus, in addition to the bottom generated

turbulence by the shearing velocity, this type of instability can contribute

significantly to the mixing process in an estuary. Moreover, up-estuary wind

can also produce density-overturning instability and hence large mixing. This

phenomenon is more clearly seen in the Raritan bay, which we sha11 discuss in

the next sub-section.

 ii ! The diurnal inequality produces varying amplitudes during subsequent

tidal periods. We estimate that the differences in range and the r.m.s. tidal

velocity v are about 35 cm and 10 cms, respectively, During the large
-1

amplitude period the mixing is intense and the section is less stratified at

maximum flood and ebb. As shown in figures 7c and 7h the large amplitude flood

can destroy any vertical salinity structure. It may seem surprising that a

difference in tidal speed of only 10 cms can bring about such large changes
-1

in the vertical salinity structure. Fischer �976! noted that

RiE=g tp/p!�f/ vT .8! is a measure of stratification in estuaries, where dp is3

the density of the ocean water, 0f is the rate of fresh water discharge and 8

is the width of the section. Because of the cubic power in vT, RiE is

sensitive to small variations in vT.

 iii! There are large cross-channel flows with significant vertical shears. uT
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is largest near the side of the section and this is due to the strong eddies

shed from the Rockaway and the Sandy Hook peninsulas  see tidal current

figures in ONH!. The sides of the section are also sites of intense turbulent

mixings.

 iv! There is a strong interaction between the main bay and Jamaica Bay. The

less sa1ine sewage water from Jamaica Bay is "flushed" into the main bay and

into the Atlantic ocean by way of the intense eddies which are shed from

Rockaway Peninsu1a. As we shall see in Part III, this mechanism is important

to the upstream salt transport across the section.

Raritan Ba: Cross-section no. 2

This cross-section is about 10 km wide and has an averaged depth of about

5 m. The velocity, salinity and turbulence mixing coefficient contours are

shown in figures 8a through 8h. Some features of the velocity and salinity

f ie 1ds are s imi 1 ar to those shown in f i gure 7. There are important

differences, however.

Since the tide in Raritan Bay is approximately a standing-wave type and

since the bay is generally shallow, the tidal current amplitude decreases to a

value of about 30 cms from its value of about 70 cms near the Sandy
-1 -1

Hook-Rockaway transect. Therefore, turbulence production by the shearing tidal

current is small. Moreover, the generally gentler varying bottom topography

and smoother coast lines in Raritan Bay, together with smal 1 fresh water

discharge from Raritan river result in less mixing of waters of different

densities  density-overturning instability can still be induced by winds,

however, as we shall see shortly!. Overall K� is about an order of magnitude

smaller in Raritan Bay than in the Sandy Hook-Rockaway transect.

The absence of any signif icant coastline land protrus ions means that

large eddies are not generated near the sides of the section. Consequently the

"trapping" mechanism which allows exchange of waters between the main

cross-section and the coastline irregularities is not effective. On the other
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hand, vertical deviations in both the velocity and salinity extend near ly the

full breadth of the section and we expect significant contributi ons to the

salt balance from their correlation.

Since Raritan 8ay is shallow and since the tidal currents are weak the

effects of wind are important. In figure 3, we see that the east-west

component of the wind changed from positive, down-estuary values to negative

values at about 05:00 hours, August 20th. The up-estuary wind was relatively

strong and persisted unti1 the 22nd of August. This wind event produced a

"non-classical" two layer, non-tidal flow in which the surface 1ayer of water

flowed up-estuary while the bottom layer of water f1owed down-estuary. Me

shall study non-tidal circulations in more detail in Part II. Here we show how

wind can change the instantaneous tidal currents. Figures 8a  August 19, 22:00

hours, before the up-estuary wind event> and 8g  August 20, 09:00 hours, the

beginning of up-estuary wind event! correspond closely to the time of the

beginning of flood. Me see from figure 8a that the bottom water in the deep

channel floods before the surface water. This is a commonly known situation

and is due to either the bottom fr iction or hor izontal density gradient or

both. In figure 8g, there are three layers above the deep channel, the

flooding surface and bottom layers and the ebbing middle layer. The flooding

surface layer is due to the up-estuary wind. We can also see this effect from

the plots of the jt',H contours, which in figure 8g show a surface layer with

large mixing. Figure 8h shows the fields at about three hours after the flood

and, when compared with figure 8c, shows clearly the effect of up-estuary wind

in producing large mixing and vertically homogeneous water co1umns.

