
MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 349: 183–197, 2007
doi: 10.3354/meps07088

Published November 8

INTRODUCTION

The Massachusetts Bay (MB) and Cape Cod Bay
(CCB) system is a semi-enclosed embayment located
in the southwestern Gulf of Maine (GOM) (Fig. 1).
Along its eastern boundary, MB is open to the GOM,

with water exchange mainly through the North and
South Passages. South of MB, CCB is shallower and
has no direct water exchanges with the GOM. 

CCB is a unique shallow embayment serving as a
high-use feeding ground for the endangered North
Atlantic right whale Eubalaena glacialis (Winn et al.
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particles. The results indicate significant correlations in the inter-annual variability of coastal trans-
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ability of right whale occurrence and feeding activity, indicating that this is an area favorable to
zooplankton aggregations. In other years (e.g. 2002), the coastal current is significantly reduced
due to prevailing southwesterly winds, and the particle retention zone is shifted northward, coinci-
dent with low C. finmarchicus abundance and whale sightings in CCB. The study also suggests
that the North Atlantic Oscillation may influence C. finmarchicus abundance and distributions, and
hence, right whale feeding activity in CCB through surface winds affecting MB-CCB circulation,
and hence, zooplankton distributions. 
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1986, Mayo et al. 2004). The annual presence of right
whales in CCB generally starts in late winter, peaks in
March and April, and ends in May. However, the feed-
ing activity of right whales in CCB shows significant
inter-annual variability. For example, extremely low
right whale sightings were reported in spring 2002
(Mayo et al. 2004). Dramatic inter-annual variability in
total sightings and in the peak period of sightings
in other feeding grounds also has been documented
(Kenney et al. 1995, Baumgartner et al. 2003). The
principal prey of right whales is calanoid copepods,
especially Calanus finmarchicus, and right whales
almost exclusively exploit dense aggregations of the
older stages of C. finmarchicus (Murison & Gaskin
1989, Mayo & Marx 1990, Kenney et al. 1995, 2001,
Baumgartner & Mate 2003, Baumgartner et al. 2003).
Therefore, changes in right whale presence are likely
related to changes in C. finmarchicus abundance and
the conditions for C. finmarchicus distribution and
aggregation. 

Circulation may play an important role in the abun-
dance and distribution of Calanus finmarchicus in the
MB-CCB system. In spring, surface circulation in the
MB-CCB system is controlled by an intruding branch

of the Western Maine Coastal Current (WMCC), a
baroclinic density gradient caused by freshwater
runoff and local surface wind forcing. The general cir-
culation pattern is counter-clockwise, with the coastal
current flowing along the western coast of MB and
penetrating deeply into CCB (Bigelow 1927, Geyer et
al. 1992, Jiang & Zhou 2004). This coastal current
transports nutrients, organic matter, and biota (includ-
ing zooplankton) from the GOM into MB-CCB and
provides the only external source of zooplankton to
CCB. This source is especially critical to C. finmarchi-
cus in CCB since, as a cold temperate species, the
C. finmarchicus population in CCB has to be renewed
every spring. The upstream source of C. finmarchicus
in MB-CCB is likely from the re-emergence of over-
wintering C. finmarchicus in the GOM. In CCB, cur-
rents are normally weak, favoring accumulation of par-
ticles such as phytoplankton, organic matter and
zooplankton (Jiang et al. 2007a). 

The ultimate controls of long-term horizontal trans-
port and accumulation of passive particles such as zoo-
plankton are the Lagrangian residual currents, which
are defined as the residual displacements of particles
over a certain period, such as M2 tide (Zimmerman
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Fig. 1. (a) Bathymetry of Massachusetts Bay (MB) and Cape Cod Bay (CCB). Black dots indicate the zooplankton sampling sta-
tions in CCB and the North Passage. The solid line indicates the segment for calculating the transport of coastal current. The
dashed line indicates the border of the right whale critical habitat in CCB. (b) Release locations of passive particles for simula-
tions in 2000–2003. At each location, one particle was released at each of the 6 selected sigma layers. Note that the model domain

is bigger (see Fig. 2)
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1981, Ottino 1989). Lagrangian residual currents have
2 components: (1) Eulerian residual currents repre-
senting the temporal mean currents at fixed locations
and (2) Stokes drifts arising from the spatial gradients
of currents, which are mainly due to the interactions
between tides, surface winds and bottom topography
(Longuet-Higgins 1969). The Lagrangian residual cur-
rents in the GOM region have been calculated by
Loder et al. (1997) using a finite-element model.
However, no results were presented for the MB-CCB
system as their model grid was too coarse. 

Zooplankton abundances and aggregations are also
strongly affected by their local growth, predation, and
behaviors, such as diel vertical migration, predator
avoidance and mate seeking (see Folt & Burns 1999
and the references therein). Interactions of biological
and physical processes would create many compli-
cated scenarios in the formation of zooplankton
patches (Franks 1992, Folt & Burns 1999). 

