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Tidally generated high-frequency internal wave packets
and their effects on plankton in Massachusetts Bay

by Loren R. Hauryl, Peter H. Wiebe2, Marshall H. Orrs

and Melbourne G. Briscoe2

ABSTRACT
Tidally generated internal wave packets occur twice a day during late summer in Massa-

chusetts Bay, U.S.A. The packets are formed at Stellwagen Bank and propagate into the Bay
at about 60 cm sec-1

; they dissipate in shallow water at the western side of the Bay. The
dominant waves in packets have lengths of about 300 m, periods of between 8 and 10 min, and
amplitudes of up to 30 m. Overturning of the waves has been observed acoustically over
Stellwagen Bank, in the deep (80 m) waters in the center of the Bay, and during dissipation in
shallow water. The effects of the internal waves on the distribution of plankton were investi-
gated in August 1977 using an instrument package (Longhurst-Hardy Plankton Recorder, in
situ fluorometer, CTD) towed either at a constant depth or following an isotherm through wave
packets. Phytoplankton and zooplankton appear to be carried passively up and down by the
internal waves; the data were insufficient to resolve any active response by zooplankton to
vertical displacements by the waves. Vertical distributions of the plankton were altered by
overturning of waves and subsequent mixing. Patterns of horizontal distributions of plankton
determined by constant-depth tows were dominated by the effects of internal wave vertical
displacements. Isotherm-following tows removed much of the variability due to wave displace-
ment, but problems of following rapidly moving isotherms introduced considerable smaller-
scale variability. Changes in zooplankton abundance on tow length scales (600-1200 m) were
not correlated with temperature, salinity, or density; some significant correlations with chloro-
phyll fluorescence occurred when internal wave activity was present. Twice a day for several
hours or more, phytoplankton were vertically displaced by as much as 30 m, with a period of
about 10 min. The light level plant cells experienced varied from 0.1 to 26% of the ambient
surface illumination. This rapid change in light should alter fluorescence yields of plant cells
and affect continuous in situ measurements of chlorophyll fluorescence. The timing of internal
wave packets varies with the semidiurnal tidal cycle and therefore interacts with the day-night
cycle to significantly alter the light regime experienced by plant cells over a two-week period.
This could affect the primary productivity of the Bay in the area affected by internal wave
packets. The sporadic occurrence of internal wave overturning and mixing events in the deep
waters of the Bay could enhance primary production by increasing nutrient input to the mixed
layer. This effect should be greatly enhanced in the shallow waters where the internal waves
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dissipate. Comparison of acoustic and plankton recorder data showed that much of the intense
acoustic backscattering seen in high-amplitude (10-20 m) internal waves is due to physical struc-
ture and processes, and not to the presence of zooplankton.

1. Introduction
Internal waves are a ubiquitous feature of the world's oceans. Occurring with

periods from tidal cycles to a few minutes, they have been invoked as significant
contributors to plankton patchiness (Kamykowski, 1972; Wyatt, 1975; Haury et
al., 1978), to temporal and spatial variability in primary production (e.g., Kamy-
kowski, 1974, 1979) and as a source of bias and lack of precision in estimates of
abundance due to interactions with sampling gear and strategies (Haury, 1976;
Haury et al., 1978; Angel, 1976; Denman, 1976; Kelley, 1975, 1976).

Internal waves occur in many forms; one of these is the tidally generated internal
wave packet. Such packets appear to be a common phenomenon along the east
coast of the United States (Sawyer and Apel, 1976) and other sites where the right
combination of bathymetry, tides, and stratification occurs (Gregg and Briscoe,
1979; Maxworthy, 1979). These tidally driven internal wave packets can provide
a deterministic event within which the effects on plankton of internal waves can be
studied. It might be preferable to study these effects in a random, stochastic fashion
in an open-ocean situation so as to provide a more general case, but this com-
plicates both the internal wave and plankton measurements. Here, we look at the
specific features of the interactions in a nearshore environment and point out in our
conclusions to what extent we think these features are generalizable.

Massachusetts Bay, U.S.A., is an ideal location to observe the effects of in-
ternal wave packets on planktonic systems. In the late summer, tidally generated
internal wave packets have been observed to occur twice a day (Halpern, 1971),
propagating into the Bay from Stellwagen Bank (Fig. 1). Unlike tides and bathym-
etry, stratification varies seasonally and packets would not be expected to occur in
winter. There are no year-around observations at the site to verify this. The waves
are (1) easily observed visually, acoustically, and with sensors (e.g., temperature,
salinity, velocity) that sample sufficiently rapidly, (2) predictable in time and space,
and (3) have simple, relatively uniform characteristics (speed, direction, wave-
length, period).

