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ABSTRACT: A major assumption of the Empirical Transport Model (ETM), widely adopted by both electric utilities
and regulatory agencies for estimating the effects of entrainment mortality on fish populations in estuaries, is that the
fraction of ichthyoplankton entrained varies only in response to changes in water withdrawals, not to changes in fresh-
water flow. We evaluated this assumption using a particle-tracking model to estimate the probability of entrainment at
power plants on the Hudson River during low and high freshwater flow periods and comparing those probabilities with
estimates calculated from the ETM. We found that freshwater flow had a profound effect on the probability of entrain-
ment. Both the number of river regions from which particles were entrained and the probabilities of entrainment for
particles in those river regions differed between low-flow and high-flow periods. During high flow, particles spent less
time in the grid box next to the intakes, reducing the probability of entrainment for particles released in the river region
of each power plant and the average probability of entrainment across all regions at three power plants. The reduced
probability of entrainment for particles released in the river regions of two power plants was offset by higher entrainment
for particles upriver of these power plants. Although the average probabilities of entrainment across all river regions
estimated with the particle-tracking model and the ETM were relatively similar for some power plants at high flow, low
flow, or both, the probabilities for each river region differed considerably between the models. The number of river
regions from which particles were entrained using the ETM was consistently underestimated, resulting in probabilities

for regions where entrainment occurred that were biased high compared with the particle-tracking model.

Introduction

Power plants, factories, and industrial facilities in
the United States withdraw more than 279 X 10°
gallons of cooling water a day from surface waters
(U.S. Environmental Protection Agency [U.S.
EPA] 2002). The withdrawal of such large quanti-
ties of water caused the U.S. Environmental Pro-
tection Agency to be concerned that substantial
numbers of aquatic organisms are being adversely
affected because of entrainment. Entrainment oc-
curs when aquatic organisms, including fish eggs
and newly hatched fish (ichthyoplankton), are
drawn into cooling systems along with cooling wa-
ter. Entrained organisms are exposed to mechani-
cal, thermal, and sometimes, toxic stress. These
stresses can cause high mortality rates for some
species of entrained ichthyoplankton (U.S. EPA
2002).

The Empirical Transport Model (ETM) has
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been widely adopted by electric utilities and regu-
latory agencies for estimating the effects of en-
trainment mortality on fish populations in estuar-
ies, notably the Hudson River (Electric Power Re-
search Institute 1999). It requires data on the dis-
tribution of ichthyoplankton in the source water
body and the volume of cooling water withdrawn
from each region of that water body. A major as-
sumption of the ETM is that the fraction of ich-
thyoplankton entrained varies only in response to
changes in water withdrawals, not to changes in
freshwater flow. Because freshwater flow varies in
estuaries seasonally and annually, accounting for
freshwater flow would make the ETM more real-
istic and potentially improve the accuracy of its re-
sults.

Freshwater flow can be accounted for by using a
particle-tracking model to estimate region-specific
entrainment probabilities. This approach would
produce time-varying estimates of the fraction of
ichthyoplankton, in each region, that are en-
trained and estimates of the number of times each
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particle is entrained during a week. Estimates of
the number of times ichthyoplankton are en-
trained can be used to refine estimates of the prob-
ability of dying because ichthyoplankton that are
entrained multiple times are more likely to die
than ichthyoplankton that are entrained once
(Electric Power Research Institute 2000).

During 1996, the New York State Department of
Environmental Conservation, environmental ad-
vocacy groups, and electric utilities were negotiat-
ing conditions of the State Pollutant Discharge
Elimination System permits for power plants op-
erating along the Hudson River. These groups
jointly decided that a study should be conducted
to calculate entrainment probabilities for power
plants at five sites on the Hudson River using a
particle-tracking model calibrated during low and
high freshwater flow periods and to compare those
estimates with entrainment probabilities from the
ETM. The study was conducted as part of the per-
mitting process. The methods and results are pre-
sented in this paper.

Methods
STUDY LOCATION

The Hudson River estuary extends from km 0 at
the southern end of Manhattan to km 247 at the
Federal Dam in Troy, New York (Fig. 1). It is es-
sentially a flooded valley with little gradient and
has a mean depth ranging from 4 to 22 m. Between
km 247 and km 0, the river only drops about 1.5
m, an average of 1.6 cm km™!. Tides are the dom-
inant source of water movement, reversing the di-
rection of flow in the river twice each day. The
maximum tidal excursion is about 21 km. The
mean ebb current velocity is 0.4 m s™! and the
mean tidal flood current velocity is 0.36 m s!
(Cooper et al. 1988).

