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Abstract We tested the hypothesis that humpback whales aggregate at the southern flank of Stellwagen
Bank (SB) in response to internal waves (IWs) generated semidiurnally at Race Point (RP) channel because of
the presence of their preferred prey, planktivorous fish, which in turn respond to zooplankton concentrated
by the predictable IWs. Analysis of synthetic aperture radar (SAR) images indicates that RP IWs approach the
southern flank of SB frequently (�62% of the images). Published reports of whale sighting data and
archived SAR images point to a coarse spatial coincidence between whales and Race Point IWs at SB’s
southern flank. The responses of whales to IWs were evaluated via sightings and behavior of humpback
whales, and IWs were observed in situ by acoustic backscatter and temperature measurements. Modeling
of IWs complemented the observations, and results indicate a change of �0.4 m/s in current velocity, and
�1.5 Pa in dynamic pressure near the bottom, which may be sufficient for bottom fish to detect the IWs.
However, fish were rare in our acoustic observations, and fish response to the IWs could not be evaluated.
RP IWs do not represent the leading edge of the internal tide, and they may have less mass-transport poten-
tial than typical coastal IWs. There was large interannual variability in whale sightings at SB’s southern flank,
with decreases in both numbers of sightings and proportion of sightings where feeding was observed from
2008 to 2013. Coincidence of whales and IWs was inconsistent, and results do not support the hypothesis.

1. Introduction

Humpback whales are large cosmopolitan baleen whales that undertake annual migrations between high-
latitude feeding areas and low-latitude calving grounds [Clapham and Mead, 1999; Dawbin, 1966]. Our study
area in the Stellwagen Bank National Marine Sanctuary (SBNMS) is a seasonal feeding area where hump-
backs whales aggregate to feed primarily on sand lance Ammodytes spp. [Payne et al., 1990; Weinrich et al.,
1992], a small fish, although other species such as herring, Clupea harengus [Weinrich et al., 1997], and
euphausiids Meganyctiphanes norvegica [Stevick et al., 2008], are also consumed. Within the SBNMS, the local
abundance of humpback whales fluctuates with local sand lance abundance [Payne et al., 1990; Weinrich
et al., 1992] and humpback feeding behavior varies relative to sand lance behavior. For example, hump-
backs feed along the bottom at night when sand lance bury in the substrate [Friedlaender et al., 2009; Hazen
et al., 2009; Ware et al., 2014] and use bubble nets to forage in the upper portions of the water column dur-
ing the day when sand lance leave the substrate to feed [Friedlaender et al., 2009; Wiley et al., 2011]. In addi-
tion, the geographic distribution of feeding humpback whales within the SBNMS varies on a temporal basis
ranging from hours to months, and these feeding locations are also thought to be highly influenced by
sand lance aggregations.

Sand lance Ammodytes spp. are preyed upon by humpback whales in Stellwagen Bank (SB) waters [Auster
et al., 2006; Garrison and Link, 2000]. Two species of sand lance occur in this region, Ammodytes americanus
and A. dubius. Adults burrow into sandy habitats at night and emerge during the day to form schools and
feed in the water column on copepods and other zooplankton [Robards et al., 1999]. Sand lance abundances
can be high, accounting for 50% of trawl biomass in some years [Auster et al., 2006]. Variability in abundance
has been linked to whale distributions and movements on SB and the Gulf of Maine [Friedlaender et al., 2009],
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and a switch in distribution from Stellwagen Bank (SB) to a northern locality, Jeffrey’s Ledge, was related to a
decrease in sand lance abundance at SB, and an increase in herring biomass at the northern locality [Weinrich
et al., 1997].

Cetaceans and sand lance are major components of the Massachusetts Bay pelagic community. Even
though the distributions of each group have changed over the decades, these organisms converge in rela-
tively high abundance at SB’s southwestern corner [Figure 58, U.S. Department of Commerce, 2010; Wiley
et al., 2003]. Whale-watching boats frequent this area, and spatial density patterns of fishing trips indicate
that SB southern flank is an area of high use by the commercial fishing industry to catch fish and inverte-
brates [Chapter 4, U.S. Department of Commerce, 2010]. Thus, SB’s southern flank is a hotspot in the sense
that population densities of key species are high [e.g., Nelson and Boots, 2008]. Hydrodynamic forcing,
including non linear internal waves (NLIWs), may contribute to elevated biomass at SB.

NLIWs and internal tides are ubiquitous features in the world ocean, and studies have revealed that
NLIWs and internal tidal bores have broad ecological consequences, including determination of zoo-
plankton, ichthyoplankton, and fluorescence patchiness [Haury et al., 1983; Kingsford and Choat, 1986;
Lennert-Cody and Franks, 1999], and zooplankton accumulation and transport [Kingsford and Choat,
1986; Pineda, 1999]. Studies on internal waves in Massachusetts Bay have focused on the nonlinear
evolution of internal waves in relatively deep waters (�> 70 m) that emanate from SB and propagate
shoreward [Chereskin, 1983; Halpern, 1971; Lai et al., 2010a; Scotti et al., 2007] and their effects on bot-
tom sediments [Butman et al., 2006], plankton distribution [Haury et al., 1983; Lai et al., 2010b], and
the shoaling of the NLIWs [Scotti and Pineda, 2004; Scotti et al., 2008]. In the central Gulf of Maine,
internal waves influence the ecology of suspension feeders [Witman et al., 1993]. For typical tidally
generated NLIWs, large amplitude internal waves represent the leading edge of the nonlinear internal
tide, and the pycnocline deepens or shallows for hours after the waves pass by. NLIWs and internal
tides in Massachusetts Bay, like in other coastal environments [e.g., Winant and Bratkovich, 1981], are
energetic in late spring and summer, when the water column is well stratified.