Haury et al. (1979) presented preliminary results of an interdisciplinary study
(27 Aug.-2 Sept. 1977) of the internal waves in Massachusetts Bay designed to
investigate their generation and propagation, to describe the biological effects on
the plankton, and to evaluate the use of high-frequency acoustic backscattering
systems as a means of observing both internal waves and plankton. In this report,
we present further results of that study. We specifically look for the effects of
internal waves on the horizontal and vertical distribution of phytoplankton and
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Figure 1. Chart of Massachusetts Bay showing location of moorings at Stations A and P
(water depths 80 and 35 m, respectively) and area around Station A (box) within which
lHPR tows were taken (see Fig. 3). Asterisk marks position where fluorometer, Cfn, and
acoustic records shown in Figure 10 were taken.

zooplankton; we seek to determine (1) if internal waves mechanically alter patterns
of distribution; (2) if zooplankton can be regarded as passive tracers of water
motion or whether their behavioral responses are sufficiently strong to allow them
to significantly alter their vertical distributions with respect to vertical motion of
internal waves; (3) if the above two factors affect the relationships between zoo-
plankton species and between zooplankton and phytoplankton; and (4) if internal
waves interact with the sampling design to cause biases and artifacts in the spatial
distribution and relationships of plankton. This kind of localized study, utilizing
high-frequency interval wave packets as a source of effects on plankton, is com-
plementary to studies of low-frequency, internal tidal effects on plankton, such as
those of Kamykowski (1974, 1976).

2. Materials and methods

a. Instrumentation. Current meters were moored at a depth of 25 m at both Sta-
tions A and P (Fig. 1); Station A also had a surface mooring carrying a thermistor
chain. Details of these moorings are contained in Haury et ai. (1979). A neutrally
buoyant, free-floating vertical current meter (VCM) (Voorhis, 1968; Joyce et al.,
1976) was used to measure vertical and horizontal water motions during passage of
the internal waves. Further description of the VCM and some of its results are in
Haury ~t -sl. (1979). A narrow-beam (3-1/2°) 200 kHz and a 37 kHz acoustic
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backscattering system (ABSS) (Orr and Hess, 1978) was used to remotely sense the
internal wave field continuously during the six days of observations. The ABSS
transducers were deployed on a submerged body towed at 2 m depth abeam the
ship. Physical information was obtained with a CTD (conductivity, temperature,
depth) sensor (Brown, 1974) augmented with occasional hydrographic casts for
calibration information and for dissolved oxygen and discrete chlorophyll a deter-
minations. Zooplankton samples were collected with a Longhurst-Hardy Plankton
Recorder (LHPR) (Hauryet al., 1976) used without a net (mouth area 0.0168 m2)
and sampling at 16-second intervals. Mounted on the LHPR were an in situ flow-
through fluorometer (Endeco Type 815) and the CTD. The lag time for flow from
the fluorometer intake to the excitation chamber was 2.2 seconds; all vertical pro-
files of chlorophyll a fluorescence have been corrected for this lag. The amount of
smoothing of microscale chlorophyll structure due to fluorometer intake flow field,
hose turbulence, instrument response rate, and profiling speed is not known. Struc-
ture as small «50 em) as that reported by Derenbach et al. (1979) was probably
not detected, but meter-scale features were easily seen.

b. Sampling strategies. The moored current meters and thermistor chain provided
a continuous picture of the currents and temperature structure associated with the
internal waves at Stations A and P on time scales of from less than a minute to
the length of the observations (five days). Most other sampling was done in the
vicinity of the mooring at Station A in order to use the current meter and thermistor
records to augment the information gained from the shipborne instruments. During
the five-day period, ten wave packets passed Station A; shipboard work was done
in five of these packets (Fig. 2).

Two hydrocasts were taken at Station A; data from one are used here. These
casts used 11 Niskin bottles spaced at S m intervals from the surface to 50 m.
Temperature, salinity, dissolved oxygen, and chlorophyll a were measured from
each bottle. Light penetration was estimated using a Secchi disk on four occasions.

