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Summary Prediction of water quality improvements in urban estuaries is an urgent pri-
ority for decision making about alternative mitigation measures, especially in the context
of changing pollutant loadings and freshwater discharges. Flushing Bay, an embayment of

G’roundwater the New York—New Jersey Harbor Estuary, is a ‘‘short’’ estuary (a special class of coastal
dl.scharg.e; plain estuary with specific geometric characteristics), in which source loading is changing
Tidal prism; and little is known about resultant mixing processes and characteristics. First-order values

Tidal excursion of longitudinal dispersion coefficient, tidal excursion and tidal prism for this estuary have

been estimated from non-synoptic salinity data using an adaptation of a one-dimensional
theoretical salinity intrusion model. Results indicate that ranges of longitudinal dispersion
coefficient are highly dependent on estimates of groundwater discharge, and the spatial
distribution of salinity and dispersion coefficient values is most sensitive to conditions at
low water slack (LWS). These findings represent a starting point for further investigation
of either groundwater discharge to the bay using numerical modeling or field studies of
longitudinal dispersion coefficient and mixing using sophisticated tracer methods.

© 2007 Elsevier B.V. All rights reserved.

Introduction

Water quality is of paramount concern in large urban estu-
aries where wastewater has been discharged for many dec-
ades (Garcia-Barcina et al., 2006; Jeng et al., 2005).
Traditional contaminant sources from industrial and urban
sewage and stormwater are being reduced due to more
stringent regulation. As treatment technologies have im-
proved, the sources and overall quality of water discharging

* Tel.: +1 718 997 3327; fax: +1 718 997 3299.
E-mail address: Timothy.Eaton@qc.cuny.edu

to these receiving bodies are changing. Numerical simula-
tion of coastal circulation in bays and estuaries is often used
to anticipate future trends in water quality, and requires an
understanding of the principal hydraulic parameters con-
trolling mixing, such as the coefficient of dispersion, tidal
excursion and tidal prism. Although dispersion coefficients
can also be estimated using large-scale tracer experiments
(Caplow et al., 2003; Ho et al., 2002), these experiments
are logistically complex and time consuming. However,
the spatial and temporal distribution of salinity in an estu-
ary, even when sampled non-synoptically, contains informa-
tion on circulation and mixing that can be applied to other
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substances in estuarine waters, such as contaminants that
degrade water quality.

Here, an adaptation of the theoretical salt intrusion
model developed by Savenije (1989, 1993a, 2005) for allu-
vial estuaries has been applied to salinity data in order to
constrain estimates of these parameters for Flushing Bay,
an embayment of the New York—New Jersey Harbor Estuary
adjacent to New York City (Fig. 1). Since the magnitude of
freshwater discharges (in this case, groundwater) to estuar-
ies is linked to the variation in salinity, preliminary dis-
charge values from numerical simulation and field
measurement are used to estimate ranges of longitudinal
dispersion. Flushing Bay is a one of a particular class of estu-
ary, a ‘‘short estuary’’ similar to that described by Wright
et al. (1973) to which this method is not believed to have
been applied. The extension of Savenije’s (2005) method
described here presents some innovations which may be
crucial to understanding the circulation in this type of estu-
ary. Specifically, the cross-sectional area assumed for the
shallow Flushing Bay differs significantly between high and
low tide, which required a modification of the method. Fur-
thermore, rather than calibrating the model to measure-
ments of salinity at specific equilibrium times during the
tidal cycle, the approach used here is to fit envelope curves
to the non-synoptic field data. Yet, despite these relax-
ations of the assumptions of the theoretical framework,
the model is shown to be useful for deriving important tidal
mixing parameters, demonstrating its robustness.