Synthetic Aperture Radar (SAR) detects changes in surface roughness produced by the NLIWs [Alpers, 1985;
da Silva et al., 1998]. Using SAR, da Silva and Helfrich [2008] found that, in addition to the well-known waves
that originate from SB, another set of internal wave packets propagate into Massachusetts Bay, emanating
from Race Point Channel, and that Race Point waves are as common as Stellwagen Bank waves. The internal
wave packet distribution mapped from SAR data indicates that NLIWs tend to affect the southern flank of
Stellwagen Bank [Clark et al., 2006]. Although Clark et al. [2006] do not discuss wave origin, the analysis by
da Silva and Helfrich [2008] points to Race Point.

Race Point internal waves propagate in two different directions: 250�T and 275�T (on average, da Silva
and Helfrich [2008]), and wave packets that propagate toward 275�T may approach the southern tip of
Stellwagen Bank. Generation of internal wave packets at Race Point Channel occurs every tidal cycle

Table 1. Types of Data and Dates of Data Collectiona

Year Month Day of Month for Ship Work Temperature Day of Month of Satellite Image

2008 May 31
2008 Jun 1, 2, 3 Mooring 1, 4, 6, 10, 13, 17, 21, 23, 26

Jul 30, 31 4, 7, 9, 12, 15, 21, 18, 24, 26, 28, 31
Aug 1 1, 4, 6, 9, 17, 20, 22

2009 Jun 4, 7, 8 Mooring 4, 8, 11, 14, 20, 24, 27, 28
Jul 5, 6, 7, 10 Mooring 6, 13, 25

2010 Jun 27 Suspended 11
Jul 13, 23, 24, 25 Suspended 25, 29, 31
Aug 5, 13, 14, 16, 18, 22, 29

2011 Jun 16, 30 Suspended 15, 17
Jul 1, 16, 17 Suspended 12, 14, 18, 20, 29, 31

2012 Jun 7 Suspended 3, 6
Jul 19, 20 Suspended 17, 20, 31
Aug 1, 2 Suspended 2

2013 Jun 22 Suspended
Jul 8, 9, 21, 22 Suspended

aCTD and acoustics data were taken on all field days, and video started on 30 July 2008.
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(every 12.4 h) during the ebb tide,
before low tide at Boston and Race
Point Channel. Preliminary investiga-
tion suggests that the NLIWs may be
generated during the ebb phase of
the tide, propagating upstream when
the current speeds reach the transcrit-
ical regime (i.e., when the current
speed nearly matches the phase
speed of mode 1 long internal waves).
These NLIWs propagate at speeds of
0.3–0.5 m/s, and would approach SB,
about 10 km away from the pre-
sumed generation site, 6–9 h after
low water at Boston [da Silva and Hel-
frich, 2008]. Predictability of genera-
tion and short distance between
generation and shoaling sites make
Stellwagen Bank southern flank a
model system to investigate shoaling
NLIWs and their ecological consequen-
ces. The occurrence of predictable
NLIWs at SB’s southern flank is sug-

gestive, given that large predators, fish, and whales, tend to concentrate at SB [Chapter 4, U.S. Depart-
ment of Commerce, 2010].

Internal waves [Shanks, 1983; Zeldis and Jillet, 1982] and internal bores [Pineda, 1999] create surface conver-
gences that can concentrate zooplankton, and concentration in these convergences requires zooplankton
to be buoyant or to swim against the currents [DiBacco et al., 2011; Franks, 1992; Le Fèvre, 1986]. Internal
tidal bores can also transport zooplankton and larvae [Leichter et al., 1998; Pineda, 1994; Vargas et al., 2004],
and modeling and experimental studies have addressed particle transport when the internal tidal bores can
be viewed as buoyant gravity currents [Helfrich and Pineda, 2003; Scotti and Pineda, 2007]. Internal solitary
waves (ISW) can transport surface plankton in deep water when transport is ‘‘aided’’ by wind drift or by zoo-
plankton horizontal swimming in the direction of wave propagation [Lamb, 1997]. Long-distance mass
transport by ISW is only possible when stratification increases toward the surface [Lamb, 2002].

Zooplanktivorous predators forage where plankton accumulate, including fronts [Hamner, 1988; Le Fèvre,
1986], surface slicks [Watkins and Schevill, 1979], and internal wave convergences (D. Wiley and J. Pineda,
personal observation, 2008). Whales may prey on euphausiids concentrated by internal waves at Platts Bank
in the central Gulf of Maine [Stevick et al., 2008], and pilot whales following an internal solitary wave in the
South China Sea may have been foraging [Moore and Lien, 2007]. In Massachusetts Bay, during early
summer, sand lance, and humpback abundance was correlated with tidal height, a proxy for various tidal
processes, including tidally generated internal waves [Hazen et al., 2009]. However, a mechanistic linkage
between internal waves and whale feeding is still missing. Embling et al. [2013] found that the distribution
of pelagic fish was influenced by a small bank in the Celtic Sea, and suggested that internal waves gener-
ated at the small bank would influence fish abundance, although the mechanisms where nascent internal
waves would influence fish abundance are unclear. Sites where convergences occur predictably because of
physiographic configuration and bathymetry may be sites of intense trophic activity [Le Fèvre, 1986]. Stell-
wagen Bank is a well-known source of internal waves [Haury et al., 1979; Scotti et al., 2007], but the bank
was not known as an area where NLIWs shoal frequently. Our recent SAR observations of Race Point internal
waves offer a fresh picture: internal waves emanating from the tip of Cape Cod repeatedly approach the
southwestern flank of Stellwagen Bank.