The study area extended from km 33 to km 247.
The power plants (Bowline Point, Danskammer,
Lovett, Roseton, and Indian Point Units 2 and 3;
Fig. 2) are located between km 60 and km 107
(Hutchison 1988). They can withdraw water from
the river for once-through cooling at a maximum
rate of 6.1 X 109 gallons per day (Central Hudson
Gas and Electric Corporation et al. unpublished
data). The entrainment of ichthyoplankton caused
by those water withdrawals has been of consider-
able interest to electric utilities, the public, and
regulators (Dunning et al. 2000).

CIRCULATION MODEL

We used the Estuarine and Coastal Ocean Model
(ECOM), a three-dimensional, time-dependent, es-
tuarine and coastal circulation model originally de-
veloped by Blumberg and Mellor (1987) to simu-
late the movement of neutrally buoyant, passive

particles. ECOM incorporates the Mellor-Yamada
2.5 level turbulent closure model (Mellor and Ya-
mada 1982; Mellor 2001) that provides a realistic
parameterization of vertical mixing processes. A
system of curvilinear coordinates is used in the
horizontal direction, allowing for a smooth and ac-
curate representation of variable shoreline geom-
etry. In the vertical direction, the model uses a o-
coordinate system to permit better representation
of bottom topography. Water surface elevation, wa-
ter velocity (in three dimensions), temperature, sa-
linity, and water turbulence are calculated in re-
sponse to meteorological conditions, freshwater in-
flows, tides, and temperature and salinity at the
open boundaries. The model solves a coupled sys-
tem of differential, prognostic equations describ-
ing the conservation of mass, momentum, temper-
ature, salinity, turbulent energy, and turbulence on
a macroscale. It has most recently been used to
simulate the dynamics of St. Andrew Bay, Florida
(Blumberg and Kim 2000) and New York-New Jer-
sey estuary (Blumberg et al. 1999).

The ECOM for the Hudson River estuary has a
high-resolution grid for resolving detailed hydro-
dynamic features between km 33 and km 118 (Fig.
1). In this region, the grid typically has 10 boxes
in the crossriver plane and 10 in the vertical plane.
These boxes are 200 m wide and 650 m long on
average and have a minimum width of about 50 m
and a minimum length of about 200 m. A lower
resolution grid is used between km 118 and km
247. In this region, the grid has 3 boxes in the
cross-river plane. These boxes are 300 m wide and
3,000 m long on average. A computational time
step of 10 s was required to accommodate this grid
system. The circulation dynamics of the ECOM are
driven by surface wind stress, surface heat flux,
freshwater inflows, water levels, temperature, and
salinity. The influence of each power plant was sim-
ulated by specifying the rate of cooling water flow
and the temperature difference between the in-
takes and outfalls. Cooling water was withdrawn
from the grid box next to each power plant at
depths corresponding to those of the intake (Fig.
2). The discharge flow was also added to the grid
box next to each plant. This approach did not sim-
ulate the physical dynamics in the near-field region
of the intakes and outfalls. Parameterization of the
horizontal and vertical mixing processes in ECOM,
together with a sufficiently refined model grid like
the one used here, simulates the near-field entrain-
ment processes sufficiently well to provide confi-
dence that the far field results are not biased
(Blumberg et al. 1996).

PARTICLE-TRACKING MODEL

The movement of particles in the model was de-
termined by exploiting the equivalency between



L

416~ Poughkeepsie :
Region ju

44—

Region

Region

Latitude (°N)

412 —Croton-Haverstraw

_____________________________

Region

4.0~

Hastings-on-Hudson

George Washington

Bridge,
jy S a,{d
40.8 ni I o £/ A"b‘

74.20 74.10 74.00 73.90 73.80
Longitude (°W)

el

120 km

~100 km

Latitude (°N)

40 km

20 km

A Particle-tracking Model for Entrainment 517

—r—T 77—
.............. TroyDam Q|
USGS gauge: &
Inflows: & -240 km
PowerPlant:
46—
-220 km
2.4
L -200 km
2 -180 km
r -160 km
420
Kingston -140 km
r Region
AL L | o J e L L A
MATCH LINE
7410 7400 7390 7380 7370 73.60
Longitude (°W)

Fig. 1. Location of United States Geological Survey (USGS) gauges for measuring water level, USGS flow stations, and Hudson

River power plants on the Hudson River.

tracking particles and solving a mass transport
equation for a conservative substance (Tompson
and Gelhar 1990). Following Dimou and Adams
(1993), a random-walk, particle-tracking scheme
was designed that calculated the displacement of
particles as the sum of an advective component
and an independent, random Markovian compo-
nent that statistically approximates the dispersion
characteristics of the environment. By relating the
advective and Markovian components to the ap-
propriate terms in a mass conservation equation,
the distribution of particles was the same as that

concentration resulting from the solution of the
conservation equation.