The fluorometer was used in combination with the CTD during single vertical
profiles, repeated vertical yo-yos during passage of internal waves, or with the
instruments at a constant depth during packet passage. The location of the one
chlorophyll fluorescence record not taken in conjunction with an LHPR tow at
Station A is shown by the asterisk in Figure 1.

Nine tows with the LHPR-fluorometer-CTD combination were taken both before
the arrival of internal wave packets to sample low wave conditions and at various
stages of internal wave activity (Table 1). Tow locations are shown in Figure 3;
three wave packets were sampled (Numbers 1,2,4; Table 1, Fig. 2). All tows were
against the direction of the internal wave propagation at 90° to the crests except for
MB-9. Headings of tows varied from OS5°T to 0800T (340°-360° for MB-9);
actual tracks over the bottom (Fig. 3) varied primarily because of tidal and internal
wave currents. Two towing techniques were used: (1) tows at a constant depth, and
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Figure 2. Five-day record of current speed, direction and temperature at 25 m measured from
the mooring at Station A, The individual wave packets studied with the LHPR and/or CfD-
fluorometer combination are numbered on the temperature record. Dates are based on
Greenwich Mean Time (local time = GMT - 4 hr).

I I
I

42"17'

42"16'

!
I

MB~

,.
V

MB-7 \STA.A
/"

i ' M8-5
! 1 !1~>---T------I----- -
I M8-6 I ~-2

I kB-e
I

-MB-4

o '_ •.. -.1
KilOMETERS

o .5 1.0l....- __ ..••
NAUTiCAL MilES

42"14'lO"ZllW 1\l2ll' N"Z7 1\l15'
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Table 2. Mean (f), standard deviation (SD), maximum (MAX), and minimum (MIN) values
for depth (Z, m), temperature (T, ·C), salinity (5) and density (CT.) for each plankton re-
corder tow. No salinities or densities are available for MB-l or MB-9. Tow type designations
as in Table 1.

Tow Tow type Parameter f SD MAX MIN

MB-l A Z 18.3 0.560 20.5 17.0
T 12.9 1.514 15.5 9.8

MB-2 A Z 17.9 0.188 18.5 17.5
T 12.4 0.830 13.8 10.4
S 31.84 0.092 31.97 31.76
CT. 24.08 0.189 24.54 23.75

MB-) A Z 18.0 0.090 18.5 17.5
T 9.8 0.381 10.5 9.1
S 32.01 0.039 32.06 31.96
CT. 24.66 0.099 24.82 24.52

MB-4 B Z 15.4 0.826 17.0 13.0
T 11.0 0.110 11.2 10.7
S 31.92 0.037 31.94 31.90
CT. 24.40 0.053 24.46 24.36

MB-5 B Z 26.5 8.418 46.5 8.7
T 11.1 1.010 14.3 8.1
S 31.90 0.081 32.10 31.75
CT. 24.37 0.226 25.00 23.64

MB-6 B Z 23.4 7.709 38.6 9.9
T 11.0 0.872 13.0 8.6
S 31.90 0.085 32.05 31.78
CT. 24.37 0.198 24.89 23.92

MB-7 B Z 18.9 2.435 23.4 12.6
T 11.1 0.547 12.2 9.5
S 31.88 0.068 31.98 31.78
CT, 24.36 0.127 24.69 24.11

MB-8 C Z 2.8 0.497 3.3 1.4
T 15.1 0.463 15.7 14.1
S 31.76 0.058 31.80 31.73
CT, 23.49 0.116 23.70 23.32

MB-9 B Z 31.7 8.538 45.2 17.0
T 11.1 0.599 12.4 9.1

(2) tows which attempted to follow a specific isotherm. At the end of two tows
(MB-3 and 4), prior to shutting off the plankton recorder, oblique profiles from
towing depth to 50 m and back to the surface were taken in order to obtain vertical
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distributions of zooplankton and chlorophyll a. All tows were taken during full
daylight hours to avoid problems introduced by diel vertical migration.

The internal waves caused some problems in maintaining desired depths or tem-
peratures while towing the LHPR. During constant-depth tows, continuous correc-
tions were needed to maintain a desired depth; the vertical water velocities associated
with the internal waves were great enough to raise and lower the LHPR by as much
as 10m if left uncorrected. The rapidity of vertical water motion also made it very
difficult to accurately follow a particular isotherm. An attempt to minimi7e this
problem was made on the last tow by towing at an angle oblique to the internal
wave packet, thus decreasing the apparent vertical motions. Table 2 lists depth and
temperature statistics that give a measure of how well particular depths or iso-
therms were tracked during tows.