We tested the hypothesis that humpback whale distribution is partially determined by NLIWs, by (1)
developing a better understanding of the NLIWs in the region through analyses of SAR images, field
observations of the internal waves, and modeling, and (2) by testing the hypothesis through in situ

Figure 1. Study site. Symbol at the SB southwestern flank is the anchor station
position and approximate site of 55 m temperature mooring (2008 and 2009, N
42� 08.214, W 70� 19.241). Temperature mooring was tethered off the R/V Auk in
2010–2013. Dashed line connects generation site at Race Point channel to field
site, and line is oriented 325�T.
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observations of whale sightings and
NLIWs. The two-link trophic response
hypothesis postulates that schools of sand
lance respond to patches of zooplankton
created by predictable Race Point internal
waves, and that humpback whales can
take advantage of these sand lance
schools. Some assumptions in this
hypothesis have been supported, namely
that zooplankton accumulate in NLIWs
[Zeldis and Jillet, 1982], that sand lance
feed on zooplankton [Robards et al.,
1999], and that whales feed on sand
lance [Hain et al., 1982]. On the other
hand, assumptions that have not been
tested include that sand lance can
respond to patches of zooplankton cre-
ated by NLIWs, and that humpback
whales take advantage of schools of fish
in IW events at Stellwagen Bank. Do Race
Point IWs approach regularly Stellwagen
Bank southern flank? Is there a temporal
correlation between the abundance of
humpback whales and the arrival of Race
Point IWs at SB southern flank? Are
whales more likely to feed on SB south-
ern flank on days with NLIWs?

In section 2, we present the observational
program to develop a better understanding
of the NLIWs, the approach to model them,
and finish with the observations and experi-

mental design to test the hypothesis. In section 3, we describe the IWs observed with SAR and in situ, we
provide a description of NLIWs from coincident SAR, acoustic, and temperature data, and then we present
the modeling results. We then report on the relationship between the in situ observations of IWs and our
whale sightings, and on the interannual variability of whale sightings. We finish with a discussion on acous-
tic observations of fish.

Section 4 discusses properties of Race Point NLIWs, differences with NLIWs observed in other coastal
regions, and some ecological consequences of these differences. We then evaluate the study’s hypothesis
in view of our observations, discuss interannual variability in whale sightings, and consider the effects of
NLIWs on fish. In section 5, we summarize our findings.

2. Methods

NLIWs were observed from 2008 to 2013 using SAR, temperature and acoustics (Table 1), and they were
modeled using observed density profiles. The experimental design to test the hypothesis incorporated the
spatial and temporal predictability of Race Point semidiurnal internal waves approaching Stellwagen Bank’s
southwestern flank.

In situ observations in the late springs and summers of 2008–2013 to address the hypotheses on the
response of humpback whales to NLIWs included shipboard and moored measurements. Shipboard data
were obtained from National Oceanic and Atmospheric Administration (NOAA) R/V Auk anchored south of
the bank, at �55 m water depth (Figure 1). Position changed when the R/V Auk pivoted around the anchor
with the tidal currents. Position differences from the beginning to the end of the daily observations were
up to 180 m. Tidal range in the study area is relatively large, with an average lunar-day maximum tidal range

Figure 2. NLIWs crests from 2008 SAR images. Composite map showing posi-
tions of wave fronts observed in the 2008 TerraSAR-X satellite images. Blue
shows the wave fronts identified to propagate toward 325�T, which were in
collision course with the southern steep slopes of Stellwagen Bank. Red wave
fronts represent waves generated at unknown locations. Heavy black line
enclosing SB delineates the Stellwagen Bank National Marine Sanctuary.
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of 3.12 m. (2008–2010 data for Boston tidal
station NOAA 8443970, 60 km from our
field site.) In each year from 2008 to 2013,
5–7 days of shipboard measurements were
interspersed between early June and early
August. Whenever possible, SAR satellite
images were requested for ship days (Table
1). To minimize potential bias from whales’
diurnal patterns in feeding activity, field-
work dates were chosen to include days
when IWs were expected to approach SB in
the morning, noon, and midafternoon.

2.1. Synthetic Aperture Radar (SAR)
Observations
We addressed whether NLIWs approach SB
southern flank from 2008 SAR satellite data.
We scheduled and analyzed 25 TerraSAR-X
satellite overpasses of the study area during
the period from 1 June 2008 to 22 Septem-
ber 2008. Of these, 4 out of 25 images were
not appropriate for addressing the research
objectives because sea surface wind speed
was too strong or too weak, impeding
detection of the surface signature of the
internal waves by SAR. TerraSAR-X has a
dawn-dusk orbit and thus overpasses the
study region at 10:00 h or 22:00 h Coordi-
nated Universal Time (UTC). Because our

vessel measurements were conducted during the day (between 12:30 h and 22:00 h UTC), we could not
obtain coincident vessel and TerraSAR-X overpass measurements. However, the ENVISAT satellite, which is
capable of detecting NLIWs with the SAR and has an orbit close to noon midnight, was used to obtain an
image on 31 July 2008 (at 14:40 h UTC), approximately 30 min after the first internal wave was recorded in
the field (see below). The TerraSAR-X and the ENVISAT SAR images from 31 July 2008 and 3 days with field
observations were used to compute a travel-time plot. Satellite data were also collected for the 2009–2012
period from June to August, inclusive, coincident with the 2009–2012 field seasons (Table 1). However,
these data were not used in this contribution, and they do not change the general conclusions obtained
from analysis of the 2008 data set.