In a three-dimensional environment, a conser-
vative substance is transported by advection and
dispersion. The solution for this transport problem
is commonly based on the mass balance equation.
By introducing the o transformation in the vertical,
- 1-z_1 (1)

H+n D
where z is the vertical coordinate, H(x,y) is the wa-
ter depth, m(x,y) is the surface elevation, and D is
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Fig. 2. Location of the power plant intakes and outfalls, and mooring stations, in relation to grid cells of the Estuarine and Coastal

Ocean Model.

the total depth, H + v, the transport equation for
a conservative tracer in an orthogonal curvilinear
coordinate system (&, &, o) can be written as
(Blumberg and Mellor 1987):
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tis time, Cis the concentration, &, and /%, are the
metrics of the unit grid box in the & and &, direc-
tions, U, and U, are the velocity components along
the & and &, directions, W is the vertical velocity
(z direction), and A, and Kj; are the horizontal
and vertical mixing coefficients, respectively. All
are part of ECOM’s set of equations. By adding
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Equation 5 was the key link to the particle-track-
ing model. The starting point for the Lagrangian
model was the three dimensional Langevin equa-
tion (Coffey et al. 2003):

X _ = e
— = AKX, 0+ BIX, 02 (6)

where 3((t), A(S(, 1) and B(S(, ) are vectors, 3((t)
defines the position in three dimensions of a par-
ticle, A(X, ¢) is the deterministic particle advection,
B(X, t) represents a random component that leads
to particle diffusion (Solomon et al. 1994), and



Z(t) is a vector of independent random numbers
with zero mean and unit variance.

If f= fIX, 4X,, 1,) were defined as the condition-
al probability density function for the positions
X(t) of particles whose initial position at ¢, is X, it
would satisfy the Fokker-Planck equation (Tomp-
son and Gelhar 1990; Brickman and Smith 2002)
in the limit as the number of particles gets very
large and the time step used to solve the conser-
vation equation gets very small. The evolution of f
is described as

o .9 _ ve[Llppr
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The transport Eq. 5 is equivalent to the Fokker-
Planck Eq. 7 written in orthogonal curvilinear co-
ordinates if f= hhDC (Thomson 1987). This Eu-
lerian consistency relationship then provides the A
function
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A(X 1), Q(X {) in Eq. 6 were determined and the
position X(t) of each particle was calculated. The
development of this particle-tracking model in or-
thogonal curvilinear coordinates has not previous-
ly been reported in the literature.

The numerical algorithm used in the solution of
Eq. 6 was based on the same orthogonal curvilin-
ear grid structure and interpolation schemes built
into ECOM. To ensure that the particle-tracking
method was correct, tests comparing the method
with analytical solutions were conducted (Zhang
1995). The tests involved long straight channels
with flat and sloping bottoms and circular channels
with open and closed lateral boundaries. The
method was able to obtain the correct answer for
all of these test cases.
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ENTRAINMENT PROBABILITIES

The particle-tracking simulation involved releas-
ing neutrally buoyant, passive particles throughout
the model grid at different times. The probability
that a particle would be entrained at a power plant
intake was expected to depend on transport from
the point of release to the grid box from which
water was withdrawn from the Hudson River, the
amount of time spent in the grid box of the intake,
and the probability of entering the intake when in
the grid box.

In the Hudson River, particles are transported
by tidal currents and dispersed both vertically and
horizontally by turbulent diffusion. Although the
net movement of water is downriver, the ebb and
flow of tidal currents can transport particles to the
grid box of an intake multiple times. In the model,
the location of every particle was recorded at each
10-s time step. As a result, the number of particles
that spend k time steps in the grid box of an intake,
N,, can be counted. The probability that a particle
would be located in the grid box of an intake for
k time steps is

N

Polh) =~ (10)
where N is the total number of particles released
from a given location. This definition of P, im-
plicitly uses the volume of the grid box since the
number of particles is counted regardless of the
volume of the box itself. Physically, the volume of
the box should not play a role in the analysis.

Near a power plant intake, flows are typically
complex, having high swirl levels and free surface
vortices, due to the layout of the intake pumps and
their relatively large size (Melville et al. 1994). Al-
though the factors causing these complex flows are
well known, there is no theoretical method for pre-
dicting this nearfield behavior (Constantinescu
and Patel 1998). Consequently there is no general
method for determining the near-field probability
of entrainment for a particle in the grid box of an
intake. We expressed that nearfield probability as

ant * AT
— Lo 8T (11)