Flushing Bay discharges into the East River (ER) which
separates the island of Manhattan from Long Island, and is

O

a tidal strait that connects western Long Island Sound (WLIS)
to the Atlantic Ocean through New York Harbor. Flushing
Bay is the westernmost and historically the most contami-
nated of several embayments on the north shore of Long Is-
land (Fig. 1). Prior to the 20th century urbanization of the
watershed when LaGuardia International Airport was built
extending into the bay, it was fed by a stream, Flushing
Creek, of which the remnant is now just a narrow extension
of the southern end of the Bay. The ER-WLIS system has had
a large historical contaminant loading (IEC, 2002) from 18
municipal water pollution control plants (WPCP) and dozens
of combined sewage overflow (CSO) discharge points. Flush-
ing Bay has long been the receiving waters for 14 of these
CSO outfalls (Fig. 1) from which the fate and transport of
CSO particulates has been tracked (Fugate and Chant,
2006) on at least one occasion.

Hydrologic setting

Nevertheless, the water quality in Flushing Bay is likely to
improve considerably over the next few years because of
a combination of less wastewater input due to increasing
regulation, and more groundwater discharge due to chang-
ing water supply and aquifer conditions in the surrounding
borough of Queens.

New York City Department of Environmental Protection
(NYCDEP) is making major infrastructure investments in
large-capacity retention facilities under a consent agree-
ment with the US Environmental Protection Agency to re-
duce storm event CSO overflows into the NY—NJ Harbor
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Location map of Flushing Bay in the New York—New Jersey Harbor Estuary. Numbered stars indicate field sampling sites,

and small arrows indicate combined sewage overflow (CSO) discharge points.
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Estuary. One of these facilities and associated infrastruc-
ture improvements is projected to retain up to 40 million
gallons (1.5 x 10°> m®) of excess CSO discharge at the head
of Flushing Bay, and divert it gradually to a WPCP on the
East River. This facility has become operational in 2007,
thereby reducing the estimated wastewater loading to the
Bay by over 40% from previous levels.

Flushing Bay and Creek are of some hydrogeological
interest because of the history of groundwater pumping in
western Long Island. Municipal water supply for the sur-
rounding borough of Queens was formerly obtained from
the Brooklyn-Queens aquifer in the underlying Pleistocene-
age unlithified materials. Over the 20th century, hydraulic
head was drawn down in this shallow aquifer system, reduc-
ing baseflow to major streams, causing many to simply dry
up. Flushing Creek was the largest of these streams, and
although no flow measurements are known, groundwater
flow simulations by the US Geological Survey (USGS) showed
that its discharge was probably reduced by about two-thirds
(Buxton and Smolensky, 1999; Misut and Monti, 1999). Since
the 1980s, municipal water supply has been obtained princi-
pally from an aqueduct system bringing surface water from
reservoirs in the Catskill mountains north of New York City.
Hydraulic head has subsequently been rising, and USGS
groundwater modeling simulations have projected a dou-
bling of groundwater discharge to Flushing Creek and Bay
by the year 2020 (Buxton and Smolensky, 1999; Misut and
Monti, 1999). The combined reduction in CSO discharges
and projected increased groundwater input (Fig. 2) repre-
sent a major change in source loading to Flushing Bay (Eaton
et al., 2006).
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Figure 2 Changing trends of estimated freshwater discharges
to Flushing Creek and Bay: squares indicate estimated and
projected groundwater discharge (Buxton and Smolensky, 1999;
Misut and Monti, 1999) and solid triangles indicate available and
projected CSO annual discharge loadings expressed in compa-
rable units (source: NYCDEP).

Theoretical background

A comprehensive theoretical framework on the tidal dynam-
ics and salinity intrusion in alluvial estuaries has been pre-
sented by Savenije (1986, 1989, 1993a,b,c, 2005). Alluvial
estuaries generally resemble ‘‘ideal’’ estuaries defined by
their geometry, specifically their flat bottoms and approxi-
mately exponential reduction in width and cross-sectional
area in a longitudinal direction. This simplification corre-
sponds to the geometry of numerous estuaries worldwide
(Savenije, 2005) as well as the Flushing Bay estuary
(Fig. 3). However, as opposed to most coastal plain estuar-
ies, the Flushing estuary is a special subcategory of alluvial
estuaries called ‘‘short’’ estuaries, limited in length by the
topography (Wright et al., 1973). In addition to exponential
reduction in longitudinal width and cross-sectional area,
*short’’ estuaries are also characterized by an exponential
reduction in depth up-estuary (x-direction), such that all
three parameters can (to first-order) be described as an
exponential equation of the form (Savenije, 2005):