Previous studies have suggested a complex correla-
tion between zooplankton abundance in the GOM
region and large-scale variability associated with the
North Atlantic Oscillation (NAO), possibly with some
time lag (e.g. Conversi et al. 2001, Greene & Pershing
2000, Greene et al. 2003). Hydrology, nutrients and
phytoplankton in the GOM are also subject to large-
scale influences (Petrie & Drinkwater 1993, Barton et
al. 2003, Thomas et al. 2003). As a shallow embayment
connected to the GOM through the intruding branch of
the WMCC, MB-CCB likely is affected by climate vari-
ability indirectly through changes in the boundary
conditions (Jiang et al. 2007b) and directly through
changes in surface forcing, such as the sea surface
temperature (SST) (Keller et al. 2001) and surface
winds (Turner et al. 2006). However, the problem
becomes more complicated because signals of large-
scale variability propagating into coastal regions can
be amplified or weakened. 

In this study, we examined the horizontal transport
and retention of zooplankton by coastal circulation,
especially the Lagrangian residual currents, in the
MB-CCB system. Using a physical model, observed
Calanus finmarchicus abundance data, and right
whale sightings, we investigated 2 closely related
questions: (1) What is the role of coastal circulation
(including coastal current) in the zooplankton abun-
dance and spatial distribution in MB-CCB during
springtime? And (2) what are the spatial patterns of
particle retention areas in MB-CCB, and how are they
related to the spatial distributions of C. finmarchicus
abundance and right whale occurrences? We also dis-
cuss possible influences of regional scale variability
and NAO on the inter-annual variability of C. finmar-
chicus abundance and distribution in the MB-CCB
system.

MATERIALS AND METHODS

A physical model and an embedded particle-
tracking program were used to identify the circulation
pattern and the potential retention areas of zooplank-
ton in MB-CCB. Correlations between key parameters
were calculated to understand their relationships, in
which both zooplankton abundance and right whale
sightings were log-transformed. Because of the short
time-series (7–8 yr) and sampling limitation (especially
zooplankton), the correlation coefficients are sensitive
to every one of the observed values. Therefore, a rela-
tively conservative criterion (p < 0.1) was used for sig-
nificance. 

Numerical model and particle tracking. Numerical
simulations using real forcing data were conducted
continuously for the period from 1998 to 2004, al-
though only the spring periods were used for this
analysis (there were insufficient data for a 1997 simu-
lation). The numerical model was based on the Estu-
arine, Coastal, Ocean Model (ECOM-si, Blumberg &
Mellor, 1987, Signell et al. 2000) and had a grid reso-
lution of 1 to 2 km (in MB-CCB), 12 vertical levels,
and a time-step of 207 seconds. The model was
forced with hourly meteorological data, daily fresh-
water discharges, tides, and low-frequency surface
slopes at the open boundary. The meteorological
inputs were observed winds, air temperature, and air
pressure measured at NOAA buoy 44013 (Fig. 1a),
solar radiation measured at the Woods Hole Oceano-
graphic Institution, about 25 km south of CCB, and
humidity measured at the Boston Logan Airport. The
surface heat fluxes were estimated using a bulk for-
mulation (Weller et al. 1995), and the wind stresses
were calculated using the method of Large & Pond
(1981). The model domain covers both MB and CCB,
and a portion of western GOM (Fig. 2). The open
boundary conditions for temperature and salinity
were constructed using an objective interpolation
method (Hendry & He 1996) based on CTD data col-
lected in this area. The surface slope of boundary ele-
vation was estimated from the dynamic height rela-
tive to a non-flow surface at 100 m or at the bottom if
the depth is shallower than 100 m. More details of the
model can be found in Signell et al. (2000) and Jiang
& Zhou (2004). 

A particle-tracking algorithm was embedded in the
model to calculate the trajectories of neutrally buoy-
ant particles using same time-step as the model. The
algorithm was based on a second-order approxima-
tion of advection and a random-walk method for both
horizontal and vertical mixing (Hunter et al. 1993).
The position of a particle at time t + Δt is deter-
mined by currents and mixing at the previous loca-
tion at time t:

→
X
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(1)

where is the particle velocity and is
the random walk vector representing vertical and hori-
zontal mixing. Each component of is a random num-
ber with zero mean and variance ,
where is the mixing coefficient (Hunter et al. 1993). 

Particles were initially released from 6 sigma layers
at selected model grid points in MB approximately
every 15.5 h for the first 10 d of numerical experiments
and then tracked for 2 mo (Fig. 1b). Two experiments
were conducted for each year to obtain the average
distribution of particles for March–April: one started in
February, and the second month’s (March) results
were used; the other started in March, and the April
results were used. Particles that landed on the coast-
line were not further tracked and were excluded in the
calculation of particle distribution. The mean distribu-

tion of particles in the second month of each experi-
ment was calculated by counting particles within each
grid cell at every time-step, summing them up over the
month, and dividing them by the total time-steps. The
final distribution for March–April was the mean of the
2 experiments. 

In MB-CCB, springtime surface winds are primarily
northwesterly in most years, but southwesterly winds
can dominate in some years (Table 1). In order to
understand the general pattern of Lagrangian circula-
tion and the wind effects, we conducted climatological
simulations using multi-year means of meteorological
parameters (hourly), river flows (daily), open boundary
conditions (monthly), and solar radiation (hourly) from
1990 to 2004. Three experiments were conducted
using climatological forcing in January and February,
and then applying different winds to March–April:
(1) no winds, (2) constant northwesterly winds (3 m s–1

from 315°), and (3) constant southwesterly winds (3 m
s–1 from 225°). Twenty-five batches of particles were
released in the entire bay at various tidal phases (every
15.5 h) over a 15 d period in March. Each batch of
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Fig. 2. Modeled surface mean Eulerian currents (arrows) and temperature (color) in (a) March–April 2000 and (b) March–April 
2002 using realistic forcing. Solid and dashed red lines indicate the 25 and 40 m isobaths, respectively 
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particles was tracked for one M2 tidal cycle without
including random walk to derive the residual
Lagrangian currents. The mean Lagrangian residual
currents in the bay were determined by averaging
these currents for the 25 batches. 