P
nf \¥4

where Q... is the volume of water withdrawn per
unit time at the power plant intake and where Vis
the volume of the model intake grid box. Equation
11 is the ratio of the volume of water withdrawn
from the intake grid box in time AT (i.e., one time
step of 10 s) to the volume of the grid box itself.
Equation 11 seems to suggest, similar to Eq. 10,
that the volume of the grid box has a role in the
analysis. The use of the box volume in Eq. 11 will
be countered by the implicit use of volume in Eq.
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10 later in the analysis. For each time step that a
particle spends in the grid box of the intake, it has
a probability equal to P, of being entrained. A par-
ticle that spends a total of k time steps in the grid
box of the intake could be entrained and then re-
entrained multiple times. Assuming that the prob-
ability of entrainment is independent for each
time step that a particle spends in the grid box of
the intake, then the probability that the particle
would be entrained n times during the k time steps
in the grid box of the intake is given by the bino-
mial distribution

k
Pae (1) = (H>Pﬁf(1 - Pyt (12)

where

k k!
(n) B nl(k — n)! (13)

The joint probability that a particle would spend &
time steps in the grid box of the intake and be
entrained n times is the product of Eq. 10 and 12

P(k, m) = Py (k) X P (n]k) (14)

The marginal probability that a particle released
from a given location would be entrained n times,
P(n), is the sum of the joint probability in Eq. 14
over all values of &,

P(n) = 2 Pk ) (15)
k=0

P(0) is the probability that a particle would not be
entrained. The probability that a particle would be
entrained once, i.e., initial entrainment, is P(1); re-
entrained once, i.e., entrained twice, is P(2); and
so forth. The combination of P, and P, . in Eq.
14 eliminates the seemingly inappropriate use of
volume in each of them because P,, has volume in
its numerator while P, .. has volume in its denom-
inator.

Prior to estimating the entrainment probabili-
ties, a sensitivity run was conducted to determine
if the number of released particles, their time of
release within a tidal cycle, or their initial lateral
position within a cross section would effect the
probability of entrainment. The presence of rela-
tively complex tidal currents in the Hudson River
created a dynamic environment where particles re-
leased on the ebb portion of the tidal cycle fol-
lowed very different trajectories from those re-
leased on flood cycle. The lateral shear in current
field also played a role in the path of released par-
ticles. The distribution of particles released along
the banks of the river tended to be streaky and
patch-like because currents there were slow, an or-

der of magnitude slower than those in the middle
of the river. These findings are in agreement with
what is known about dispersion in tidally dominat-
ed waters (Geyer and Signell 1992). The errors as-
sociated with underseeding of particles were more
difficult to quantify. Experiments where the num-
ber of released particles was varied were not defin-
itive. There are relatively few studies of particle tra-
jectory calculations in estuarine systems and none
provide real insight into the number of particles
required (Garvine et al. 1997). We used as many
particles as computationally feasible, which was
more than the number in previous studies (Brown
et al. 2000).

To obtain stable probability statistics, 100 parti-
cles were released every hour from 11 different re-
gions. The 11 regions correspond to segments of
the Hudson River used in entrainment studies
(Fig. 1). An array of 25 horizontal and 4 vertical
release positions were used for the 6 wider regions
(Tappan Zee, Croton-Haverstraw, Indian Point,
West Point, Cornwall, and Poughkeepsie) and an
array of 10 horizontal and 10 vertical release po-
sitions were used in the 5 narrower regions (Hyde
Park, Kingston, Saugerties, Catskill, and Albany),
so 1,100 particles were released every hour and
their positions recorded every 10 s, the model time
step. The low flow release period began August 9,
1997 and the high flow period began on March
19, 1998.

Particles were released hourly for 7 d and then
tracked for the following 7 d. Almost 185,000 par-
ticles were used in the analysis. The 7-d time pe-
riod was selected because ichthyoplankton sam-
pling in the Hudson River has historically occurred
weekly providing for an opportunity to validate this
Lagrangian approach against that data in a future
study. To estimate the probabilities of entrainment
and re-entrainment, the cumulative time various
numbers of particles spent in a particular intake
box was calculated for releases from all of the re-
gions.

DATA COLLECTION

Coastal Oceanographic Associates collected data
on currents, temperature, and salinity in the Hud-
son River during low and high freshwater flow con-
ditions and we obtained data on water levels, fresh-
water inflows, temperature, salinity, and meteorol-
ogy from the U.S. Geological Survey (USGS) and
the National Oceanic and Atmospheric Adminis-
tration (USGS 1998; Lott et al. 2001). The period
of low freshwater flow was August 14-30, 1997, and
the period of high freshwater flow was March 25—
April 9, 1998. Relatively high ichthyoplankton
abundance historically occurs during the periods
of both the low and high freshwater flow (Central



Hudson Gas and Electric Corporation et al. un-
published data).