N = Ng exp (—;) (1)

In such cases the variables N, Ny and n can take on values
for cross-sectional area (A, Ag, a), width (B, By, b) or depth
(C, Co, c) where the convergence lengths a, b and ¢ (x-inter-
cepts) are related by 1/c=(1/a) — (1/b). For Flushing Bay,
computed values for area and width parameters are pre-
sented later (Table 1). Although the exponential trend for
depth could not be verified for this study, the geometry of
Flushing Bay corresponds well to this framework (Fig. 3).
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Figure 3 Verification of approximately exponential variation
in tidal cross-sectional area A and width B with distance along
estuary axis for Flushing Bay. Fitted R? values for mean area and
width trends are 0.90 and 0.86, respectively. Dashed lines
indicate estimated exponential trend of cross-sectional area at
high water slack (HWS) and low water slack (LWS) assuming a
2 m tidal range at the mouth of the bay.



Analytical estimates of hydraulic parameters for an urbanized estuary — Flushing Bay 191

Table 1 Geometrical characteristics and exponential coefficients for Flushing Bay
Tidal Exponential coefficients Convergence  Tidal prism P Calibrated salinities Calibrated mixing
conditions  Ng (m? or m) lengths n (m)  (10° m3) So (kg/m?3) coefficients og (M™")
Area A HWS 6.7 x10° 1.08 x 10° 13.4 28 57
Mean® 4.8x 10 1.1x10° 9.7 - -
LWS 3.0x10° 1.27 x 10° 6.0 22 8
Width B Mean® 1.9x10° 1.4x10° - - -

@ Mean tidal water levels defined by NOAA on navigation maps.

b This is y-intercept of fitted exponential function, actual bay mouth area is 6.4 x 10> m?.

Note that the convergence (line slopes on Fig. 3) differs be-
tween the longitudinal cross-sectional area and the width,
which implies a slight bottom slope.

The theory further assumes a small ratio of tidal ampli-
tude to depth, and sufficient mixing laterally, allowing
salinity gradients for example, to be considered in one
dimension along the axis of the estuary (Horrevoets et al.,
2004). One-dimensional analytical solutions to the complete
St. Venant hydraulic equations have been developed for dif-
ferent estuarine processes such as tidal propagation, wave
celerity and phase lag (Savenije, 2005; Savenije and Veling,
2005). Dispersion processes, both tidal and gravitational,
are central to the resultant longitudinal distribution of
salinity. Recently, this system of analytical equations was
shown to be solvable in closed form when expressed as
dimensionless parameters and compared to one-dimen-
sional numerical simulations (Toffolon et al., 2006).

The shape of the measured salt intrusion curve is consid-
ered here in an inland direction away from the maximum va-
lue Sq at the estuary mouth. In addition, following Savenije
(2005), an empirical relationship is introduced between nor-
malized longitudinal dispersion coefficient D/Dy and nor-
malized salinity S/So where K is the dimensionless Van den
Burgh’s coefficient as follows:

D [/S\*

o (s) <2>
The unsteady-state one-dimensional salt balance equa-

tion presented by Savenije (2005) is

RAS Q)G - o (405) = R 3
where r; is the storage width ratio between entire wetted
surface and flow width (—).

S =S(x, t) is the salinity in kg/m>, A = Agexp (%) is the
cross-sectional area of the estuary (m?), Q= Q(x, t) is the
discharge, divided into tidal (Q:) and freshwater (Qs) parts
(m3/s), D=D(x,t) is the longitudinal dispersion coefficient
(m?/s), and R is the salinity source term (m2/s).

Simplifying to tidal average (TA) conditions following
first-order approximations used by other workers (Fischer
et al., 1979; O’Kane, 1980), and assuming equilibrium be-
tween advective and dispersive terms, Savenije (2005) inte-
grated this salt balance equation with respect to x to give

057a

Q¢(Sta — S) — ATADTAW 0 (4)

with boundary conditions St = Sf and 0S75/0x =0 as x — co.