Zooplankton abundances. Zooplankton abundan-
ces in MB-CCB have been measured since 1992 as
part of an MB monitoring program (Turner et al.
2006). Among the monitoring stations, 4 stations in
CCB and 2 stations in the North Passage were occu-
pied 6 times per year (February, April, June, August,
October and December) (Fig. 1a). Zooplankton sam-
ples were collected by vertical-oblique tows with a
0.5 m diameter 102 μm mesh net within the upper
30 m of the water column. As Calanus finmarchicus
may undergo some diel migration (Durbin et al.
1995a,b), zooplankton may have been under-sampled
in areas deeper than 30 m, e.g. the North Passage.
Zooplankton were identified to the lowest practical
taxon under a dissecting microscope, and counts of
all copepodite stages of a given copepod genus were
combined. Concentrations of total zooplankton were
calculated based on the number of animals counted,
divided by the volume of water filtered by the net,
and multiplied by the aliquot concentration factor. A
more detailed sampling and analysis description can
be found in Turner et al. (2006). In this study, we only
used the total abundance of C. finmarchicus of all
copepodite and adult stages for the month of April
from 1997 to 2004 to understand the correlation of
this copepod with right whale feeding activity. We
note that although right whales may mostly feed on
older stages of C. finmarchicus (Baumgartner & Mate,
2003), here no distinction was made between youn-
ger and older stage animals because of the limited
zooplankton data. 

Aerial survey of right whales. Aerial surveys were
conducted by the Provincetown Center for Coastal

Studies from January through mid-May each year
from 1998 through 2004 over CCB and adjacent
waters. Fifteen E-W tracklines were flown at 1.5 nauti-
cal mile intervals from the mainland to the Cape Cod
shoreline. Surveys were flown in a Cessna 337 Sky-
master at a standard altitude of 750 feet (229 m) and a
ground speed of approximately 100 knots (185 km h–1),
using methodology developed by CETAP (CETAP
1982, Scott & Gilbert 1982). The goal of the aerial sur-
veys was to locate whales, obtain high-quality pho-
tographs for individual identification (Kraus et al.
1986), and report those sightings to mariners operating
in CCB. A similar survey with same tracklines and pro-
tocols was conducted by New England Aquarium in
1997. The survey area covered all of CCB and exten-
ded into southern MB in some years. The area for this
analysis was defined as 42° 09’ to 41° 39’ N, and 70° 00’
to 70° 39’ W, which was covered every year. 

The right whale sighting distributions were used as a
surrogate for the distributions of high-density zoo-
plankton patches as zooplankton observations had
insufficient temporal and spatial coverage. In order to
more quantitatively assess right whale distributions
without the potential bias that can be caused by
uneven distribution of survey effort, we have used the
sightings-per-unit-effort (SPUE) method developed at
University of Rhode Island (URI) (CETAP 1982, Kenney
& Winn 1986, Winn et al. 1986). Here we used a SPUE
dataset compiled for another study (O. C. Nichols,
M. W. Brown & R. D. Kenney unpubl.).

The study area was partitioned into a grid of
117 cells, each measuring 3 min of latitude (3 n miles/
5.6 km) by 3 min of longitude (2.2 n miles/4.1 km),
excluding all cells over land. Survey data are com-
prised of a chronological sequence of latitude/longi-
tude points that describe the path flown by the aircraft.
The survey ‘effort’ is defined as the length of the seg-
ment between each successive pair of points (Kenney
& Winn 1986). For each survey, each track segment
was partitioned into smaller sections contained within
the separate 3 min cells. In order to standardize effort
further, only segments completed with visibility at
least 2 n miles, sea state of Beaufort 3 or lower, aircraft
altitude below 325 m (1066 ft), and observers on watch
were included. Similarly, only right whales sighted
under those defined valid effort conditions were
included. Total effort and total right whales sighted
within each cell were summed by 2 wk period and yr,
and then the number of whales sighted was divided by
effort to generate the SPUE index, in units of whales
sighted per 1000 km of valid effort. Only data collected
in March and April have been used in this manuscript.
Since a strong correlation exists between total num-
bers of right whale sightings and SPUE (r2 = 0.97), we
will only use SPUE hereafter.
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Table 1. Observed winds at NOAA 44013 (Fig. 1a), and mod-
eled and observed mean currents (cm s–1) at Scituate in
March–April from 1997 to 2004. Both winds and currents use
oceanographic convention (northward and eastward flows
are positive; southward and westward flows are negative). 