A series of 8 shipboard velocity surveys and 2
large-scale hydrographic surveys were conducted
during the periods of high freshwater flow; half
during the spring tidal phase and half during the
neap tidal phase (Dragos and Geyer 1998a). A se-
ries of 4 shipboard velocity surveys and a large-
scale hydrographic survey were conducted during
the period of low freshwater flow (Dragos and Gey-
er 1998b). The velocity surveys, extending from
km 53 to km 108, consisted of measurements dur-
ing 12-h surveys using an acoustic Doppler current
profiler (ADCP). Vertical profiles of temperature
and salinity along the channel of the river were
taken at discrete stations during the ADCP surveys.
A mooring was deployed at km 67 concurrent with
the shipboard measurements to record currents,
bottom pressure, temperature, and salinity over
each entire study period.

Hourly data on water elevations from gauges at
Albany (km 234), Poughkeepsie (km 115), West
Point (km 82), Tomkins Cove (km 64), Congers
(km 53), and Hastings-on-Hudson (km 33) were
obtained from USGS as were daily data at the Troy
Dam (km 247), Esopus Creek (km 164), Rondout
Creek (km 146), Wappinger Creek (km 107), and
Croton River (km 53). The Hudson River dis-
charge at Troy is by far the largest source of flow.
During the low-flow period, the discharge was a
fairly constant 125 m? s~!. During the high-flow pe-
riod more variability was observed. The discharge
in the early part of the period was 750 m® s™! and
increased to 2,400 by the end of the 30 d. It aver-
aged 1,200 m? s~

The two major surface forcing functions, surface
heat flux and wind stress, were computed from the
3-h air temperature, air pressure, relative humidity,
cloud coverage, wind speed, and wind direction
data from Albany, New York, and Central Park,
New York City. Daily temperatures at the intake
and outfall of each of the five power plants and
daily flows at the intake were obtained from re-
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cords at the power plants for the periods of low
and high freshwater flow (Table 1).

The hydrodynamic model was run for two 30-d
flow periods: August 1-30, 1997, and March 11-
April 9, 1998. It was calibrated and validated using
data collected in the Hudson River from August
14-30, 1997, and March 25-April 9, 1998. The first
2 d of each 30-d flow period were considered spin-
up of the model and ignored. The specific math-
ematical formulation for the model boundary con-
ditions were the same as those used by Blumberg
et al. (1999). The horizontal viscosities and diffu-
sivities were based on the formulation of Smago-
rinsky (1963) with its associated constant found
here to be 0.1. This produced values of about 10
m? s~! for these horizontal mixing coefficients. The
vertical mixing coefficients were about 50 cm? s™!
when the water column is well mixed and about 5
cm? s7! when it is stratified. A quadratic bottom
friction was used with the bottom frictional drag
coefficient C; = 1.5 X 1073,

ETM CALCULATIONS

The conditional morality rate (CMR) for en-
trainment computed using the ETM is a weighted
average of cohort-specific and region-specific esti-
mates of conditional survival rates calculated as:

Br,r}

(16)

CA’/\IR = 1 - 2 pr{n ll - E Dk,l,CPEk,l,nPDEt,n
c k

t

where CMR is the estimate of CMR, p, is the pro-
portion of the total annual spawn due to weekly
cohort ¢, D, is the proportion of weekly cohort ¢
that inhabits river region k during calendar week
t, PL,,, is the probability of entrainment for cal-
endar week ¢ for fish of cohort ¢ who begin the
week in river region k, PDE, is the probability that
a fish of cohort ¢, that becomes entrained during
calendar week ¢, dies from being entrained, and §,,
is a binary variable that has a value of 1 if fish of

TABLE 1. The average, maximum, and minimum cooling water flow and temperature difference between the intake and discharge
(AT) of the Indian Point, Lovett, Bowline Point, Roseton, and Danskammer power plants for periods of high freshwater flow (March
25-April 9, 1998) and low freshwater flow (August 14-30, 1997) in the Hudson River.

Cooling Water Flow (m®s™!) AT (°C)
Low Flow High Flow Low Flow High Flow
Power Plant Average Maximum  Minimum Average ~ Maximum  Minimum Average  Maximum Minimum Average  Maximum Minimum
Indian Point 76 111 54 42 48 38 6 10 0 10 12 7
Lovett 12 17 7 7 10 2 8 10 6 8 12 4
Bowline Point 21 39 5 20 40 4 4 6 0 2 4 0
Roseton 24 40 1 25 26 20 3 9 0 5 9 0
Danskammer 16 18 13 9 9 8 7 9 6 12 14 7
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cohort ¢ are in an entrainable life stage during
week ¢ and a value of 0 otherwise; and

k

PEk,l,r = 1 - exp_(%m,r) (17)

where Q,is the volume of water withdrawn by the
power plant during week ¢, f, is the fraction of wa-
ter withdrawn from the power plant that originates
in river region k, V, is the volume of river region
k, and W, is the ratio of the average density of fish
(i.e., number m~?%), from cohort ¢ during calendar
week ¢, in the river region adjacent to the power
plant intake to the density of those fish within the
power plant intake.