Two other cases besides tidal average (TA) where this
equation is applicable are high water slack (HWS) and low
water slack (LWS), which are of greater interest here be-
cause they provide envelope curves for values of the longi-
tudinal salinity distribution. The curves differ merely by a
horizontal translation in S—x space equal to half the tidal
excursion. For the two equilibrium conditions at HWS and
LWS, the resulting solutions have been shown to accurately
predict longitudinal salinity distributions at numerous allu-
vial estuaries worldwide (Savenije, 2005), even when the
estuary is multi-channeled (Nguyen and Savenije, 2006).
Assuming the salinity S; of freshwater inflow is zero and
the subscript i corresponds to either HWS or LWS, the equa-
tion expressed in general form is as follows:

0Si _ Qs o
X AD, (i) (5)

If Q¢/(AiD;) were constant (which is seldom the case), this
would have the well-known solution with salinity at the
estuary mouth S

Si(x) = Spexp (A(,-zl;,- x) (6)

However, differentiation of Eq. (2) with respect to x as
shown by Savenije (1993a, 2005) gives the expression for
the distribution of longitudinal dispersion with distance

dD; D as

dx ~  Sox @)
The right-hand side of the above equation is equivalent to
K(Qs/A), based on elaboration of the Van den Burgh’s equa-
tion (Eq. (2)). Furthermore, taking into account the expo-
nential geometry (Eq. (1)), particularly the cross-sectional
area of the estuary, the solution for longitudinal dispersion
(Savenije, 2005) is

B KaQ; X
D=Dp+ = exp(a—1> (8)

where a is the cross-sectional convergence length (m).

Methods

The difficulty with using Egs. (8), (6) and (2) to estimate the
distribution of longitudinal dispersion coefficient D is that
the value of freshwater discharge (Qs) is often not well-
known, as in the case of Flushing Bay. Savenije (1989)
presented a spreadsheet method of solution in which a
new variable is introduced
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Olp = Di/Qr (9)

This variable op, considered a mixing coefficient (Nguyen
and Savenije, 2006) at the estuary mouth, can be substi-
tuted into Eq. (6), allowing different values of oy to be
tested against salinity measurements. In this way, the
bounding HWS and LWS salinity curves (Eq. (5)) can be fitted
to salinity data by trial and error.

An adaptation of the spreadsheet method (Savenije,
1989) was employed here in which some of the assumptions
in the theoretical development could be relaxed. First, in
contrast to normal marine salinity, the salinity at the mouth
of Flushing Bay is not constant because the East River itself
forms part of the larger NY—NJ Harbor Estuary. So two dif-
ferent values each of Sy and o were identified, allowing
independent fitting of the HWS and LWS curves to the data-
set. Dispersion coefficients and values of mixing coefficient
og vary with the tidal stage, but the Van den Burgh coeffi-
cient K should be constant for any given estuary (Savenije,
2005). The tidal excursion Ey was also assumed to be con-
stant for the period of this study in 2006, allowing the tidal
prism P to be estimated as the product of E; and estuary
mouth area for HWS and LWS conditions. Secondly, the mag-
nitude of the cross-sectional area of the bay varies consid-
erably because of the tidal range of approximately 2 m.
The depth at the mouth was assumed to be 1 m higher than
the mean at high tide (HWS) and 1 m lower than the mean at
low tide (LWS). Hence, the resulting cross-sectional area of
Flushing Bay at its mouth (Ag) is much larger at high tide
than at low-tide (Fig. 3) because most of the bay is shallow
(<2 m depth) around the dredged narrow shipping channel
(>4 m depth) along the axis. Two different exponential
functions (HWS and LWS) of the form of Eq. (1) were used
here to describe the variation of area along the estuary axis
rather than one single (TA) function (Savenije, 1989; Save-
nije, 2005). Coefficients and convergence lengths for these
exponential functions were computed.