na = not available

Year Wind Model Observation
N-S E-W N-S E-W N-S E-W

1997 –0.9 2.0 na na na na
1998 –0.63 0.56 –7.0 3.5 –6.6 2.8
1999 –1.07 1.95 –7.4 3.9 –5.9 1.9
2000 –0.77 0.76 –5.8 2.3 –3.2 0.8
2001 –1.48 0.63 –7.2 2.6 –4.3 2.3
2002 0.39 0.79 –1.2 0.6 –1.6 1.0
2003 –0.55 0.42 –4.3 1.4 –5.0 2.0
2004 –1.25 0.17 –3.0 1.1 na na
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RESULTS

Circulation

Driven by the intruding branch of the WMCC,
local freshwater input and wind forcing, the typical
MB-CCB circulation pattern in spring is counter-
clockwise, with the intruding current flowing along the
western coast, turning eastward near Plymouth Har-
bor, and finally exiting MB through the South Passage,
as seen in spring 2000 (Fig. 2a; Geyer et al. 1992, Jiang
& Zhou 2004, Jiang et al. 2007a,b). Consistent with the
circulation pattern, currents at Scituate are persistently
southward (Fig. 3) and the currents in CCB are nor-
mally weak.

This circulation pattern, however, is subject to signif-
icant inter-annual variability. In spring 2002, for exam-
ple, the coastal current was much weaker and stayed
offshore, flowing southeastward directly toward the
South Passage, largely bypassing CCB (Fig. 2b).
Currents at Scituate were much weaker than during
normal years and changed direction more frequently,

largely due to more frequent southwesterly winds
(Fig. 3). As a consequence, CCB was more quiescent
and isolated in spring 2002 than in normal years.
Numerical simulations indicate that spring circulation
patterns from 1998 to 2004 were all similar to those in
2000, except for 2002.

The inter-annual variability of MB-CCB circulation
can be further illustrated by the variability of the mean
springtime (March–April) coastal current (Fig. 4). Both
the model and observed coastal currents exhibit a
strong inter-annual variability in both N-S and E-W
components (Table 1). In general, the E-W component
of the coastal current is less than half of, and linearly
correlated with the N-S component (r2 = 0.86 for the
model and r2 = 0.70 for observation, respectively). The
model reproduces the strength and variability of the
observed coastal current reasonably well, especially
for the N-S component (r2 = 0.6, p < 0.05). 

Eulerian and Lagrangian residual circulations

The patterns of mean Eulerian and Lagrangian circu-
lation share several features (Figs. 5a,b): an overall
counter-clockwise circulation with 2 cyclonic eddies in
central CCB and the central Stellwagen Basin, respec-
tively, and an anti-cyclonic eddy on top of the Massa-
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Fig. 3. (a) N-S velocities of winds at NOAA buoy 44013 (see
Fig. 1a) in March, (b) N-S velocities of modeled surface cur-
rents and observed surface currents at USGS Scituate buoy in
2000, and (c) 2002. Positive values indicate a wind or current
directed toward the north, i.e. a southerly wind or a north-
ward current. Model results are derived from simulations 

using realistic forcing 

Fig. 4. Time-series of (a) model mean coastal current at Scitu-
ate (within 10 km of the coastline), (b) mean Calanus fin-
marchicus abundance in Cape Cod Bay (CCB), and (c) right
whale sightings-per-unit-effort (SPUE) (whales per 1000 km
of survey track) in spring 1997–2004. C. finmarchicus abun-

dance was capped at 2500 ind. m–3
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chusetts Water Resources Authority (MWRA) outfall
(Fig. 1a), produced by the freshwater from the effluent
(Signell et al. 2000). The mean Lagrangian currents on
top of Stellwagen Bank and in the South Passage, how-
ever, are much weaker than the mean Eulerian currents
because the directions of the Stokes drifts (not shown)
are generally opposite those of the Eulerian currents,
consistent with the model results by Loder et al. (1997)
for Georges Bank. We note that in simulations with real

forcing, the difference between the Eulerian and La-
grangian circulations may be more significant, as forc-
ing conditions such as winds vary dramatically. In these
cases, it is the Lagrangian residual currents that control
the long-term distribution of particles. 

The residual circulation pattern is closely associated
with the salinity distribution (Fig. 5). Freshwater
plumes from the Merrimack River (20 km north of
Cape Ann) and Boston Harbor, which mix with the
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Fig. 5. Surface residual currents (arrows) and salinity (color) in March from the climatological experiments: (a) Eulerian residual
currents without wind, (b) Lagrangian residual currents without wind, (c) Lagrangian residual currents under constant north-
westerly winds, and (d) Lagrangian residual currents under constant southwesterly winds. Labels A, B, C and D indicate the 

fixed-points. Solid and dashed magenta lines indicate 25 and 40 m isobaths, respectively
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GOM intruding waters and occupy most of the MB-
CCB, can be clearly identified. Waters with relatively
high salinity reside on top of the bank and in southern
Stellwagen Basin. As a result, a strong salinity front is
formed, which starts from the northern tip of the bank,
crosses the central basin, and then penetrates into cen-
tral CCB following the 40 m isobath. However, the
salinity front is not associated with a thermal front in
spring (not shown). 