The term within the outer brackets of Eq. 16 is
the lifetime conditional survival rate for cohort ¢
The overall CMR estimate for the population of
fish is the weighted average of these cohort-specific
estimates of CMR, where the parameters p, are the
weighting factors.

The term within the inner brackets of Eq. 16 is
a conditional survival rate: the probability that a
fish of cohort ¢ does not die from entrainment (by
either not being entrained or by surviving entrain-
ment if it is entrained) during calendar week ¢,
given no other forces of mortality act on the fish
during the week. This term is the complement of
the weighted average of cohort-specific and region-
specific estimates of conditional mortality rates,
where the parameters D, ,, are the weighting fac-
tors.

To compare estimates of entrainment probabil-
ity from the particle-tracking model to correspond-
ing estimates from the ETM, we calculated esti-
mates of the probability of entrainment for the
ETM using Eq. 17 and values of W,, and f, from
Central Hudson Gas and Electric Corporation et
al. (unpublished data). The value of W, was always
1.0. The value of f, was assumed to be proportion-
ate to the fraction of the volume of the river region
that was withdrawn as cooling water. The rate of
water withdrawal from each river region was as-
sumed to be a constant fraction of the total water
withdrawn for cooling water by a power plant. The
total withdrawal volume among regions was appor-
tioned based on the size of the regions and dis-
tance of tidal transport over one tidal cycle, which
was assumed to be 6.5 miles in each direction un-
der all flow conditions and in all regions.

Results

MODEL PREDICTIONS

The salinities, water temperatures, current veloc-
ities, and water surface elevations predicted by the
model closely corresponded to the data collected
in the Hudson River. We present results from the

o o

Surface Salinity
S

Bottom Salinity

Surface Velocity (ms'1)
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August 1997

Fig. 3. Surface and bottom salinity and current velocities
from data collected in the Hudson River and predicted by the
Estuarine and Coastal Ocean Model in August 1997 at a moor-
ing station near the Indian Point power plant.

period of low freshwater flow because the hydro-
dynamics during this period were complicated by
the presence of saltwater in the study area as far
upriver as km 70. Saltwater was not present in the
study area during the period of high freshwater
flow.

The temporal patterns of salinity and current ve-
locity predicted by the model in the surface and
bottom layers and those measured in the river had
similar low frequency variability and properly
phased tidal oscillations during the 15 d of low
flow when data were collected at the km 67 moor-
ing station (Fig. 3). The 15-d average salinities pre-
dicted by the model and those measured in the
river differed by only 0.2 psu at the surface (4.9-
4.7 psu) and 0.3 psu on the bottom (5.4-5.1 psu).

The locations of isohalines predicted by the
model and their shape at the end of the low-flow
period were similar to those based on data collect-
ed in the river (Fig. 4) notwithstanding consider-
able changes in the salinity pattern during the low-
flow period. Although salinity and current velocity
were variable, water temperature at the km-67
mooring station was relatively constant, varying
from only 24.5°C to 27.0°C. The 15-d average tem-
peratures predicted by the model and those mea-
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Fig. 4. Isohalines between km 0 and km 70 from data col-
lected in the Hudson River and predicted by the Estuarine and
Coastal Ocean Model.

sured in the river differed by only 0.2°C at the sur-
face and 0.3°C on the bottom.

The temporal pattern of water surface elevation
predicted by the model within the area of the high-
resolution grid (km 33 to km 118) and those at 3
gauges in that area were in good agreement. They
had similar low frequency variability and properly
phased tidal oscillations during the 28-d simulation
(Fig. 5). The amplitude and phase differences be-
tween the data and the model increased from
downstream to upstream. At km 234 both ampli-
tude error and phase error were relatively large
(about 35% and 30%, respectively), the result of
an overly coarse model grid in the northern por-
tions of the study area.

ENTRAINMENT PROBABILITIES
Particle-tracking Model

Based on the particle-tracking model, the cu-
mulative time that particles released in a river re-
gion with a power plant spent in the grid box next
to the power plant intake over a 1-wk period dif-
fered depending on the plant’s nearfield entrain-
ment probability (Table 2) and on freshwater flow
in the Hudson River. Most of the particles released
in the Indian Point region during the low-flow pe-
riod spent less than 20 min in the grid box next
to the Indian Point intakes; far fewer spent more
than 90 min there (Fig. 6). During the high-flow
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Fig. 5. Water surface elevations from United States Geolog-
ical Survey gauges at Congers, Tompkins Cove, West Point,
Poughkeepsie, and Albany in August 1997.

period, the pattern was similar to that during the
low-flow period except that no particles spent
more than 90 min in the grid box next to the In-
dian Point intakes. A similar difference between
the low-flow and high-flow periods occurred for
particles released in river regions where the other
power plants were located.