2.2. Moored and Suspended Temperature
In late May 2008, temperature moorings were deployed at locations with water depths of 55 and 23 m at the
southwestern flank of Stellwagen Bank to characterize the NLIWs. Another mooring was deployed at the Stell-
wagen Bank northern flank in 39 m of water. The 55 and 39 m moorings were lost after a few days of deploy-
ment, likely to trawl fishing. Subsequent mooring deployments in late July 2008 and June 2009 at the
southwestern flank of Stellwagen Bank were 5–18 days, and no mooring was redeployed at the north flank.
Seabird SBE39 temperature loggers were generally spaced every 4.5 m along the mooring line over the entire
water column, and recorded at 20 or 40 s intervals, with buoyancy provided by rigid subsurface buoys. SBE39
and RBR 2050 temperature and pressure sensors at the submerged buoys were used to estimate mooring
bending by currents. On some deployments, an Onset Computer Corporation HOBO TempPro temperature
logger attached to a surface float was tethered to the top of the mooring. These surface loggers recorded tem-
perature every 140 s, although the response time of the HOBO TempPro is slower than 140 s.

Beginning in 2010, temperature was recorded using 26 RBR 1060 temperature loggers attached to a �53 m
long line suspended from a large float, recording at 10 s intervals. Most temperature loggers were spaced
2.25 m apart, but the two top subsurface loggers had shorter separations, from 0.5 to 2 m, depending on the

Figure 3. TerraSAR-X image acquired on 23 June 2008 at 22:25 h UTC over
Cape Cod Bay, showing two large ISW trains emanating from Race Point
Channel with bathymetry overlaid on the SAR image. A third and small ‘‘nas-
cent’’ wave packet (WP1’) at the expected time of generation is visible in Race
Point channel.
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configuration of the top of the moor-
ing. The float was tethered to the
boat, and the temperature string was
held taunt by suspended weights at
the bottom of the line.

2.3. Hydrographic, Acoustics and
Video Shipboard Observations
Shipboard measurements included
Conductivity, Temperature, and
Depth profiler (CTD) casts, single-
beam or dual-beam 200 and 120 kHz
acoustic backscatter (Biosonics DTX),
and live underwater video (Splash-
Cam Deep Blue) with underwater
flashlights fitted with light diffusers.
Acoustic and video data acquisition
started in July 2008, when a single
200 kHz frequency unit was available,
with use of dual frequencies 120 and
200 kHz starting in 2010. One or two
acoustic transducer heads were
deployed from the stern at about 1 m
depth. Data were fed to a PC, and
acoustic scatter dynamics were
observed in real time. Acoustic back-
scatter data were used to detect fish
and NLIWs, and the identity of acous-
tic backscatter ‘‘patches’’ and ‘‘traces’’

was assessed with the underwater live camera by positioning the camera at the depth of observed acoustic
patches. The video camera was attached to a caged Seabird SBE19 CTD or to other weighty objects, and
depth of the video camera was estimated from line out (line marked every 10 meters), and occasionally
from the camera’s acoustic return in the echograms. Acoustic patches and traces were assigned to a fish

species when video images were posi-
tively identified. Video was saved in
compressed format. Quantification of
sand lance was not attempted in this
study because identification of all
acoustic patches was not possible.
Moreover, the number of sand lance
schools positively identified with the
live video camera at the time of NLIW
occurrence was very small, and this low
number precluded evaluating rigor-
ously the response of fish to the NLIWs.

2.4. Modeling
Observations were complemented with
a mathematical model of large-
amplitude internal solitary waves to
investigate potential changes in circula-
tion and pressure through the water
column induced by the waves. Meas-
ured ambient density structure (i.e.,
stratification) was used to compute

Figure 4. NLIWs recorded on 19 July 2012 using temperature data. The temperature
loggers were fixed to a line suspended from a large float. (a) Interpolated tempera-
ture; white symbols depict temperature logger positions. (b) Raw temperature meas-
ured at 10 s intervals from individual loggers. Bottom logger is< 3 m above bottom.
Predicted low tide time at Boston light station is 10:05 h UTC.

Figure 5. Travel-time graph based on 2008 SAR images and field observations. The
vertical axis represents the distance of leading internal solitary waves in each
packet measured from Race Point (42.06� N, 70.25� W) along a propagation axis
with direction 325�T. Open symbols represent points where the wave fronts in the
SAR intersect the propagation axis, whereas closed symbols are arrival time of the
NLIWs to mooring location (on June 2008 data). Times are relative to high tide
(HW) at Boston Harbor. (Negative times represent time before high tide.) The slope
of the linear fit provides an average of propagation speeds in direction 325�T
(c 5 0.31 m/s).
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internal solitary waves using the fully nonlinear, Dubreil-Jacotin-Long (DJL) equation [see Helfrich and White,
2010; Stastna and Lamb, 2002]:

@2g
@x2

1
@2g
@z2

1
N2 z2gð Þg

c2
50 (1)

Here g(x,z) is the displacement of a streamline (i.e., isopycnal) from its resting position (i.e., its position far
ahead and behind the wave) where g 5 0, N2(z) 5 -(g/q00)dq0(z)/dz is the Brunt-V€ais€al€a frequency based on
the background density profile q0(z), q00 is a reference density, g is the gravitational acceleration, and c is
the phase speed of the wave. For a given observed background density field, we computed ‘‘families’’ of
wave solutions using the Newton-Raphson method. These families are described by continuous curves that
relate wave speed c to the wave amplitude g0, 5 max[g(0,z)] (or min depending on sign of g). Solutions of
this equation were used to compute the wave-induced horizontal, u5cgz, and vertical, w5-cgx, velocity
fields and the dynamic pressure (found after removing the hydrostatic pressure due to the background
density field):

pdynðx; zÞ5 c2

2
12 g2

x 1g2
z

� �� �
2q0ðz2gÞgg (2)

Wave-induced velocities and dynamic pressures were calculated at maximum depths where fish that may
respond to surface intensified internal waves can be found (near the bottom).