Under northwesterly wind conditions, both the GOM
intruding current and coastal current are significantly
enhanced, which disrupts the freshwater eddy near
the outfall and weakens the eddy in central Stellwagen
Basin, but strengthens the central CCB eddy (Fig. 5c).
As a result, the salinity front is also enhanced. By con-
trast, under southwesterly wind conditions, both the
intruding current and coastal current are significantly
reduced. The Merrimack River plume is blocked from
entering MB; instead, it flows southward along the
eastern flank of the bank. As a result, the freshwater
eddy on top of the outfall is enhanced but somewhat
distorted, while the eddy in Stellwagen Basin is much
weaker (Fig. 5d). The eddy in CCB is disrupted and
shifted northward, becoming a broad, slow-motion
zone between central Stellwagen Basin and Race
Point. 

In a 2-dimensional flow, the pattern of mean parti-
cle distribution is determined by the so-called fixed
points (where currents are zero) and their stable and
unstable manifolds of the Lagrangian residual circu-
lation (Ottino 1989, Ridderrinkhof & Loder 1994).
There are 2 types of fixed points: (1) elliptic points
where surrounding currents can be represented by
pure rotations and (2) hyperbolic points (saddle
points) where currents are convergent in 1 character-
istic axis and divergent in another. In the MB-CCB
circulation system, there are 3 elliptic points (A, C
and D) and 1 hyperbolic point (B) under no-wind con-
ditions (Fig. 5b). The streamline connecting with the
hyperbolic point B defines the boundaries (called sep-
aration lines) for both eddies A and C. By contrast,
under southwesterly winds, fixed points A and C dis-
appear and are replaced by a broad slow-flow area
(denoted as A) noted above (Fig. 5d). 

The dynamics involved in these fixed points and the
manifolds are nonlinear and complicated, as both
Eulerian and Lagrangian circulation here are not
strictly 2-dimensional and the currents are under peri-
odic forcing by tides and winds. For our purpose, it is
sufficient to note that the trajectories of particles
approaching point B could be either regular oscilla-
tions or chaotic oscillations around the separation line
and that particles will take a very long time to reach B
(Zimmermann 1981, Ridderinkhof & Loder 1994). In
the former case, little water exchange occurs between

eddies A and C and surrounding waters, and particles
inside both eddies are less likely to escape. In the latter
case, particles may cross the boundary frequently and
significant water exchange may occur. In either case,
the areas surrounding the separation lines are areas
with high probability of particle presence. 

Calanus finmarchicus abundance and 
right whale sightings

Both Calanus finmarchicus abundance and whale
sightings in spring show strong inter-annual variability
(Fig. 4b,c). Moreover, C. finmarchicus abundance ap-
pears to be correlated with the presence of right
whales following a power relationship (r2 = 0.42,
p < 0.1, Table 2). Excluding the abnormally high C. fin-
marchicus abundance in 2004, the correlation increa-
ses to r2 = 0.63 (p < 0.05). 

The coastal transport (equivalent to mean coastal
current, see Fig. 4) in MB-CCB may play an important
role in Calanus finmarchicus abundance and right
whale occurrence in CCB. A strong coastal transport at
Scituate generally corresponds to high C. finmarchicus
abundance and right whale SPUE in CCB, except in
1999 when C. finmarchicus abundance was relatively
low. Conversely, the low coastal transport in 2002 was
associated with extremely low C. finmarchicus abun-
dance and right whale SPUE (Fig. 4). Though no corre-
lation between the C. finmarchicus abundance and
coastal transport is found when using all available
data, a strong correlation exists when excluding the
2004 data (r2 = 0.68, y = 34.7e0.74x, p < 0.05). By contrast,
the coastal transport has a much stronger correlation
with the SPUE (r2 = 0.87, p < 0.01), suggesting that the
coastal transport is linked to the distribution of C. fin-
marchicus, rather than its abundance. 

Particle and whale sighting distributions

The mean model particle distributions from 2000 to
2003 show a strikingly coherent pattern in 3 of the 4
years, with the exception of 2002 (Fig. 6). Specifically,
particles accumulate in a SW-NE band that stretches
from Barnstable Harbor to Race Point and circles
around the outer tip of Cape Cod, occupying the entire
South Passage. This area also extends northwestward
into southern Stellwagen Basin. A second and smaller
retention area is located in central Stellwagen Basin,
which normally has fewer particles than the CCB
retention area. Particles also accumulate in nearshore
areas. This pattern is consistent with the pattern of
Lagrangian residual currents in the climatological
experiments under no-wind or northwesterly wind
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conditions. The retention area in CCB is clearly associ-
ated with the southern boundary of the eddy defined
by fixed points B and C, while the retention area in
central Stellwagen Basin is associated with the eddy
defined by A and B (Figs. 5 to 7). One explanation for
low particle density within eddy C is that there is little
water exchange between the eddy and surrounding
waters. Since particles were released uniformly in MB,
most particles circle around eddy C and are less likely
to be entrained into it. Similar distributions of particles
can be expected for 1998 through 1999 and for 2004
since springtime circulations in these years were very
similar to those in 2000, 2001 and 2003. 

The pattern in March–April 2002, however, is dra-
matically different. While the South Passage remains
an area of high particle accumulation, there is essen-
tially no accumulation in CCB. By contrast, many par-
ticles accumulate and distribute evenly over southern
Stellwagen Basin and a small patch of particles
appears over the western flank of Stellwagen Bank.
This is consistent with the pattern of Lagrangian resid-
ual currents in the climatological experiment under
southwesterly wind conditions, in which the CCB eddy
is shifted northward and replaced by a slow-motion
zone A (Fig. 5d). 