During the low-flow period, the number of river
regions with a probability of initial entrainment
greater than zero ranged from 4 at Roseton to 6
at Indian Point, Lovett, and Bowline. The proba-
bility of initial entrainment peaked for particles re-
leased in the same river region as a power plant
except at Bowline, where the peak probability of

TABLE 2. The near field probability of entrainment for a particle spending one time step in the grid box for the intakes of the
Indian Point, Lovett, Bowline Point, Roseton, and Danskammer power plants during low-flow and high-flow periods and the volume

of the grid box for each intake.

Near-field Entrainment Probability (10-3%)

Volume of Low Flow High Flow
Intake Cell
Power Plant (10> m?) Average Maximum Minimum Average Maximum Minimum

Indian Point 7.96 10 14 7 5 6 5
Lovett 5.43 2 3 1 1 2 <1
Bowline Point 21.70 1 2 <1 1 2 <1
Roseton 3.21 8 13 <1 8 8 6
Danskammer 8.06 2 2 2 1 1 1
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Fig. 6. Cumulative time particles spent in the grid box for
the Indian Point intake during the low-flow period and high-
flow period. Particles were released in the Indian Point region
and tracked for 7 d.

initial entrainment was slightly higher in the river
region just upriver of the power plant than in the
region of the power plant (Table 3). Both the peak
probability of initial entrainment and the average
across all regions were highest at Indian Point, the
power plant with the highest cooling water intake
flows (Table 1). The probability of re-entrainment
once was low relative to initial entrainment; less
than 1% at all of the power plants except Indian
Point where it was 1.5% for particles released in
the Indian Point region and 1% for particles re-
leased in the West Point region. The probability of
re-entrainment twice was less than 0.2% at all of
the power plants.

During the high-flow period, the number of riv-
er regions with a probability of initial entrainment
greater than zero ranged from 6 at Danskammer
and Roseton to 9 at Indian Point, Lovett, and Bow-
line; nearly all were upriver of the power plants.
Both the peak probability of initial entrainment
and the average across all regions were lower than
during the low-flow period except that the average
for Bowline was higher (Table 4). The peak prob-

ability of initial entrainment was highest for parti-
cles released in the river region upriver of each
power plant except for Bowline, where it was nearly
so. The probability of re-entrainment once was low
relative to initial entrainment; less than 0.2% at all
of the power plants.

ETM

Based on the ETM, the number of river regions
with a probability of initial entrainment greater
than zero during the low-flow period ranged from
2 at Danskammer and Roseton to 3 at Indian
Point, Lovett, and Bowline (Table 3). The proba-
bility of initial entrainment peaked for particles re-
leased in the same river region as a power plant.

During the high-flow period, the number of riv-
er regions with a probability of initial entrainment
greater than zero ranged from 2 at Danskammer
to 3 at Indian Point, Roseton, Lovett, and Bowline
(Table 4). The probability of initial entrainment
peaked for particles released in the same river re-
gion as a power plant and was lower than that dur-
ing the low-flow period except at Roseton where it
was slightly higher.

Discussion

The profound effect of freshwater flow on the
probability of entrainment was evident from results
of the particle-tracking model. Both the number
of river regions from which particles were en-
trained and the probabilities of entrainment for
particles in those river regions differed between
the low-flow and high-flow periods. During the
high-flow period, particles spent less time in the
grid box next to the intakes, reducing the proba-
bility of entrainment for particles released in the
river region of each power plant and the average
probability of entrainment across all regions at In-

TABLE 3. Probability that a particle would be entrained one time at the intake of the Danskammer, Roseton, Indian Point, Lovett,
and Bowline power plants if the particle were released in the same river region as the power plant during the low-flow period estimated
with the particle-tracking model (PTM) and the Empirical Transport Model (ETM). Underlined numbers indicate the location of the

power plant in the column heading.

Probability of Entrainment (%)

Danskammer Roseton Indian Point Lovett Bowline

River Region PTM ETM PTM ETM PTM ETM PTM ETM PTM ETM
Albany 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Catskill 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Saugerties 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Kingston 0.069 0.000 0.035 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Hyde Park 0.594 0.000 0.438 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Poughkeepsie 1.577 2.100 2.141 3.480 0.197 0.000 0.027 0.000 0.007 0.000
Cornwall 0.012 1.350 0.020 2.790 2.386 0.000 0.362 0.000 0.134 0.000
West Point 0.000 0.000 0.000 0.000 6.935 3.050 1.243 0.290 0.635 0.000
Indian Point 0.000 0.000 0.000 0.000 9.270 11.660 2.253 1.890 1.498 2.240
Croton-Haverstraw 0.000 0.000 0.000 0.000 1.625 8.850 0.569 1.800 1.241 3.030
Tappan Zee 0.000 0.000 0.000 0.000 0.214 0.000 0.070 0.000 0.261 1.060
Average all regions 0.188 0.288 0.220 0.523 1.719 1.963 0.377 0.332 0.315 0.528
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TABLE 4. Probability that a particle would be entrained one time at the intake of the Danskammer, Roseton, Indian Point, Lovett,
and Bowline power plants if the particle were released in the same river region as the power plant during the high-flow period
estimated with the particle-tracking model (PTM) and the Empirical Transport Model (ETM). Underlined numbers indicate the

location of the power plant in the column heading.