2.5. Whale Sightings and Behavior
Whale sightings and whale behavior were recorded by two trained biologists on opposite sides of the R/V
Auk’s raised observing platform. Each observer scanned 180� of the horizon for 5 min every 15 min for 5.5–
10 h while the vessel was anchored on station. Whales were located (distance, bearing) with Leica Vector
Viper II binoculars, which feature a digital compass and a laser rangefinder for measuring distance up to
4000 m. Number, behavior, and location of whales were told to a third person who immediately recorded
the data on an electronic tablet. Behaviors were categorized as feeding, logging, swimming, diving, fluking,
breaching, aerobatics, motionless, other, and unknown [Weinrich and Kuhlberg, 1991; Weinrich et al., 1992].
Feeding included lobtailing, a feeding mode where humpback whales use their tail flukes to hit surface
waters [Weinrich et al., 1992]. When several whales were observed together and at least one whale was
feeding, the behavior for that sighting was recorded as feeding.

Figure 6. (a) ENVISAT SAR image 31 July 2008 acquired at 2:29 h UTC. (b) Schematic representation of internal wave fronts in Massachusetts Bay shown with wave length calculated
from the image. The dark circle at the southwestern flank of SB is location of RV Auk when the image was acquired. Axes in inset are distance (x, in km), and relative intensity (y).
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3. Results

3.1. Internal Waves at the
Southwestern Flank of
Stellwagen Bank: SAR
Observations
The origin and frequency of
internal waves approaching
SB’s southwestern flank
were investigated with SAR
images. Observations from
2008 indicate that the
majority of internal waves
approaching SB’s south-
western flank originate at
Race Point (Figure 2). Fig-
ure 3 shows a TerraSAR-X
image of Cape Cod Bay on
23 June 2008 with a nomi-
nal spatial resolution of
3 m. It reveals spatial detail
of trains of NLIWs. Two
semicircular wave trains of
considerable lateral exten-
sion (WP1 and WP2 in the
figure, coherent crest
lengths of about 15 km
each) can be identified.
These waves were gener-
ated at Race Point channel
during the ebb phase of
the tide, where a nascent
wave train is present
(WP1’). At SB’s southwest-

ern flank, Race Point internal waves had long crests, with an observed coherent crest length of 19 km,
and up to 28 km in a location 1.2 km distant from our field site (31 July 2008 SAR image, see below).
Analysis of the full horizontal structure of the Race Point Channel internal wave trains in 2008 using 21
SAR images revealed that NLIW packets approached the south flank of Stellwagen Bank in 13 out of 21
images (61.9%). In 4 out 21 cases (19.1%), NLIWs did not approach SB, and in 4 other cases, NLIWs were
not generated.

Moored and shipboard measurements at SB’s southwestern flank detected internal wave packets. Out of 32
field days of shipboard measurements, we detected NLIWs consistent with Race Point origin in 22 cases
(68.8%), no NLIWs on 4 occasions (12.5%), and NLIWs from ambiguous or non-RP origin in 6 cases (18.8%).
In 2008 and 2009, NLIWs were identified at the 55 m mooring, and sometimes at the 23 m mooring. How-
ever, for various events, the data from the 23 m mooring did not reveal the internal waves observed at the
55 m mooting (results not shown). The Race Point origin of NLIWs at SB from in situ measurements was
determined from the timing of the internal wave train. This considered the expected time of generation of
internal waves at Race Point (low tide), and assumed for packets propagating 275�T (WP1 Figure 3), a propa-
gation speed of 35 cm/s and 8 h later arrival to our anchor and mooring stations about 10 km away from
the generation site. For packets propagating 250�T, a propagation speed of 39 cm/s and 7:10 h later arrival
to our anchor station was assumed [da Silva and Helfrich, 2008].

The waves propagating 250�T are less likely to affect Stellwagen Bank. Estimates of arrival time can vary 6 2 h
for the two wave trains because of, for example, stratification and tidal current variability. On 19 July 2012,
temperature sensors fixed to the line attached to the surface float recorded NLIWs with up to �14 m

Figure 7. Internal waves from raw temperature and acoustic backscatter on 31 July 2008. (a) Coinci-
dent temperature variability reveal the NLIWs; depth is in meters, time is UTC, and measurement
interval is 20 s. (b) Internal wave train from acoustic backscatter. Separation between ship anchored
position and mooring in Figure 7(top) is �240 m. Station position for Figure 7 (bottom) is depicted
in Figure 1. Backscatter arising with the internal wave (ca. 14:10 h) was sand lance which were iden-
tified with an underwater camera. The sharp acoustic band at � 40 m is a measurement artifact.
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amplitude (Figure 4). As in other typi-
cal Race Point wave events, average
thermocline depth changed little after
the event, and thermocline depth
returned to the unperturbed level.