Ship speed was set at 1.5 kts (77 cm/sec) for tows, but speeds of the LHPR
through the water during some tows varied by as much as ± 50 em/sec due to the
combination of internal wave motions and the tow cable being paid in or out to
correct for depth or temperature variations.

c. Analysis. The speed and direction of the tidal currents are presented in the form
of progressive vector diagrams (PVD) , while the velocities associated with the
internal waves are graphed as a function of time. Acoustic results have not yet been
quantified, so they are presented as photographs made directly from the analog
graphic records of the ABSS.

Chlorophyll a determinations from the hydrocasts were made by acetone extrac-
tions of glass-tiber-filtered water samples read for fluorescence on a Turner Designs
fluorometer. In situ fluorescence of chlorophyll a is presented as fluorescence units
(standardized fluorometer voltage output). No attempt has been made to calibrate
these data to mg chl a/mB. The LHPR samples were preserved in formalin and
counts made without aliquoting. Counts were made of the nine taxonomic cat-
egories listed in Table 3; the samples were then filtered onto preweighed filters,
dried at 60°C, and their dry weights determined.

Temperature, salinity, and depth information accompanying the LHPR tows
were averaged for each of the 16-second sampling periods and a density calculated
from the average conditions. Similarly, an average of the in situ chlorophyll a
fluorescence (measured continuously but digitized during data acquisition at inter-
vals of 3-1/3-second for the first seven tows and 1-2/3 sec for the last two tows)
was calculated. Therefore, each zooplankton count is accompanied by a mean
temperature, salinity, density, depth, and chlorophyll a fluorescence (no salinities,
and therefore no densities, were available for the first and last tows).

Means, standard deviations, and indices of dispersion (Fisher, 1958) were cal-
culated from the zooplankton counts of each tow. For each tow, Kendall's non-
parametric rank correlation coefficients (Tate and Clelland, 1957) were calculated
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Table 3. Species categories enumerated from the LHPR tow samples and their code numbers.

Species code
1
2
3
4
S
6
7
8
9

Species category
Ca/anus finmarchicus adults
Ca/anus species copepodites
Centropages spp
Temora spp
Oithona spp
Hyperiid amphipods
Sagitta spp
Appendicularians
Crab zooea

for the relationships between the individual species categories and between the
species categories, chlorophyll a, and the physical parameters. A probability of
0.001 was used as a conservative marker of significant correlations and to compare
the distribution of significant correlations to those expected by chance alone. Auto-
correlations were calculated for all parameters to a lag of 20 using the average
values for each LHPR sample. Cross-correlations between all parameters were
limited to lags of from -9 to +9 (-10% of record length, Otnes and Enochson,
1978). The methods described by Blackman and Tukey (1959) were used to cal-
culate these auto- and cross-correlations. In addition, the high sampling rate for
chlorophyll a permitted harmonic analyses (with accompanying autocorrelations).
The unfiltered data were prewhitened by finding first differences, Fast-Fourier-
transformed, and each estimate recolored, using program TIMSAN of the Woods
Hole Oceanographic Institution (Hunt, 1977). Since these data clearly are not
random samples from a Gaussian process, these analyses are not represented as
power spectra and no confidence intervals are given.

No attempt has been made to estimate horizontal patch dimensions because in
all but one LHPR tow the variability in abundance of plankton was dominated by
the internal waves moving large vertical gradients of abundance past the samplers
or because of the difficulties of towing the samplers along an isotherm. In only a
few cases were the horizontal gradients large enough to be detected above the signal
of the internal waves and the noise of other factors, and only then on scales which
approached that of the tow lengths.

3. Results

a. Physical environment. Bigelow (1927) reviewed the annual cycle of physical
conditions in Massachusetts Bay. Greatest thermal stratification occurs in the late
summer, early fall period; it is during this period that the internal waves are most
easily observed. Figure 4 presents vertical profiles of temperature, salinity, oxygen,
and chlorophyll a from a hydrocast taken near Station A on 29 August 1977. The
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Figure 4. Profiles (temperature, salinity, dissolved oxygen, extracted chlorophyll a/phaeophy-
tin and chlorophyll fluorescence) typical of Massachusetts Bay in the vicinity of Station A
in the absence of internal waves. At the depth indicated by the asterisk, chlorophyll/phaeo-
phytin values were zero; these values were ignored because we believe them to be bad.

cast was taken just prior to the arrival of internal wave packet 2 and represents
the nominal conditions around Station A when undisturbed by internal waves.
Density profiles closely approximated the temperature profiles, with the pycnocline
occurring within the thermocline.