Probability of Entrainment (%)

Danskammer Roseton Indian Point Lovett Bowline
River Region PTM ETM PTM ETM PTM ETM PTM ETM PTM ETM
Albany 0.048 0.000 0.096 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Catskill 0.254 0.000 0.608 0.000 0.002 0.000 0.001 0.000 0.000 0.000
Saugerties 0.353 0.000 1.025 0.000 0.517 0.000 0.087 0.000 0.033 0.000
Kingston 0.384 0.000 1.104 0.000 1.912 0.000 0.391 0.000 0.406 0.000
Hyde Park 0.404 0.000 1.191 2.910 2.220 0.000 0.456 0.000 0.766 0.000
Poughkeepsie 0.219 1.460 0.774 3.620 2.137 0.000 0.474 0.000 0.963 0.000
Cornwall 0.000 0.760 0.000 2.790 2.192 0.000 0.471 0.000 0.972 0.000
West Point 0.000 0.000 0.000 0.000 2.556 1.700 0.522 0.170 0.936 0.000
Indian Point 0.000 0.000 0.000 0.000 1.882 6.620 0.434 1.100 0.970 2.130
Croton-Haverstraw 0.000 0.000 0.000 0.000 0.021 4.990 0.017 1.050 0.384 2.890
Tappan Zee 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.008 1.010
Average all regions 0.139 0.185 0.400 0.777 1.120 1.109 0.238 0.193 0.453 0.503

dian Point, Lovett, and Danskammer. The reduced
probability of entrainment for particles released in
the Bowline and Roseton river regions was offset
by higher entrainment for particles upriver of
these power plants.

Although the average probabilities of entrain-
ment across all river regions estimated with the
particle-tracking model and the ETM were relative-
ly similar for some power plants at high flow, low
flow, or both, the probabilities for each river re-
gion differed considerably between the models.
The number of river regions from which particles
were entrained using the ETM was consistently un-
derestimated, resulting in probabilities for regions
where entrainment occurred that were biased high
compared with the particle-tracking model. At two
power plants, the probability of entrainment was
estimated to be greater than zero with the ETM in
a river region where the probability was zero with
particle-tracking model. These results are impor-
tant because the fraction of all ichthyoplankton in
the Hudson River that are present in each river
region differs by week and year.

It appears that entrainment probabilities esti-
mated using the particle-tracking model would
provide more accurate estimates of entrainment
mortality rates than those based on an assumption
of the ETM that the fraction of ichthyoplankton
entrained each week varies only in response to
changes in water withdrawals. The probabilities of
entrainment estimated for the low-flow and high-
flow periods could be used to reflect the time-vary-
ing tidal and freshwater flow conditions specific to
each week and river region. Interpolating between
the high-flow and low-flow periods would provide
the fraction of the ichthyoplankton population en-
trained within a river region at the level of fresh-
water flow that occurred during each week.

It is reasonable to ask if entrainment probabili-
ties based on neutrally buoyant, passive particles
are representative of ichthyoplankton in the Hud-
son River. The answer likely depends on the spe-
cies, life stage, and length of the ichthyoplankton.
The eggs of bay anchovy (Anchoa mitchilli), a spe-
cies with a relatively high entrainment mortality
rate at Hudson River power plants (Central Hud-
son Gas and Electric Corporation et al. unpub-
lished data), are pelagic (Bigelow and Schroeder
2002) while those of Atlantic tomcod (Microgadus
tomcod), another species with a relatively high en-
trainment mortality rate, are negatively buoyant.
Although some larval fishes in partially mixed es-
tuaries undergo active vertical migrations to ac-
complish selective tidal transport (Fortier and Leg-
gett 1983), capelin (Mallotus villosus) larvae smaller
than 7 mm and herring (Clupea harengus harengus)
larvae smaller than 10 mm in the St. Lawrence es-
tuary, were essentially passive and their dispersal
was controlled by tidal processes (Fortier and Leg-
gett 1983). If data are available indicating that eggs
are not buoyant and larvae actively migrate, such
behavior can be incorporated into the particle-
tracking model that we used.
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