Right whale sighting distribution in CCB also has a
strikingly coherent pattern in 2000, 2001 and 2003,
with whales aggregated over a band stretching from
Barnstable Harbor to Race Point (Fig. 7). The patterns

of SPUE in 1998 through 1999 and 2004 are very simi-
lar (not shown), though the values vary over the years.
The limited Calanus finmarchicus abundance data
suggest that whale aggregations correlate with C. fin-
marchicus abundance, consistent with results from
previous studies (e.g. Murison & Gaskin 1989, Baum-
gartner & Mate 2003, Baumgartner et al. 2003, Mayo et
al. 2004). Moreover, the area of high whale density
closely matches the modeled particle retention area in
CCB. By contrast, low density of model particles in
CCB during spring 2002 corresponded to very low
whale occurrences and low C. finmarchicus abun-
dance. Note that in spring 2002, few whales were
sighted in the area of southern Stellwagen Basin
where model particles accumulated. 

We note that since in these simulations particles
were released in MB only, particles would generally
spend more time in CCB than in MB. Therefore, parti-
cle distribution should be viewed as a measure for the
potential accumulation area. They are by no means
evidence of the real zooplankton distributions. 

Surface winds, Calanus finmarchicus abundance 
in the GOM, and NAO

The NAO may affect the MB-CCB system through
the changes in the GOM. Therefore, we also present
the surface winds (March–April) at NOAA 44013
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Table 2. Correlations between key variables in the Massachusetts Bay-Cape Cod Bay (MB-CCB) system from 1997 to 2004. 
NAO: North Atlantic Oscillation; SPUE: sightings-per-unit-effort; ns: not significant; na: not available

Parameter x Parameter y n r2 p Regression equation

NAO N-S velocity of winds at NOAA 44013 (Fig. 1a) 8 0.43a <0.1 y = –1.08x + 1.16
winter index Model along-shelf transport at Scituate 7 0.51 <0.05 y = –3.0x + 5.0

Calanus finmarchicus in the North Passage 8 0.36b 0.1 y = 719.0e1.46x

C. finmarchicus in CCB 8 ns0 na
Right whale sightings (SPUE) in CCB 8 nsc na

N-S velocity Model along-shelf transport at Scituate 7 0.55 <0.05 y = 1.9x + 2.5
of winds at C. finmarchicus in CCB 7 0.67 <0.05 y = 146.3e2.29x

NOAA 44013 (Fig. 1a) Right whale sightings (SPUE) in CCB 8 0.29 <0.1 y = 563.1 e1.07x

Model alongshelf  C. finmarchicus in CCB 7 nsd na
transport at Scituate Right whale sightings (SPUE) in CCB 7 0.87 <0.05 y = 157.0e0.58x

C. finmarchicus C. finmarchicus in CCB 8 ns0 na
in the North Passage

C. finmarchicus in CCB Right whale sightings (SPUE) in CCB 8 0.42 <0.1 y = 5.72x0.46

aA correlation analysis for a longer period (1985–2004) yielded a more significant correlation 
(y = –0.54x + 0.81, r2 = 0.20, p < 0.05) 

bStronger correlation exists when excluding 1997 zooplankton with C. finarmchicus lagged 1 yr 
(y = 461.84e2.23x, r2 = 0.73, p < 0.05) 

cSignificant correlation exists when excluding 2000 data (y = 2400e–2.76x, r2 = 0.67, p < 0.05)
dSignificant correlation exists when excluding 2004 data (y = 34.7e0.74x, r2 = 0.68, p < 0.05)
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(Fig. 1a), Calanus finmarchicus abundance in the
North Passage (April only) representing the abun-
dance in the GOM intruding current, and the winter
NAO index from 1997 to 2004 (Fig. 8, Table 2). 

The winter NAO index has a weak correlation with
Calanus finmarchicus abundance lagging behind

about 1 yr (Table 2), which is consistent with the
results found in the GOM region (Conversi et al.
2001, Greene & Pershing 2000, Greene et al. 2003).
However, no correlation was found between the NAO
index and C. finmarchicus abundance in CCB or
between C. finmarchicus abundances in the North
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Fig. 6. Average densities of modeled particles in March–April from 2000 to 2003 using realistic forcing. Solid and dashed lines 
indicate 25 and 40 m isobaths, respectively 
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Passage and in CCB. On the other hand, the winter
NAO index may be inversely correlated with the N-S
velocity of surface winds at NOAA 44013 in
March–April (r2 = 0.43, p < 0.1) but not with the E-W
component of surface winds. A significant exponen-
tial correlation exists between the N-S component of
surface winds and C. finmarchicus abundance in
CCB as well as the SPUE. Furthermore, the N-S com-

ponent of surface winds has a significant correlation
with model alongshelf transport at Scituate (r2 = 0.55,
p < 0.05, Table 2), whereas the E-W component of
surface winds does not correlate with model trans-
port. Hence the NAO appears to have influenced the
MB-CCB C. finmarchicus abundance mainly through
surface winds and coastal circulation, but not through
boundary inputs. 
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Fig. 7. Eubalaena glacialis. Yearly mean right whale sightings-per-unit-effort (SPUE) (whales per 1000 km of survey track) in
CCB in March–April from 2000 to 2003. Mean Calanus finmarchicus abundances for the same time periods at 4 sampling stations 

in CCB are also shown
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DISCUSSION