To further assess the propagation
speed of NLIWs along a line between
Race Point and our field site at SB’s
southwestern flank (Figure 1, line
heading 325�T off Race Point), we cal-
culated propagation speed by plotting
distance from Race Point as a function
of time before high tide in Boston Har-
bor. Figure 5 presents a travel-time
graph relating position and time of
each wave train in 2008. The slope of

the linear fit to the data gives the average propagation speed of the NLIWs, which for 325�T heading is
0.31 cm/s, in agreement with da Silva and Helfrich [2008]. On occasion in situ and SAR observations registered
two consecutive internal wave trains; these characteristic events will be described in another paper. Last, our
in situ and satellite observations also detected internal waves that generated at unknown locations (wave
fronts in red color, Figure 2).

3.2. Coincident Satellite, Temperature, and Acoustic Backscatter Observations
A train of Race Point NLIWs identified with ENVISAT SAR on 31 July 2008 was at least 19 km in coherent
crest length (Figure 6). The timing of the NLIWs suggests that they emanated from Race Point, and this was
supported by the coincident SAR remote observations. In this event, the propagation speed of the NLIWs
along their main axis of propagation (275�T) [da Silva and Helfrich, 2008], was 0.68 m/s.

Temperature data from the 55 m mooring revealed the set of internal waves (Figure 7a). From the surface
to about 40 m down, the temperature varied in response to the waves. Acoustic backscatter, measured
from the anchored boat 240 m distant from the temperature mooring, also revealed the event, recording
internal waves by the distortion of horizontal layers of sound-scattering particles (Figure 7b). Acoustic back-
scatter patterns suggest vertical displacements of sound-scattering particles associated with the internal
waves up to 20 m (�14:23 h, Figure 7b). A large acoustic patch in the echogram at 50 m and about 14:08 h
(Figure 7b) appears to move up coincident with the arrival of the first internal wave depression. Acoustic
patches return to near the bottom after the initial internal wave depressions.

On 1 August 2008, NLIWs were identified using the temperature mooring data; the wave train influ-
enced temperature from 27 to 4.5 m water depth (results not shown). The echogram shows a set of
up to seven large wave depressions (Figure 8). Acoustic patches were detected near the bottom prior
to arrival of the internal waves (40–50 m, 16:15 h). Some patches appear to move to the upper water
column coincident with the first and second wave depressions, and then appear to return to near the
bottom, with fewer excursions to the upper water column after the first and second depressions. At
�16:51 h, an acoustic patch follows a vertical pattern that suggests fish swimming up to just above
the middle of the water column under a wave crest, and then swimming down.

3.3. Modeling
Density profiles observed on 31 July 2008 (Cast 1) and 01 August 2008 (Cast 5) (Figure 9) were used to com-
pute internal solitary wave solutions using the DJL equation (1). The profiles were first fit to smooth functions
(dashed lines) to facilitate the calculation since both profiles exhibited density overturn representative of tran-
sient disturbances. Figure 10 shows the families of waves for Cast 1 (solid) and Cast 5 (dashed). Figure 10a
shows the wave phase speed as a function of the wave amplitude g0. Note that for both cases the waves are
waves of depression, g0< 0, since the displacement fields g(x,z) are similarly negative. Also shown are the
peak wave-induced horizontal velocity (Figure 10b) and dynamic pressure (Figure 10c) from the DJL solutions
evaluated at 1 m above the bottom. These extremes occur at the wave crest (or trough for these waves of

Figure 8. Internal wave train from acoustic backscatter on 1 August 2008. Backscatter
arising with the internal wave (�16:37 h) was identified with an underwater camera as
sand lance. The strong acoustic returns at 38 m at � 16:17 h and at 15 m at � 16:40 h
are the video camera.
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depression). An example of a wave solution from Cast 1 with amplitude g0 5 214.1 m is shown in Figure 11.
The figure shows the density field and the horizontal velocity and dynamic pressure at 1 m above the bottom
in a reference frame moving with the wave phase speed c 5 0.595 m/s. This wave is representative of the
large waves in the Race Point area, which induce peak bottom velocities of about 0.3–0.5 m/s and pressure
fluctuations of about 1–2 Pa.

3.4. Relationship of Waves and Humpback Whale Feeding From In Situ Observations
On 2 June 2008, the predicted arrival time of Race Point waves was 15:10 h UTC. In situ whale sightings indi-
cate that whale abundance peaked at that time (Figure 12). As there were no coincident temperature data
(the temperature mooring was lost), internal waves were identified by their surface manifestation, propagat-
ing surface slicks. Humpback whales were observed swimming along internal wave slicks. Sand lances were
observed swarming near the surface, and a large proportion of observed whales displayed feeding behaviors.
Although this event is suggestive of an association between feeding humpback whales and internal waves,
other data indicate that there is no association between whales and NLIWs. The proportion of days with
detected internal waves and at least one sighting of whale feeding (15 out of 28 days from 2008 to 2013) did
not differ from the proportion of days with internal waves and no whale feeding sightings (13 out of 28 days)
(chi-squared 5 0.143, p 5 0.705, df 5 1). However, whales were rare in some years (see below).