To see more clearly how the up-estuary wind destroys vertical density

stratification and hence produces more vigorous vertical mixing we show in

figure 9a time-depth plots of deviations of velocity and salinity from their

vertical averages  =f +f defined in Part III, where f denotes either u or
sv pv

S! in the mid-position of the cross-section for the period August 19th 12:00
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hours to August 24th 12:00 hours. The x and y-component wind stresses covering

the same period are also shown. From 8/19/12:00 through about 8/20/06:00 the

wind was relatively calm and to the north  g ~0 and 5 >0!. In this periodOx Oy

the zero salinity deviation contour lowered to about the mid-depth of the

water column during the ebb and rose closer to the water surface during flood.

A stable density stratification persisted throughout this period. The velocity

deviation contour showed positive values near the surface and negative values

near the bottom during the ebb and just the opposite during the flood. From

8/20/06:00 through about 8/23/12:00 the wind changed direction and blew ta the
-2

southwest. The average wind stress was about 0.5 dyne cm . There appears to

be some adjustment period near the beginning and the end of the up-estuary

wind event during which there were short periods of stable stratification. In

the main period of the up-estuary wind event the stratification was unstable

and large turbulent mixing was produced  see for example figure 8h, which is

for August 20th, 13:00 hours!. Thus, even a light wind in a shallow estuary

like Raritan Bay with small tidal r.m.s velocity can have large effects on the

stratification and the mixing processes ~
-1

For a section in the Narrows  section no. 3 in figure 1! whe~e VT ~ 1 ms

and H ~15 m we expect that the wind has less influence on the vertical

salinity structure. We illustrate this in figure 8b where we see that stable

stratification persisted throughout periods of up-estuary wind event  wind

blowing to the north for 8/14/12:00 < time <8/15/08:00 and for 8/17/15:00 <

time < 8/20/05:00!. We see also that the effect of wind on the velocity shear

is smal 1 in comp ar i s on with the shear produced by the tidal currents.

Mind-induced turbulence is produced more by advective destabal ization and not

because it produces them by vertical velocity shear. Indeed, a down-estuary

wind can reduce mixing by generating more stable stratification.

Clearly, one cannot neglect wind ef fects are important to assess the

circulation and mixing in a shallow estuary.
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4. PRELIMINARY COMPARISON WITH OBSERVATIONS

As stated in the Introduction, we shall defer to Part II the main bulk of

comparison of the numerical resu1ts with observations. In this section it is,

however, appropriate to discuss some observational evidence which were

obtained by us and which can be compared with the numerical results presented

in section 3.

4.1 Observational Procedure

Temperature and conductivity measurements were taken on a boat using

Beckman RS-5 sa1inometer and Martek Mark V water quality analyser at seven,

more or less even1y spaced stations along the Sandy Hook-Rockaway transect

 figure 1!. The vertical  z-direction! spacing at each station was

approximately 1.6m with the first meter reading taken at 1.6m below the water

surface. Measurements were repeated at about 1.5 hour intervals at each

station over a tidal cycle on the 6th, 20th and 27th of August 1980.

4.2 Com arison of Salinit Contours at the Transect

In order to compare the observed and the computed salinity distributions

at a particular instant of time, a linear, time interpolation of observed

values at each observation point was used. This and the fact that the

locations of measurement stations are not aligned exactly along a straight

line at the Sandy Hook-Rockaway transect introduce possible sources of

discrepancy in the comparison. We shall present the comparison results for the

20th and the 27th August periods which represent respectively a neap and a

spring tide sample. Thus the effect of different tidal amplitudes on

stratification can also be seen.

Figures 10a,b shaw compar isons of computed and observed salinity contours

at approximately slack before flood  August 20, 10:00 and August 27, 16:00!.