Salinity data were collected once weekly at each of ten
sites around Flushing Bay (Fig. 1) during the summer of
2006 (Eaton et al., 2006) using an Extech portable refrac-
tometer Model 99716. This watershed has been considerably
transformed by urbanization, and the meanders of the for-
mer Flushing Creek were replaced in the early 20th century
by two connected artificial basins, Meadow Lake and Willow
Lake. They have a hydraulic connection to the narrow south-
ern extension of Flushing Bay through a culvert and channel
extending north from Meadow Lake. Site 1 was located
where the channel enters this culvert. In Flushing Bay prop-
er, data collection was limited to shoreline locations, but
many sites had long piers that extended out into the bay.
Since this shallow embayment is well mixed laterally and
vertically (Fugate and Chant, 2006), it was assumed that
these data are representative of the average values in
cross-sections on the longitudinal profile. The sampling sche-
dule was designed to provide several measurements at high,
midrange and low tidal stages for each site. There is no tidal
gage in Flushing Bay, so the approximate relative tidal level
was estimated when data were collected, and checked
against records from the nearest National Oceanic and Atmo-
spheric Administration (NOAA) tidal gage in the East River.

In this paper, envelope curves defined by Eq. (6) are fit to
field measurements to constrain values of the dispersion

coefficient and tidal excursion in the Flushing Bay estuary.
A sensitivity analysis is applied to these data, then ranges
of longitudinal dispersion coefficient are presented based
on independent estimates of freshwater input. Freshwater
input is a combination of direct groundwater discharge
and surface water discharge through the culvert and chan-
nel from Meadow Lake, however it all originates from
groundwater since there are no significant surface inflows
to Meadow or Willow Lakes. It is also assumed that the influ-
ence of this continuous discharge on salinity variation in
Flushing Bay predominates the infrequent episodic dis-
charges from CSO discharges during storm events. To con-
strain ranges of dispersion coefficient D;, steady-state
estimated high, midrange and low values of freshwater in-
put (Qf) were obtained from three independent sources.
The first was a preliminary groundwater flow model cali-
brated to measured water level elevations in monitoring
wells (Busciolano, 2001), the second a USGS estimate from
more sophisticated groundwater flow modeling for the year
1991 (Misut and Monti, 1999), and lastly a 2006 field mea-
surement of discharge using the standard velocity—area
method along the channel leading north from Meadow Lake
during low-tide conditions. While it is likely that groundwa-
ter discharge to the lakes and Flushing Bay varies temporally
with the tidal cycle, and the distribution of groundwater
discharge varies spatially along the axis of the estuary, per-
haps according to an exponential or similar function (Boku-
niewicz, 1992), analysis at that level of detail was beyond
the scope of this study.

Results

Measurement values of salinity with distance from the
mouth of Flushing Bay along with the fitted HWS and
LWS envelope curves (Fig. 4) show that the salinity intru-
sion curve is dome-shaped, which is typical for a tidally
dominated estuary with a wide mouth and relatively low
freshwater discharge (Savenije, 1993a, 2005). Near the
mouth of the bay, the salinity gradient is very low with
salinity values from about 22 to 28 kg/m?, consistent with
values reported from the East River (Sweeney and Sanudo-
Wilhelmy, 2004). As the salinity gradient increases inland,
this range expands, to almost 0—15 kg/m? at the landward
end (Site 1, 5791 m). Most of the data values near the
upper HWS curve represent high tide conditions, whereas
many of the values nearest the lower LWS curve represent
low-tide conditions. Discrepancies in this pattern can be
attributed to the uncertainty in tidal stage at each loca-
tion and delayed mixing at the shoreline sampling loca-
tions. Of course, most of the data represents tidal level
at some intermediate stage, and few extreme values of
tide stage and salinity could be sampled. Tidal excursion
cannot be interpreted directly from the horizontal distance
between the HWS and LWS curves as in the original spread-
sheet model (Savenije, 1989), because the HWS and LWS
salinity intrusion is calculated independently. However,
the tidal excursion is estimated to be 2000 m based on
the calculated relationship between the tidal average
(TA) curve and the HWS curve following Savenije (1989).
Estimated tidal prism and coefficients for the exponential
equations used to represent the longitudinal variation in
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Figure 4 Calculated salinity intrusion curves fitted to data
collected in Flushing Bay. The upper curve corresponds to
conditions at high water slack (HWS) and the lower curve
corresponds to low water slack (LWS). Field data values were
collected at all different stages of the tide, hence they fall
within the envelope curves.

estuary cross-sectional area, width and fitted salinity intru-
sion curves are presented in Table 1.