Winds during the seven days of observations were less than 4.2-5.2 mjsec,
except for one period of several hours of winds in excess of 7.8 mjsec. Light
conditions during the observations were mostly clear to hazy; heavy fog occurred
on the last day. Turbidity of the water &olumnremained relatively constant through-
out the period; Secchi depths averaged about 10 m (range 7-13 m).

The tidal currents measured by the current meters at Stations A and P are shown
as PVD's in Figure 5. The mean current (about 4.2 cm sec-I) at Station A from
NW to SE agrees in direction with the nontidal circulation shown in Bigelow (1927,
Fig. 207) for the Gulf of Maine in July-August. The dominant tidal motions are
east-west at Station A and northeast-southwest at Station P over Stellwagen Bank.
The instantaneous speed and direction of flow from which the PVD was derived for
Station A is shown in Figure 2, together with the temperature at the current meter,
for the period 28 Aug.-2 Sept.

b. Nature of internal waves. The generating mechanism hypothesized for the in-
ternal wave packets is described in Haury et al. (1979); a new packet is generated
every 12.4 h, the semidiurnal tidal cycle period. Upon formation at Stellwagen
Bank, the wave packets propagate into Massachusetts Bay (heading about 2400T)
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Figure 5. Progressive vector diagrams of currents measured by moored current meters at
Stations A and P. Asterisks denote start of the records and each subsequent midnight
(GMl). At Station P, the instrumentfailed on 29 August.

at a speed of approximately 60 em/sec. The dominant waves immediately following
the packet's leading edge are characterized by wavelengths of about 300 m, periods
of between 8 and 10 min, and amplitudes of 10 to 20 m (maximum observed:
about 30 m). The amplitudes decrease with distance behind the leading edge. There
is considerable variability in wave characteristics within wave packets, including
modulations in amplitude with periods of about 90 min (Fig. 3b in Haury et al.,
1979). Variability between packets is also considerable, as evidenced by the records
shown in Figure 2.

There appears to be little or no net transport of water by the internal waves.
VCM's were deployed for about 16 hr at Station A during the passage of two
leading edges of packets and for 7 hr just west of Stellwagen Bank for the passage
of one packet; horizontal movements of the floats during this time were due to
tidal transport only, except for possible short-period back-and-forth surging as the
wave packet passed.

During the low wind conditions which predominated during the observations, the
internal wave packets could be seen easily from shipboard as series of alternating
bands of slick and rough water. The surface roughness differences were observed
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Figure 6. Ship's radar image of internal wave packet propagating southwest (240"T). North
is to the top; ship's heading 050"T. Central circle (range marker) is about 370 m in radius,
indicating that the wavelengths in the packet are about 340 m. Wind is from the southwest
at 4.1 m sec-1, causing the bands to be brighter in that direction.

on the ship's radar (Fig. 6), allowing independent estimates of propagation heading
and wavelengths to be made. The bands of rough water usually occurred at and just
trailing the crest of the internal wave (cold water portion). This observation agrees
with those of Osborne and Burch (1980), LaFond and LaFond (1972) and with the
theoretical explanation of Gargett and Hughes (1972). The banding of the sea sur-
face usually was observable for several kilometers following the leading edge of the
packet, but the distinctness and coherence of the individual bands decreased with
increasing distance behind the leading edge.

The horizontal extent of the packets from northwest to southeast was of the order
of 5 to 10 km. The terminal portions of the banded structures were distorted and
sometimes strongly curved at angles of up to 45° to the main axis of the wave
packets.

After propagating across the Bay, the packets dissipate in the shoal waters on the
western side. Acoustic records from this area have shown on occasion that waves
become borelike with mixing over 20 to 40 m of depth; mixing apparently can occur
from the surface to near the bottom (Orr, 1982). We found no evidence of any
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large internal waves heading in an easterly direction, either due to retlection of the
packets or to other areas of wave generation.