The values of the observed salinity are also given on the observed contour

plots. Figure 10a shows that the model predicts well the "U"-shape salinity



-28-

contour in the mid-section. More significantly are the occurences of several

unstable stratifications in the observed salinity contours. For example, at

about 5m be1ow the surface near the Sandy Hook side of the cross-section the

vertical di f ference in sal ini ty  upper salinity � lower salinity! is +0.14

ppt. Also, near the Rockaway Point side of the cross-section the near-surface,

vertical salinity difference is +0.11 ppt and the near-bottom, vertical

salinity difference is +0.18 ppt. Our salinity measurements are accurate to

within 0.01 ppt and so differences greater than +0.01 ppt in the observed

salinity are significant. The model predicts the instabilities near the

Rockaway side but misses the instability near the Sandy Hook side, although

here the model's salinity is homogeneous vertically  the corresponding

gradient Richardson numders Ri are given on the computed plots!. We must note

that the fact the model does not compute the temperature does introduce a

small error in calculated density gradients. However, we have examined the

observed density fields which also show the occurence of these instabilities.

The model predicts quite well also the vertical and transverse salinity

differences except that it misses the observed pool of near-surface, rather

fresh water   ~ 28-28.5 ppt! close to Sandy Hook. We suspect that this is due

to the neglect in the model calculation of the Havesink River discharge just

south of Sandy Hook on the southern portion of the model boundary. Its total

discharge amounts to only 1/20th of the discharge from Raritan River but its

close proximity may exert a local influence. Hear the Rockaway side, the model

predicts a near-surface, rather fresh pool of water  S 29.5 ppt! which as

discussed before in sect~on 3 is due to the sewage discharge from Jamaica Bay.

The observed salinity does not show this feature. One should note however that

this fresh pool of surface water was predicted to occur at a depth of less

than 2 meters or so below the mean tide level and could therefore be easily

missed by the rather coar se vertical resolution used in the observati on. We

note also that the near-surface  < 2m! observed salinity at observation
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station 7 is less than the salinity at station 6, suggesting that there is

lesssaline water close to the Rockaway Peninsula shore line flowing out from

Jamaica Bay dur ing the previous ebb cycle. It appears that the model

over-predicts the amount of sewage water from Jamaica Bay. Our estimate of 14

m s of sewage from Jamaica Bay is based on the 1980 Report of the interstate
3 -1

Sanitation Commission. The discrepancy may be due to evaporation from the

large marsh areas in Jamaica Bay.

The observed slack-before-flood, spring tide data in figure 10b shows

that the water becomes approximately vertically homogeneous. The model

predicts this feature rather well, including the slight "kink" in the

near-surface salinity contour at the mid-section. The model again predicts

well the occurence of unstable stratification in the near surface water close

to Rockaway Point but misses the one at about 7m below the surface near Sandy

Mook. The model predicts a thin vertical colure of rather fresh water  S=29.0

ppt! close to Rockaway Point, which is also observed; although the observation

does not show such low salinity. There is also evidence of less saline water

close to Sandy Hook which is again missed by the model. Excluding these thin

co1umns of less saline water, the transverse salinity difference is predicted

well by the model.

Figures 10c,d show the comparisons of computed and observed salinity

contours at approximately slack before ebb  August 20, 15:00 and August 27,

10:00!. The model predicts well the formation of near-surface isohaline "eye"

at the mid-section. Locations where the water colum become unstably

stratified are predicted well by the model  figure 10c!, so are the transverse

and vertical differences of salinity. The observation does not show the rather

fresh, near-surface water at the Rockaway side however.

Finally, in figure 10d, the model again predicts well the near-surface

"eye" of isohalines at the mid section and the locations of unstably

stratified water columns near Rockaway side and also at the mid-section but
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misses the one near Sandy kook side. Again, note that the observed salinity at

station 7 is less than that at station 6. This feature is also predicted by

the model, although the model salinity is lo~er than that observed  model

salinity = 30.5 ppt; observed salinity = 31.39 ppt!. The transverse and

vertical salinity differences are predicted well by the model also.