The value for the Van den Burgh coefficient K which is
characteristic of alluvial estuaries (Eq. (2)) is estimated at
0.2—-0.25 for Flushing Bay, based on calibration of this mod-
el: that is, simultaneous fitting of the HWS and LWS salinity
envelope curves (Fig. 4) to the field data. This low value of K
is typical of estuaries where tidally driven mixing is more
important than density-driven mixing. A sensitivity analysis
(Fig. 5) was conducted by varying the value of K within rea-
sonable ranges (0 < K < 1). The major effect of varying the
value of the Van den Burgh coefficient is to cause a steeper
salinity gradient inland for the HWS curve and especially for
the LWS curve at high values of K (>0.9). The sensitivity
analysis confirms that 0.2—0.25 is a reasonable estimate
for K, however, the solutions are not sensitive enough and
the non-synoptic data set is not large enough to refine this
estimate any further.

The fitted envelope curves for HWS and LWS are much
more sensitive to values of the mixing coefficient oy for
each condition. Salinity intrusion curves were calculated
for each of the values of o that caused significant differ-
ences in the shapes of the curves (Fig. 6). The LWS curve
varies more depending on the value of the mixing coeffi-
cient (xg+/—4) for the data collected in this study than
does the HWS curve (o +/— 24). Of course, the location of
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Figure 5 Sensitivity of calculated salinity intrusion curves to

the value of the van den Burgh coefficient K. Points indicate
shape of intrusion curves for selected multiples of K as shown.

the steepest portion of the salinity gradient shifts in the
estuary with the tides, but data were not collected further
up into the estuary in Meadow and Willow Lakes. The HWS
curve is most sensitive to values of oy near the toe of the
salinity intrusion whereas the LWS curve is most sensitive
in the middle reaches of the estuary. Therefore, over most
of the estuary length, when salinity measurements at LWS
are used in conjunction with this modified model, LWS esti-
mates of oo and Dy are likely to be more accurate than HWS
estimates of these parameters using HWS salinity data.

The sensitivity of the salinity intrusion curves at HWS and
LWS also translates into a sensitivity of the dispersion coef-
ficient D to the mixing coefficient . The normalized longi-
tudinal dispersion curves calculated with Eq. (2) (Fig. 7)
indicate that at LWS, the dispersion coefficient is increas-
ingly sensitive inland to the mixing coefficient until it be-
comes zero where freshwater dominates, as predicted by
the theoretical framework (Savenije, 2005). In contrast,
the calibrated exponential function for dispersion only
shows an inland decrease to approximately 86% of the dis-
persion coefficient value at the mouth of the bay for HWS
conditions, and is much less sensitive to values of mixing
coefficient o.

Estimated values of the longitudinal dispersion coeffi-
cient Dy at the mouth of Flushing Bay for different values
of mixing coefficient oo and freshwater input are shown in
Table 2. The ranges of dispersion coefficient values corre-
sponding to the calibrated values of oy are rather broad
for HWS: 9m?s~" to 26 m*s~" but considerably narrower
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Sensitivity of calculated salinity intrusion curves to

values of mixing coefficient o for both high water slack (HWS)
and low water slack (LWS) conditions. Points indicate shape of
intrusion curves for selected variation in «g as shown.

for LWS: 1—4m?s~", and these values would decline expo-
nentially inland according to the curves in Fig. 7. However,
in the absence of field experiments, they represent first-or-
der estimates of the magnitude of this important mixing
parameter. They compare favorably to actual values of lon-

gitudinal dispersion coefficient of approximately 70 m

2 S—1

determined from SF¢ tracer experiments in the nearby Hud-

son River (Ho et al., 2002), in

which advective flow due to

river discharge as well as tidal forcing is much greater.