Transport and retention of Calanus finmarchicus,
and right whale feeding

Our model and observational results suggest an
important role of Lagrangian circulation in controlling
Calanus finmarchicus abundance and distribution
in the MB-CCB system through coastal transport of
C. finmarchicus and the formation of water-parcel
retention areas. Since CCB is too shallow for C. fin-
marchicus over-wintering, local populations must be
replenished annually from the deep basins of the GOM
through the intruding current. Thus, a strong intruding
current and a persistent southward coastal transport
(as in normal years) are critical to C. finmarchicus in
CCB, which is consistent with the significant correla-
tion between coastal transport (equivalent to mean
coastal current) at Scituate and right whale sightings in
CCB (Fig. 4, Table 2). A stronger coastal transport, on
the other hand, would imply a shorter residence time
of water parcels in western MB and possibly a smaller
locally-produced younger generation of C. finmarchi-

cus. This is consistent with the negative correlation
between the C. finmarchicus abundance in western
MB and wind speed at NOAA 44013 (Turner et al.
2006), since higher wind speed would generally imply
stronger coastal current. 

Coastal transport is closely associated with the pat-
terns of Lagrangian residual circulation and particle re-
tention in the MB-CCB system (Figs. 5 & 6). In normal
years, a strong (southward) transport persists along
with 2 prominent eddies, in central CCB and central
Stellwagen Basin, respectively, which correspond to
2 particle retention areas. On the other hand, during a
year with dominant southwesterly winds in spring,
coastal waters would be pushed offshore by Ekman
transport, which in turn would reduce or even reverse
the coastal current, hence substantially decreasing
water transport from MB into CCB (Fig. 5d). The intrud-
ing current from the GOM would tend to stay offshore
and may even bypass CCB, as seen in 2002. As a con-
sequence, zooplankton in MB is less likely to be trans-
ported into CCB. Moreover, the retention center in
CCB is no longer present; thus, zooplankton in CCB is
likely to be more uniformly distributed. 

It is well known that right whales tend to feed on
zooplankton patches, especially those of Calanus fin-
marchicus (Murison & Gaskin 1989, Mayo & Marx
1990, Kenney et al. 1995, Baumgartner & Mate 2003,
Baumgartner et al. 2003). Therefore, the close matches
of the right whale aggregations with the particle reten-
tion areas and high C. finmarchicus abundance in CCB
(Figs. 6 & 7) suggest that the model particle retention
area in CCB is favorable to zooplankton aggregation.
Furthermore, disruption of the typical circulation with
lower coastal transport, such as in 2002, would lead to
very low particle accumulation in CCB, which was
coincident with very low right whale presence. This
suggests that C. finmarchicus abundance in CCB was
significantly reduced as well and that right whales
might have sought out other potential feeding areas,
such as the Great South Channel. 

During normal years, the prevailing winds generally
switch to southwesterly as the season progresses into
May and June. The coastal current becomes weaker
and it is likely that the retention zone in CCB also shifts
northward, which may partly explain why right whales
normally leave CCB in late April and early May.
Another possible reason for the departure of right
whales may be the seasonal decline of Calanus fin-
marchicus abundance, which normally starts in late
April or May in MB-CCB (Turner et al. 2006). 

Model results suggest that retention centers in CCB
and the Stellwagen Basin appear to be created either
by the closing of the eddy or following the convergent
limb of the unstable manifolds (Figs. 5 & 6). Alterna-
tively, these retention zones may be purely due to the
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Fig. 8. Time-series of (a) N-S wind velocity (southward
positive) measured at NOAA buoy 44013 (March–April),
(b) Calanus finmarchicus abundance at MWRA station F27
(located in the North Passage) in April (no observation
available for 1996), and (c) winter North Atlantic Oscillation
(NAO) index (source: www.cpc.ncep.noaa.gov/products/

precip/CWlink/pna/nao.html)
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convergence of waters in that area. The convergence
pattern (not shown), however, is clearly different from
the pattern of retention zones, although some broad
correlation may exist. In spring 2000, for example, the
convergent zone in CCB was about 10 km southeast
of the retention zone. A possible reason for this mis-
match is that particle retention is a result of non-linear
and long-term movement of particles, which reflects
the global topological characteristics of a flow field,
especially when a non-steady flow is involved. In
contrast, the divergence/convergence of a mean flow
field can only provide the local characteristics of the
circulation.