4.3 Discussion

The mode1 predicts remarkably well the spatial and tempora1 occurences of

unstably stratified water colums. Since these instabilities are caused by

large scale convergence of waters of different densities, they depend

therefore on the detailed three dimensional coastline and bottom bathymetries

and also on the surface wind. These important features appear to have been

depicted rather well by the model. Note that these good predictions depend not

only on a good simulation of the large scale mean velocity and salinity

fields, but also on a good parameter ization of the turbulence field. Me are

pleasantly surprised that our simulation can indeed reproduce such detailed

physical features of the flow field.

Detailed overall shapes of the salinity contours are also predicted well

by the model. These shapes depend largely on the velocity fields and on the

vertical turbulent diffusion af salt, which we believe are also simulated well

by the model.

Discrepancies between model and observed salinities do exist. These can

largely be explained by the errors we made in speci fying the "correct" amount

of fresh water discharges from small streams and sewage sources. Me do not

consider these small sources of fresh water to be important in governing the

over all dynamics and salt fluxes at the transect. They are apparently

significant in local regions however.

4.4 Time-avera ed Circulation in Raritan Sa

Figures lla,b show two pictures of near-surface circulations in Raritan

Bay from Jefferies �962! and Abood �972! inferred from accumulated salinity



-31-

and velocity observations. Although the two pictures are different in many

fine details, they do share some common globa1 features. Both pictures show a

general seaward flow near the southern shore of the bay. Both show a seaward

flow from the Narrows through the Sandy Hook-Rockaway transect and intrusion

of water from the Narrows into the mouth of Raritan Bay, although the

intrusion in Abood's picture is more clearly indicated.

As we discussed previously in section 3 the circulation in Raritan Bay

varies considerably over subtida1 time scales of a few days primarily in

response to wind forcing. Comparison of model results with Jefferies and

Aboods's data is crude since both observations and model results correspond to

different wind conditions; however, their observations were mainly taken

during the Sunder months . Thus they should share some similarities with our

simulated results, provided that the simulated results are averaged over long

enough time interval. Figure 12 shows a six days averaged circulation obtained

from the model and centered around August 12. The wind during this period is

light and southwesterly, typical of the wind condition in the bay during

Suttlier. The simulated circulation is seen to share most of the global features

inferred from the observations. It appears that the model result more closely

resembles Abood's picture of the circulation, especially with regard to the

intrusion of water from the Narrows into the mouth of Raritan Bay. The model

also predicts the observed north-westerly flow near the northern shore of the

bay, apparently induced by the predominat south-westerly wind. The model fails

to predict the clockwise gyre south of Sandy Hook, as implied by Abood' s

picture. But here the model result agrees with Jefferies' picture that there

should be a northward flow along the western shore of Sandy Hook Peninsula.

This northward flow can be the result of the fresh water discharge from

Navisink River south of Sandy Hook on the New Jersey side of the model domain.

The model result suggests, however, even in the absence of this discharge, the

boundary constraint of Sandy Hook Peninsula should also produce the obser ved
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northward flow.
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5. Conclusions

Using real sea level and wind forcing and real river dischar ges we have

numeri cal ly simul ated the time dependent, three dimensional velocity and

salinity structures in the Hudson-Raritan estuary, covering the July through

September period of 1980. Me also compared the computed synoptic salinity

fields with observations along the Sandy Hook-Rockaway Point transect and the

time-averaged circulation in Raritan Bay. The principal results of this paper

are:

1. Computed surface  bottom! salinity contours show that patches of water of

constant salinity are produced in regions of estuary where there are complex

coastline and bottom bathymetries. These eddies are apparently induced by the

interaction of the time-dependent three dimensional velocity fields with

bathymetry. The eddies are advected and subsequently mixed throughout the

vertical water columns. These are important physical processes which

contribute to shear dispersion in an estuary.

2. The model predicts that convergences of water masses of different

densities by the three-dimensional velocity field can produce unstably

stratified water colures and lead to intense mixing which supplement the

turbulent mixing produced by the velocity shears. This physical process is

supported by observed salinity distributions along the Sandy kook-Rockaway

transect. The model predicts well the spacial and temporal locations of these

unstably stratified water columns and intense mixing. Madel results also

indicate that the instability occurs more often during flood than dur ing ebb

stage, presumably because of the large amount of denser water entering the

estuary during flood. Thus for the low discharge period which we have

simulated the mixing is generally more intense during the flood than it is

during the ebb.