Haury et aI. (1979, Fig. 4b,c) and Orr (1982) show acoustic records and other
data demonstrating that some of the individual waves in packets can become
unstable and break in the deeper (80 m) parts of the Bay. In the region of breaking,
substantial mixing of the water column occurs, as is evident from some of the data
we present below. We have insufficient data, however, to determine the temporal or
spatial occurrence of these events.

c. Internal wave effects on the biota. The passage of internal wave packets past
Station A had dramatic and sustained effects on the horizontal and vertical distribu-
tions of plankton populations and on the way in which these distributions appeared
in the tow records. In this section, we consider these effects: (1) for the phytoplank-
ton; (2) for zooplankton; and (3) for the phytoplankton-zooplankton relationships.
Table 4 presents a summary of the statistics upon which much of these analyses
are based.

Chlorophyll a: vertical and horizontal patterns

The vertical distribution of chlorophyll a in the study area was characterized by
a subsurface maximum at the 10.5°C isotherm. This was at a depth of between
10 and 15 m when large internal waves were not present (Fig. 4). During periods
of intense internal wave activity, the chlorophyll maximum was carried passively
up and down by the wave motions (Haury et al., 1979, Fig. 4c) from depths of
about 10m to as deep as 40 m.

In general, the shapes of the chlorophyll tluorescence profiles were characterized
by a simple monotonic increase with depth to the maximum, then a slower mono-
tonic decrease to undetectable levels at depths between 30 and 50 m. Figures 4, 7a
and 7b show typical profiles unaffected by internal wave motions. Details of this
generalized shape varied both in time and space and seemed to be related to the
internal wave history of the parcel of water, particularly the localized occurrence of
overturning caused by breaking internal waves. Figure 7b, a profile taken 75 min
after the profile of Figure 7a, shows considerable detail and small inversions; both
of these profiles were taken at the same location prior to the arrival of internal
wave packet 3. During overturning, secondary maxima in chlorophyll occur (Fig.
7c,d). These apparently persist for a considerable length of time after the overturn-
ing event; Figure 7e shows a profile with a strong double peak taken halfway (6 hr)
between packets. Broad shoulders above the chlorophyll maximum sometimes were
observed (e.g., Fig. 7f); these may be secondary peaks which have been diffused.
Differences among tluorescence profiles taken between packets may retlect the
localized nature of breaking events, e.g., contrast Figures 7a and b with 7e and f.

Horizontal distributions of chlorophyll along isotherms were relatively uniform;
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Figure 7. Chlorophyll fluorescence profiles from different times with respect to internal wave
packet passage near Station A. (a) 90 min prior, (b) 15 min prior, and (c) 30 min after
arrival of Packet 3; (d) quiescent region after passage of Packet 1 following LHPR tow
MB-3; (e) 6 hr after Packet 3; (f) 2 hr after arrival of the first packet shown in Figure 2
(0330 GMT 28 Aug.).

Figure 4c in Haury et al. (1979) shows a region in the chlorophyll maximum only
about 10% higher than the background level in the maximum. These higher values
persisted for approximately 15 min as the ship drifted southwest a distance of
400 m. The true dimensions of this low-gradient patch cannot be determined be-
cause the ship was being advected an unknown amount by the internal wave
circulation. Another example of the horizontal uniformity of chlorophyll a at Sta-
tion A is shown in Figure 8a by the chlorophyll fluorescence trace from tow MB-4,
taken following the 11°C isotherm prior to internal wave packet arrival. The
uniform gradient of chlorophyll (3 fluorescence units/km) was uncorrelated with
temperature, salinity, density, or depth of tow (Table 5) and probably represents a
scale of patchiness much larger than the tow length (650 m). The small variations
greater than about 1% of the mean and with scales of 10's of meters were caused
by overshoots in depth by the LHPR while making depth corrections to follow the
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11°C isotherm. Autocorrelations of chlorophyll using the data acquired at the
3-1/3 sec rate and with the trend over the entire tow length removed showed no
significant correlations after zero lag. Because the lag interval represents about 2 m
of travel, there appeared to be no characteristic scale of pattern between about
4 m and 400 m. The harmonic analysis was also flat, showing no peaks due to
characteristic scales of patchiness (Fig. 8b).

Chlorophyll variability measured at a constant depth, either by to~g or by
remaining stationary for long periods of time, was dominated by the presence of
internal waves. In Figure 9a, the chlorophyll trace from constant-depth tow MB-1
(fable 1) is in distinet contrast to the chlorophyll record of MB-4 (Fig. 8a). The
autocorrelation for chlorophyll (Fig. 9b) has the first zero crossing at about lag 4,
corresponding to a length of -60 m, thus giving a wavelength of the internal waves
of about 240 m. The harmonic analysis of the MB-1 chlorophyll trace (Fig. 9c)
shows a distinct peak in variance at a period of about 5 min. These wavelength and
period estimates are doppler-shifted shorter than the true values because the in-
struments were being towed into the wave packet.