3.5. Interannual Variability in Whale Sightings and Behavior
In situ whale sighting observations at Stellwagen Bank’s southern flank showed large interannual variability
in sighting number, with abundant sightings in 2008, 2009, and 2012 but many fewer in 2010, 2011, and
2013 (Figure 13a). Total number of whale sightings on each day was weighted by the number of hours that
observations were made on each day to form a simple measure of sightings per unit effort (sightings per
hour per day). Mean sighting rates varied significantly between years (one-way ANOVA; square root trans-
formed data, F5,27 5 16.07, p< 0.001). Mean sighting rates in years 2008, 2009, and 2012 did not differ from
each other, but each of these years was significantly higher than the means in 2010, 2011, and 2013. Mean
sighting rates in 2010, 2011, and 2013 were not significantly different from one another (Turkey’s honestly
significant difference (HSD) test, alpha 5 0.05).

Figure 9. Density profiles for (a) cast 1, 31 July 2008 and (b) cast 5, 1 August 2008. The solid lines show the observed profiles with evidence
of overturns. The dashed lines give the smooth fits used to compute the waves with the DJL equation.
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The number of feeding observations
relative to the total number of sight-
ings on each day (termed feeding
ratio) was computed to estimate the
proportional number of whales that
were feeding. The feeding ratio
decreased from 2008 to 2010, increas-
ing again in 2011, 2012, and 2013 (Fig-
ure 13b). Mean feeding ratio was
significantly different between years
(one-way ANOVA on square root
transformed data, F5,27 5 2.72,
p 5 0.041). Feeding ratio was signifi-
cantly higher in 2008 than in 2010
(Turkey’s HSD test). No other paired
comparisons between years showed
significant differences. Higher feeding
ratios corresponded to higher sighting
rates in 2008, indicating that in 2008
when humpback whales were abun-
dant (9.4–20.3 sightings per hour per
day, average 13.7), a large proportion
of these whales were feeding (4%–
38%, average 24%; Figure 14). In 2010,
few whales were sighted (0–1.71
sightings per hour per day,
average 5 0.82), and a lower number
of these were feeding (0–8%, average

2%). There is very large variability in these data, however, particularly for 2009, 2012, and 2013.

3.6. Fish Observations
Echosounder observations were not designed to assess the abundance of sand lance and other fish. None-
theless, our observations suggest large acoustic patches consistent with sand lance were common in 2008

and present in 2012, but rare or absent
in 2010, 2011, and 2013. Sand lance in
2008 and 2012 were seen with the cam-
era near the bottom, and our data indi-
cates that they can swim to near the
surface in the presence and in the
absence of NLIWs. In 2013, we observed
large schools of herring and small
mackerel, identified with the camera. In
2009 and 2010, spiny dogfish (small
sharks) were abundant, and these
observations will be described in
another paper.

4. Discussion

Observations of coastal NLIWs gener-
ated at Stellwagen Bank and observed
in other coastal regions indicate that
these waves represent the leading edge
of the internal tide: thermocline depth
increases or decreases after the passage

Figure 10. DJL model solutions for (a) wave phase speed c, (b) wave induced horizon-
tal velocity u at 1 m above the bottom, and (c) dynamic pressure pdyn at 1 m above the
bottom as functions of wave amplitude g0. Cast 1 (solid) and cast 5 (dashed).

Figure 11. Full wave solution for Cast 1 (July 31), for a wave with phase speed c 5

0.585 m/s and amplitude g0 5 214.1 m. (top) Isopycnal field (contours from 1022.3
to 1024.7 kg/m3 in intervals of 0.3) in a frame moving with the wave, x – ct. The bot-
tom two plots show the associated wave-induced horizontal velocity and dynamic
pressure at 1 m above the bottom.
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of the internal wave train, and these thermo-
cline depth changes persist for several hours.
Some features evolve as internal tidal bore
warm fronts, which are capable of concen-
trating zooplankton, and therefore of poten-
tially eliciting a predator foraging response.
In these events, the generation of the NLIWs
is in phase with the generation of the nonlin-
ear internal tide. In most Race Point internal
wave events, however, we did not observe a
change in mean thermocline depth lasting a
few hours associated with the waves (e.g.,
Figure 4). This may be due to the generation
mechanism of Race Point waves. Generation
is predicted to be out of phase with the inter-
nal tide [da Silva and Helfrich, 2008]. NLIWs
that lead the internal tide sometimes evolve
into internal bore warm fronts, with some
characteristic features of gravity currents,
including a head where current speed u can

be larger than propagation speed c, and with capability for accumulation and transport of zooplankton [Hel-
frich and Pineda, 2003; Pineda, 1999; Scotti and Pineda, 2007]. However, no circulation or zooplankton data
are available for 2008, and it is not clear whether u> c in typical Race Point shoaling NLIWs, or whether zoo-
plankton are accumulated in these NLIWs. At SB’s southwestern flank, typical Race Point disturbances are
localized NLIWs, not gravity currents, and therefore these Race Point NLIWs have limited mass transport
potential. Furthermore, the model calculations of NLIWs show that no trapped cores, where u> c, can occur
for the stratification conditions in Figure 9 [Helfrich and White, 2010]. We speculate that NLIWs generated at
Race Point channel are not associated with gravity currents, and have less potential for accumulation and
transport than internal tidal bore warm fronts. Race Point NLIWs, however, may influence the benthic envi-
ronment by producing changes in near bottom currents and dynamic pressure (Figure (10 and 11)).