3. Unsteady winds are important in changing the vertical velocity and
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salinity structures, which in turn change the turbulent mixing in the estuary

and would therefore affect the up-estuary salt transport. Both the

two-dimensional, horizontal "barotropic" circulation and the vertical,

gravitationally induced circulation vary considerably with wind forcing at

subtidal time scales. For the rather light wind stress  g0.5 dyne cm !
-2

during the simulation period, the subtidal variations in the velocity and

salinity fie1ds are most significant in Raritan Say where the local average

depth is 1ess than 5m.

4. Both observed and computed salinity distributions show that the water

changes from a vertically stratified state to a vertically homogeneous state

when the tide changes from a neap cycle to a spring cycle.

The significant subtidal signal we have found in our results make it

difficult to properly define a statistically equilibrium estuary with short

observational record. Results and conclusions obtained from short-record data

for defining an "average" condition in an estuary are therefore suspect. Me

shall elaborate on this point in Part III.

The good agreement of the model results with observations is encouraging,

although the model does contain some simplifying assumptions. For example, at

observation station 4 at the Sandy Hook-Rockaway transect  figure I!, the

observed temper ature taken during August 20 and 27 show that the maximum top

to bottom difference can be as much as 6 C. This produces a density
0

difference which would be effectively caused by a salinity difference of about

1.5 ppt. The observed sa1inity difference at the transect can be as much as 3

ppt, whereas the model's salinity difference at the same location across the

transect has va1ues of at most 2.8 ppt. Thus the local error in density

difference can be as much as 30-40% and would certainly affect the local

subtidal, density-induced circulation.

Other possible errors exist due to uncertainties in the open boundary

specif icati ons and the value of the bottom roughness par ameter z . Our
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sensitivity studies indicate that the latter error is not serious. A good

estimate of z is sti 11 desirable but can be quite complicated since z
0 0

depends not only on the bottom topographic fine structure, but also on

short-period surface waves  Grant and Madsen, 1979!. Other physical mechanisms

like surface heat flux and evaporation/percipitation, which are neglected in

the model, may also be important.
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List of Figures

1. The location map and the computational model region of the

Hudson-Raritan estuary. Depth contours are in meters below the mean tide

level. Rivers are also included in the calculation but they are not shown

here in the figure in order that we may show greater details of the main

estuary. The calculation in the East River strait  shown near the north

eastern boundary! ends at the Wi11ets Point, some 3.8 km beyond the

northern model boundary of the strait shown here. Jamaica Bay is also

included in the model, using the land storage region marked NEW YORK in

the figure. Details of these imp1ementations can be found in Oey, Mellor

and Hires, 1984a. The triangular symbols across the Sandy Hook-Rockaway

transect denote stations where salinity measurements were taken on 20 and

27 August.

2. Tidal elevation record  in meters above mean tide 'level! at Sandy Hook

tide station for July through September, 1980. This record and another

one at the Wil lets Point, East River strait, are used as open ocean

boundary conditions in the model.

3. Wind st~esses  dynes.cm , positive eastward and northward! at JFK

airport for July through September, 1980;  a! east-west component;  b!

north-south component. In the calculation these wind stresses are assumed

uniform spatially for the entire modelled region.

4. Computed surface and bottom  sigma = -0.95 surface, 0.05xdepth from the

bottom! velocity vector and salinity contour plots when the vertically

integrated current at the Narrows is approximately at  a! slack before

flood;  b! 3 hours 1 ater;  c! slack before ebb and  d! 3 hours later. The

arrows are plotted at every other grid points.

5. Computed 25H-LP surface and bottom velocity vector and salinity contour

plots centered at 12:00 noon on August  a! 15th;  b! 16th;  c! 18th and
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 d! 22nd. Average wind direction for each period is also shown.