Because of the deep chlorophyll maximum, the depth placement of the chloro-
phyll sensor strongly affects the variability of the signal. Figure 9a shows only a
single peak of chlorophyll with the passage of each wave, because the chlorophyll
maximum never passed the sensor. Figure lOa illustrates a chlorophyll trace when
the chlorophyll maximum passed the sensor: there is a double peak in chlorophyll
for every internal wave; the separation of peaks depends on the amplitude of the
particular passing wave. This record, taken at a depth of about 17 mover Stellwagen
Bank (water depth about 25 m, Fig. 1), shows internal waves of smaller amplitude
and shorter period than in the deep water at Station A.

Another feature of this record is of interest and is best discussed in reference to
the acoustic record taken at the same time (Fig. lOb). Superimposed on the overall
chlorophyll trends are sporadic small peaks associated with similar temperature
fluctuations (Fig. lOa). These appear to be due to mixing and are associated with
regions of intense backscattering of sound in the ABSS record. In general, through-
out the entire record, the short periods of small thermal and chlorophyll variability
coincide with the acoustic backscattering intensity. The appearance in the acoustic
record of "double-braided structures," that is, the two bands of intense back-
scattering which appear to intertwine (after 0930 local time, Fig. 10) are the
manifestation of the last stages in the breaking and subsequent mixing, decay, and
restabilization of internal waves (Orr, in review). The CTD-fluorometer combina-
tion was not at the correct depth to pass through these regions directly; these in-
struments' records, however, show an abrupt change in character in temperature
and chlorophyll at about 0932, coincident with the appearance of the braided
structure. This is a result of the smaller amplitude of the internal waves and possible
increased mixing.
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Figure 8. Horizontal LHPR/crO/fluorometer transect prior to arrival of Packet 2 at Station
A. (a) Physical, chlorophyll fluorescence and zooplankton species data vs. sample number.
See Table 1 for other tow information. (b) Harmonic analyses of chlorophyll fluorescence
for horizontal section (ending at LHPR sample 60).

Attempts to follow isotherms to look at variability unassociated with the vertical
displacement of internal waves were marginally successful. Considerable variability
was introduced by the difficulty in maintaining the instruments at the desired iso-
therm. The greater the amplitude of the internal waves, the more difficult it was to
follow an isotherm closely. While this technique removed autocorrelations and
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peaks in the harmonic analyses due to the internal waves, spurious autocorrelations
and harmonic peaks were introduced. Figures 11 and 12 illustrate these effects for
tows MB-7 and MB-9. Tow MB-7 (Fig. lla) was through a set of internal waves
with small vertical amplitudes (see depth profile in Fig. lla and tow statistics in
Table 2). The temperature and chlorophyll variability was great, with the auto-
correlation for chlorophyll fluorescence (Fig. llb) showing a first zero crossing at a
lag of 6 (20 sec, about 17 m). The harmonic analysis (Fig. lIe) showed no peak
related to internal waves; between periods of one and ten minutes, the variance
tends to be flat, presumably because isotherm-following reduced the longer-period
variability. Tow MB-9 (Fig. 12), towed obliquely through a vigorous packet,
showed a first zero crossing in the chlorophyll fluorescence autocorrelations (Fig.
12b) at lag 204 (340 sec or 230 m travel); this lag is clearly not due to internal

Table 5. Kendall Rank Correlation Coefficients (r) for the relationship of chlorophyll a
fluorescence to temperature (T), salinity (S), density (u.), and depth of tow (Z) for all LHPR
tows. The value of r required for significant correlation at P == 0.001 for each tow is given.
Values of r with p ~ 0.001 are asterisked.