Figure 7 Sensitivity of calculated dimensionless dispersion
curve to values of mixing coefficient «g for both high water
slack (HWS) and low water slack (LWS) conditions. Points
indicate shape of dispersion curves for selected variation in g
as shown.

Considering the uncertainty of freshwater inflow to
Flushing Bay, and the approximations involved in estimating
these values from the one-dimensional theoretical frame-
work using non-synoptic field data, these data provide an
important starting point for additional characterization of
mixing processes in this urbanized estuary, in which little
other field data is available. For example, future tracer
experiments using SF¢ could be used to verify and perhaps

Table 2 Sensitivity and estimated ranges of longitudinal dispersion coefficients at mouth of Flushing Bay calculated from Eq. (9)

Tidal stage Mixing coefficient op (m~") range Estimated freshwater inflow Q2 (m>/s)
0.163 0.227 0.453
Dispersion coefficients Do (m?/s)
HWS conditions Max: og + 24 13.2 18.3 36.7
Calibrated o9 9.31 12.9 25.8
Min: o — 24 5.39 7.47 14.9
LWS conditions Max: o + 4 1.96 2.72 5.44
Calibrated oo 1.31 1.81 3.62
Min: o9 — 4 0.65 0.91 1.81

2 As described in text.
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refine these values and thereby constrain values of freshwa-
ter (groundwater) discharge to the Bay using the relation-
ships described herein. Since groundwater discharge has
been projected to increase substantially (Buxton and Smo-
lensky, 1999; Misut and Monti, 1999), these findings and
methods can provide important independent verification
of numerical flow modeling predictions. Conversely, if more
refined numerical modeling (taking into account density dif-
ferences for example) or detailed field measurements (using
temperature or automated seepage measurement devices)
provide new data on groundwater discharge, values of longi-
tudinal dispersion coefficient in Flushing Bay can be further
constrained.

Conclusions

First-order values of longitudinal dispersion coefficient, ti-
dal excursion and tidal prism for Flushing Bay have been
estimated from non-synoptic salinity data using an adapta-
tion of a one-dimensional theoretical salinity intrusion mod-
el (Savenije, 2005). Since the pollutant loadings and sources
of freshwater discharge to this embayment of the NY—NJ
Harbor Estuary are changing rapidly due to a combination
of stricter CSO discharge regulation and water supply
dynamics, these data are a starting point for additional
investigation of future water quality improvements. The
relationships between freshwater (groundwater) discharge
to Flushing Bay and estimates of dispersion coefficient out-
lined here provide a mechanism for independent verification
of either better groundwater discharge estimates or better
dispersion coefficient estimates determined from field tra-
cer studies.

The relaxation of some of the assumptions of the under-
lying theory, and the extension of the salinity intrusion mod-
el used here suggests that the model is quite robust.
Nevertheless, as suggested by Savenije (2005), a better
way of collecting salinity data to apply this model would
be along the estuary axis from a moving boat following
the tide at HWS and LWS. In cases similar to this study,
where such a protocol was not feasible, this work shows that
the adapted salinity intrusion model can still be useful for
estimating tidal and mixing parameters by fitting envelope
curves to non-synoptic data. If such HWS and LWS data
can also be collected from a moving boat, the comparison
of such synoptic and non-synoptic data, in conjunction with
the salinity model results, could illuminate aspects of estu-
arine circulation which may be specific to this type of
‘*short’’ estuary, a subset of the general class of alluvial
estuaries.

To date, efforts at predicting water quality changes and
residence time in Flushing Bay using numerical coastal cir-
culation models have been hampered because the effect
of groundwater discharge to the Bay has apparently not
been considered (source: NYCDEP Flushing Bay stakeholders
public meetings 2006, 2007). In particular, public policy
decisions about the advisability of removing control struc-
tures such as a breakwater extending into the bay (Fig. 1)
depend on a better understanding of mixing processes in
this urbanized estuary. The reliability of numerical model-
ing of residence time and water circulation in Flushing Bay
and other similar urbanized estuaries depends on robust in-

put parameters. The values of longitudinal dispersion coef-
ficient, tidal excursion and tidal prism estimated in this
paper represent a first step in that direction.
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