6. Time-depth contour plot of low-pass filtered velocity at a mid-station

at the Sandy Hook-Rockaway transect. The velocity is normal to the

transect, positive seaward. Both the original and low-passed wind stress

components normal to the transect are also sho~n in the top panel.

7a. Computed Contours at 22:00 hours near the beginning of flood, August

19th, 1980, of the velocity u  positive to the right! the normal
-1

velocity u  positive ebbing!, both in cms, the salinity S in ppt and
n

the turbulence mixing coefficient K for salt in cm s at the Sandy2 -1

Hook-Rockaway Point transect. The heavy dotted line denotes values of 30

cms for uT, 50 cms for u, 30 ppt for S and 400 cm s for KH. The-1 -1 2 -1
n'

-1
heavy solid line denotes values of 0 cms for u and u, 29 ppt for S

2 -1 -1and 200 cm s for K . The light dotted line denotes values of -30 cmsH'

for u -50 cms for u, 28 ppt for S and 100 cm s for K . The contour
-1 2 -1

T' n'
-1 2 -1intervals are: 10 cms for uT and u, 0.25 ppt for S and 50 cm s forn'

KH.

7b. Contours at 23:00 hours, August 19th.

7c. Contours at 01:00 hour, August 20th.

7d. Contours at 03:00 hours near the beginning of ebb.

7e. Contours at 05:00 hours.

7f. Contours at 07:00 hours.

7g. Contours at 09:00 hours.

7h. Contours at 13:00 hours.

8. Caption same as figure 7 but for a section in Raritan Bay. The heavy

dotted line denotes values of 10 cms for uT and for u, 28.5 ppt for Sn'

and 25 cm s for KH. The heavy solid line denotes values of 0 cms for

vT and un, 28 ppt for S and 15 cm s for KH. The light dotted line

denotes values of -10 cms for uT and for u, 27.5 ppt for S and 5n'

cm s for KH. The contour intervals are: 2.5 cms for uT and u�, 0.12 -1 -1
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ppt for S and 2.5 cm s for KH.2 -1

-1
9a. Time-depth plots of devi ati ons of velocity  cms, top pannel! and

salinity  ppt, second pannel from the top! from their vertical averages

in the mid-position of the cross-section in the Raritan bay. The heavy

solid contour lines denote zero values of either the velocity or the

salinity deviations. Ebbing periods are marked by the letter "E" on the

top of the figure. The axi aI wind stress  third pannel from the top! and
-2

the cross-channel wind stress  bottom pannel! in dynes.cm are also

shown.

9b. Same as figure 9a but now at a mid-position of the cross-section in the

Narrows covering a different period of up-estuary wind event.

10. Comparison of computed  left panel! and observed salinity distributions

across the Sandy Hook-Rockaway transect. The hatched areas are where the

water columns are unstably stratified. The computed gradient Richardson

numbers Ri are also shown.  a! August 20, 10:00;  b! August 27, 16:00;

 c! August 20, 15:00;  d! August 27, 10:00.  a! and  b! correspond

approximately to slack before flood and  c! and  d! to slack before ebb.

ll. Near-surf ace residual circul ation in Raritan Say inferred by

 a! Jefferies �962! and  b! Abood �972!, from accumulated observations

made mostly during the Summer season when the wind is predominantly light

south-wester 1 y.

12. Six days Rime-averaged computed surface circulation in the estuary. The

time average is centered at 00:00 on August 12. The wind during this

period is light south-westerly, typical of the Summer wind condition in

the estuary.
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Fig«e 1. The location map and the computational model region of the
Hudson-Raritan estuary. Depth contours are in meters below the mean tide
level. Rivers are also included in the calculation but they are not shown
here in the figure in order that we may show greater details of the main
estuary. The calculation in the East River strait  shown near the north
eastern boundary! ends at the Wil lets Point, some 18 km beyond the
northern model boundary of the strait shown here. Jamaica Bay is also
included in the model, using the land storage region marked NEW YORK in
the figure. Details of these implementations can be found in Oey, Mellor
and Hires, 1984a. The triangular symbols across the Sandy Hook-Rockaway
transect denote stations where salinity measurements were taken on 20 and
27 August.
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Figure 2. Tidal elevation record  in meters above mean tide level! at Sandy kook
tide station for July through September, 1980. This record and another
one at the fillets Point, East River strait, are used as open ocean
boundary conditions in the model.
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Figure 3 . Mind stresses  dynes.cm, positive eastward and northward! at JFK
airport for July through September, 1980;  a! east-west component;  b!
north-south component. ln the calculation these wind stresses are assumed
uniform spatially for the entire modelled region.
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Figure 31.