Our results do not support the hypotheses that humpback whale distribution is partially determined by
NLIWs, and that whales take advantage of sand lance schools that respond to predictable accumulation of
zooplankton by the NLIWs. The association between whales and NLIWs is, at best, inconsistent. Although
Race Point NLIWs affect an area where humpback and other baleen whales aggregate [Figure 2, and Wiley
et al., 2003], and humpback whales were observed feeding on zooplanktivorous fish near NLIWs (Figure 12),
for the large majority of observed NLIW events we found no evidence of humpback whale aggregation in
response to the NLIWs. Moreover, on days with NLIWs, there were no difference between the proportion of
days with no sightings of feeding humpback whales, and the proportion of days with at least one sighting
of feeding humpback whales. Several processes may account for the disconnection between feeding
whales and NLIWS, including no zooplankton accumulation in the NLIWs, no fish response to the NLIWs,
humpback whale inability to predict the NLIWs, and little benefit for whales to forage in NLIWs because, for
example, there are few prey for the whales. Whale and prey spatial and temporal variability is another
obvious candidate for explaining the disconnection. Humpback whale spatial and temporal distribution at
Stellwagen Bank is strongly dependent on sand lance variability [Friedlaender et al., 2009; Hazen et al., 2009].
Whereas NLIWs approaching SB are predictable in spring and summer, prey abundance varies. With no prey
to attract humpback whales to a given area, a direct relationship between physical forcing by NLIWs and
whale response should not be expected.

There was ample interannual variability in the number of humpback whale sightings at the field site (Figure
13). Whereas our measurements were limited in time and space, informal communications with whale-
watching fleet naturalists and blogs concurrent with our field observations suggest that when humpback
whales were rare at our field site at the southwestern flank of SB, groups of whales were seen feeding in
other areas of Massachusetts Bay and outer Cape Cod. Humpback whale interannual sighting variability
from 2008 to 2013 at our field site may be related to prey variability, and these results are consistent with

Figure 12. Humpback whale sightings and behavior by time of day, 2 June
2008, UTC (16:00 UTC 5 12:00 local). Whale counts and behavior observed
from the R/V Auk.
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previous studies indicating that humpback
whale abundance fluctuates with local sand
lance abundance [Payne et al., 1990; Wein-
rich et al., 1992]. When whales were very
rare in 2010, there were few sightings of
feeding, but in 2008 when whale sighting
numbers were high, a high percentage of
these whales were feeding (Figure 14).
Observations in other years were much
more variable. We speculate that humpback
whales respond to prey availability by mov-
ing in and out of the southwestern flank
region, leading to a decrease in whale sight-
ings when prey are rare.

Do sand lances respond to NLIWs? We iden-
tified sand lance schools with live video in
2008 and 2012. However, sand lance and
NLIWs rarely coincided in our acoustic obser-
vations, and our data cannot resolve this
question. More study is required to address
whether sand lance responds to the NLIWs.
In the North Sea, Embling et al. [2012] found
that sand lance Ammodytes sp. may respond
to tidal currents, with an increase in number
of sand lance schools at maximum ebb or
flood tides, but no mechanism was invoked,
and the response to different phases of the
tide were variable. It was suggested that
changes in vertical distribution associated
with changing tides may offer a foraging
opportunity to pelagic birds [Embling et al.,
2012]. Sand lance might thus change vertical
distribution in response to environmental
cues. The modeled Race Point waves of
depression with amplitude of g0 5 214 m,
comparable to the observed waves, cause
changes in bottom current speed up to

about 30 cm/s, and dynamic pressure changes of about 0.8 Pa one meter above the bottom (Figure 11).
Sand lance may sense hydrodynamic disturbances caused by the NLIWs, as sand lance respond to hydrody-
namic disturbances presumably sensed with their lateral line [Peterson, 1984].

NLIWs shoaling might affect positively sand lance habitat by generating currents that affect the ocean bot-
tom. For example, Noble and Xu [2003] speculated that coarse sediments at a site in 70–100 m water depths
off California resulted from winnowing by internal bore generated currents. Sand lance prefer coarse sedi-
ment bottoms [Meyer et al., 1979], and their habitat may be positively influenced by semidiurnal NLIWs
shoaling, as these events are significant in sediment resuspension [Butman et al., 2006; Quaresma et al.,
2007].

5. Summary

To conclude, there was no temporal relationship between the occurrence of whales and NLIWs at the tem-
poral scale of the wave events. One complicating factor in elucidating a temporal correlation between
humpback whales and NLIWs is that waves occur regardless of the presence of sand lance and other small
fish, and with no prey available, a link between hydrodynamic forcing and whale occurrence is not

Figure 13. (a) Humpback whale sighting rates (whales sighted per hour) at
SB’s southern flank. Data are 7–9 h of daylight observations per day, average
of 5–7 days in June–August of 2008–2013. Error bars are standard error. (b)
Feeding ratio (number of feeding observations relative to the total number
of sightings) at SB’s southern flank. Data as in (a) above. Error bars are stand-
ard error.
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expected. At SB’s southern flank, there was
large interannual variability in whale sight-
ings during the summer, which may relate
to prey availability. Factors such as behavior
and social cohesion may also influence
humpback whale distribution [e.g., White-
head and Carlson, 1988]. Finally, our results
indicate that Race Point waves are not in
phase with the internal tide, as there was no
change on average thermocline depth after
passage of the Race Point NLIWs, suggesting
that Race Point NLIW transport potential is
lower relative to coastal NLIWs that are in
phase with the internal tide [Pineda, 1999].

Stellwagen Bank’s southwestern flank is a
hotspot of biological activity in the sense
that pelagic prey and predators congregate
in the area, and Race Point NLIWs might
play a role in the secondary production of
the site by contributing with increased zoo-
plankton fluxes or enhancing sand lance
habitat. However, these potential contribu-

tions by semidiurnal NLIWs have yet to be evaluated, and it is likely that other hydrodynamic processes
play more important roles.
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