Physical–biological interactions

The present study did not examine the effects of bio-
logical processes in CCB, such as local production,
zooplankton behavior, and whale feeding behavior.
Many questions remain to be answered. First, does
local growth play an important role in zooplankton
abundances and distributions? Springtime is the fastest
growing season for Calanus finmarchicus. Waters in
CCB tend to be warmed up earlier than in MB such
that spring bloom in CCB generally takes place earlier
(Jiang et al. 2007a,b). Therefore, local growth may
contribute to the spatial heterogeneity of C. finmarchi-
cus abundance. Secondly, how do zooplankton and
right whales interact with aspects of the micro-physical
environment, such as residual currents and turbulent
intensity? Does C. finmarchicus exhibit diel vertical
migration behavior in CCB and, if so, how does this
interact with the physical environment to create the
vertical patches? Durbin et al. (1995a,b) found that diel
migration of C. finmarchicus in the Great South Chan-
nel changed within seasons and between years. Mod-
eling studies have suggested that vertical swimming
behavior might help zooplankton maintain vertical
depth and form patches in a convergent tidal front
(Franks 1992, Beardsley et al. 1996, Epstein & Beards-
ley 2001). A weak front can also be identified around
the retention areas in MB-CCB (Fig. 5), which suggests
frontal processes may be important as well. Thirdly, do
right whales feed on other types of zooplankton when
C. finmarchicus is scarce? For example, other zoo-
plankton components need to be taken into account to
better explain the 1999 mismatch between C. fin-
marchicus abundance and whale sightings (Fig. 4).
Right whales in CCB are known to feed at times on
other copepods and on planktonic barnacle larvae
(Mayo & Marx 1990). Also, it is unclear why there was
only moderate presence of right whales in spring 2004
given the high abundance of C. finmarchicus. The lim-
ited temporal and spatial coverage of in situ sampling

of zooplankton may not be able to capture the patchy
distribution of C. finmarchicus. Another important fac-
tor here is the availability of prey for the whales in
alternative habitats. In 1999, whale presence in CCB
was higher than C. finmarchicus abundance would
suggest, possibly because prey (including C. fin-
marchicus) levels were even worse elsewhere (e.g.
Great South Channel, Wildcat Knoll, the Northern
Edge, Cashes Ledge). Conversely, in 2004, whale pres-
ence in CCB was lower than suggested by the model
and C. finmarchicus abundance, possibly because
Calanus densities elsewhere were unusually high. 

Regional and NAO influences on 
Calanus finmarchicus in MB-CCB

The MB-CCB system is likely influenced by regional
processes in the GOM through open-boundary forcing
and large-scale climate variability such as the NAO.
The physical–biogeochemical processes in the GOM
are also modulated by large-scale circulation and
climate change (Petrie & Drinkwater 1993, Greene &
Pershing 2000, Barton et al. 2003, Greene et al. 2003,
Thomas et al. 2003). Thus, large-scale variability such
as the NAO may affect the MB-CCB system directly
through surface forcing or indirectly through the vari-
ability of boundary conditions. 

In the case of Calanus finmarchicus, the lack of
correlation between C. finmarchicus abundance in the
North Passage and that in CCB (Table 2) suggests little
direct influence of boundary conditions on C. finmar-
chicus abundance. This may also be due to the limited
sampling frequency and depth (upper 30 m) of zoo-
plankton in the North Passage. However, there are still
possible indirect influences of boundary conditions
through the GOM (including current, nutrients and
phytoplankton) which might affect MB circulation,
zooplankton distribution, and zooplankton develop-
ment. For example, Jiang et al. (2006b) suggested that
the boundary inputs of phytoplankton from the GOM
may significantly affect the MB spring bloom. 

Our data and model results suggest that the NAO
may mostly influence Calanus finmarchicus distribu-
tion instead of abundance in CCB through surface
winds. While little is known about the specific linkage
between the NAO and local winds in the GOM region,
it is generally recognized that during positive NAO
phases, mid-latitude westerly winds are strengthened
by the enhanced atmospheric pressure gradient over
the North Atlantic (e.g. Dickson et al. 1996). This is
consistent with our analysis, which suggests that the
NAO may have contributed about 20 to 40% to the
variability of MB winds during March–April (Table 2).
Changes in surface winds may in turn affect MB-CCB
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circulation, including the coastal current (Figs. 2 & 3),
and consequently, zooplankton distribution in MB-
CCB (Figs. 6 & 7). The potential correlations between
surface winds, NAO winter index, and coastal trans-
port (Table 2) and the close match of particle retention
with right whale sighting distributions (Figs. 6 & 7)
support this scenario. This is consistent with the results
of Turner et al. (2006), who found a significant negative
correlation between wind speed and C. finmarchicus
abundance in western MB in the period from 1992 to
2003. As noted above, stronger wind speed generally
indicates a stronger coastal current that removes
C. finmarchicus faster from western MB into CCB.
Hence, C. finmarchicus abundance in western MB and
CCB tends to have opposite relationships with winds.
An exception to this was the low C. finmarchicus abun-
dance and SPUE in CCB in 1997, even though winds
were predominantly northwesterly that year (Fig. 4).
One possible cause is the 2 severe snowstorms that
occurred in March–April 1997 (the second was the
biggest late-season storm ever recorded in Boston),
which might have severely disrupted the zooplankton
community. 

Overall, Calanus finmarchicus in the MB-CCB sys-
tem is more likely affected by large-scale variability
through local processes than boundary inputs. How-
ever, this analysis is suggestive rather than conclusive
because of the limited availability of data. For exam-
ple, the shortness of the time-series means that corre-
lations between parameters may change significantly
by just adding or removing one data point (Table 2).
This study represents a first step toward understand-
ing the potential role of circulation in zooplankton
abundance and distribution in this area. More zoo-
plankton data are needed to understand the spatial
patterns and their underlying dynamics, such as the
interactions of physical processes with aggregation.
Longer time-series of hydrology, zooplankton and
whales also are needed to examine the potential tem-
poral correlations. A zooplankton population model
coupled with the physical model will be helpful in
examining the role of local growth and production.
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