Figure 4 ~ Computed surface and bottom  sigma = -0.95 surface, 0.05xdepth from the
bot tom! velocity vector and s al ini ty contour plots when the ver ti ca 1 ly
integrated current at the Narrows is approximate1y at  a! slack before
flood;  b! 3 hours later;  c! slack before ebb and  d! 3 hours later. The
arrows are plotted at every other grid points.



Figure 4b



Figure 4t:
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Figure 4d.



F'9«e 5 . Computed 25H-LP surface and bottom velocity vector and salinity contour
plots centered at 12:00 noon on August  a! 15th;  b! 16th;  c! 18th and
 d! 22nd. Average wind direction for each period is also shown.
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Figure Sc.



Figure 5d.
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Safhdy Hook

Figure 7a. Computed Contours at 22:00 hours near the beginning of flood, August
19th, 1980, of the velocity u  positiv~ to the right! the normal
velocity u  positive ebbing!, bI5th in cms, the saljni/y S in ppt and
the turbulence mixing coefficient K for salt in cm s at the Sandy
Hook~Rockaway Point transect. The hery dotted line denotes values of 30
cms for u, 50 cms for u, 30 ppt f or1S and 400 cm s for KH. Theheavy solid tIne denotes rallies of 0 cms for u and u, 29 ppt for $
and 200 cm s for K . The light dotted line den~t3~ values of -30 cms
for uT, -50 cms for, 28 ppt for 5 and 100 cm s for K . The cyntour
intervals are: 10 cms for uT and u, 0.25 ppt for S and 53 cm s forn'

H

Figure 7b, Contours at 23:00 hours, August 19th.



Figure 7c. Contours at 01:00 hour, August 20th.

Figure 76. Contours at 03:00 hours near the beginning of ebb.



-15 Figure 7e. Contours at 05:00 hours.
igure 7f. Contours at 07:pp hours.



Figure 7g. Contours at 09:00 hours.
Figure 7h. Contours at l3:00 hours.
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~ Caption same as figure 7 but for a1section in Raritan Bay. The heavy
dotted line2de~otes values of 10 cms for u and for u, 28.5 ppt for Sand 25 cm s for K . The heavy solid2lite denotes valuIs of 0 cms for
u~ and u, 28 ppt far S attd 15 Cm S far KH. The light datted line
dklotts values of -10 cms for u and for u�, 2$.5 ppt for 5 and 5cm s for K . The ~on!our intervals are: 2.5 "cms for uT and unm O.lppt for S anII 2.5 cm s for KH.
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Figure 8e,f.
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Figure Sg,h
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Figure 9 . Time-depth plots of deviations of velocity  cms, top pannel! and
salinity  ppt, second pannel from the top! from their vertical averages
in the mid-position of the cross-section in the Raritan bay. The heavy
so Iid contour lines denote zero values of either the velocity or the
salinity deviations. Ebbing periods are marked by the letter "E" on the
top of the figure. The axial wind stress  third pannel from t$e top! and
the cross-channel wind stress  bottom pannel! in dynes.cm are also
shown.



Figu« 9b. Same as figure 9a but now at a mid-position of the cross-section in the
Narrows covering a different period of up-estuary wind event.
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Figure lpga b

Oey, Figure lla,b

Fi9ure lla b Near-surface residual circulation in Raritan Bay inferred by
 a! Jefferies �962! and  b! Abood �972!, from accumulated observations
made mostly during the Summer season when the wind is predominantly light
south-westerly.



~ig«e 12. Six days time-averaged computed surface circulation in the estuary. The
time average is centered at 00:00 on August 12. 'The wind during this
period is light south-westerly, typical of the Summer wind condition in
the estuary.