T S u. Z T:P== 0.001

MB-l -.876* § § .451* ± .230

MB-2 -.729* .724* .734* .133 ± .250

MB-3 .863* -.867* -.864* .248 ± .270

MB-4 .087 -.105 .071 .125 ± .275

MB-5 -.380* .242* .344* .196 ± .230

MB-6 -.037 -.165 -.006 -.094 ± .260

MB-7 -.438* .350* .457* .019 ± .275

MB-8 -.785* .651* .775* .427* ± .230

MB-9 -.467* § § .267* ± .230

§ Salinity and density not available.
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Figure 9. Horizontal LHPR/CfD/fluorometer transect through the first five waves of Packet
1. (a) Physical, chlorophyll fluorescence and zooplankton species data vs. sample number.
See Table 1 for other tow information. (b) Autocorrelations of zooplankton dry weight,
chlorophyll fluorescence and mean temperature using values averaged to each LHPR sample.
(c) Harmonic analysis of chlorophyll fluorescence.
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waves. It appears to be due to the slow change in average temperature from the
target 11°C isotherm evident throughout the tow (Fig. 12a). This resulted in the
positive correlation of chlorophyll a fluorescence with temperature. The harmonic
analysis of MB-9 (Fig. 12c) lacks a peak related to the expected doppler-shifted
wave period at about four minutes. Contrast these records with those for MB-4
(Fig. 8), an isotherm-following tow with virtually no internal waves present, and
MB-l (Fig. 9), a constant-depth tow through strong internal waves. Had we done
a perfect job of isotherm following, we would have expected the harmonic analysis
of MB-7 and MB-9 to look like that of MB-4. Autocorrelations and harmonic
analyses for chlorophyll records from the other two isotherm-following tows (MB-5
and MB-6) in high-amplitude internal waves were similar to MB-9.
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Zooplankton: vertical and horizontal patterns

Figure 13 shows the vertical distributions of temperature, chlorophyll fluores-
cence, and representative zooplankton species and dry weight obtained on two
different days at Station A. The profile for MB-3 (Fig. 13a) was obtained about 2 hr
after the passage of Packet 1 and for MB-4 (Fig. 13b) in the leading edge (first
trough) of Packet 2. Despite the great differences in absolute abundance between
the two days, the species are divided into two distributions-those associated with
the mixed layer and thermocline, and those occurring mostly in the thermocline and
below. As with the chlorophyll a vertical profiles discussed in the previous section,
the differences between zooplankton profiles suggest that internal wave packets may
affect vertical distributions in ways other than to merely displace them vertically.
The profiles in the packet leading edge (MB-4) show a clear separation of the two
groups at the well-defined, but greatly depressed, thermocline. In contrast, MB..,3
has a less well-defined thermocline and mixed layer; several of the mixed-layer
species (e.g., numbers 4, 6, 7) extend down through the 7°C to 15°C region. This
difference could be a result of mixing processes associated with shear instabilities.
The chlorophyll profile for MB-3 has a marked secondary maximum, as do profiles
for temperature and cWorophyll (Fig. 14) taken 33 min before the profiles in Figure
13a; these features suggest mixing was taking place.

What has been said about horizontal distributions of chlorophyll applies equally
well to the zooplankton. Plankton recorder tows MB-l, MB-3, MB-4, MB-8 and
MB-9 (Figs. 9a, 15, Sa, 16 and 12a, respectively) illustrate the variety of patterns
that occur with and without the influence of internal waves. Long horizontal trends
are evident in some tows (Figs. 8a, 11a and 12a), particuliuly those following iso-
therms where the internal wave effects do not obscure them. For tows at a constant
depth through internal waves, the horizontal patterns observed depend on the depth
of the tow relative to the vertical distributions of individual taxa. Tow MB-8 (Fig.
16), taken at a constant depth of about 3 m, graphically illustrates the patterns that
can emerge. A schematic representation of the 200 kHz acoustic record is included
in Figure 16 to show the vertical wave motions needed to interpret the horizontal
patterns. In general, cooler water at the wave crests brings the deeper-living species
to the surface (e.g. Calanus copepodites); mixed-l~yer species (appendicularians,
Temora, Centropages) show a variety of patterns which are dependent on differ-
ences in their vertical distributions and on the amplitude of the waves and whether
or not the waves have broken. For example, appendicularians and Centropages
start to become more abundant at about sample 8 as the first trough of the packet
deepens and the temperature at 3 m slowly cools. Temora increases at about sample
18 as the other two begin to decline in abundance. At sample 20, a sudden decrease
in temperature is associated with the appearance of heavy acoustic backscattering at
the LFlPR depth, possibly due to turbulence associated with shear instabilities. No
marked peak in total zooplankton dry weight corresponds to this increase in back-
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scattering. A warming of temperature, with backscattering still present, corresponds
with a decrease in Temora, which then increases again as the next wave crest
approaches the LHPR and the temperature decreases. A Centropages increase tends
to lag the Temora increase and, by sample 35, all three abundances are low. Later
peaks in Temora and Centropages appear related to wave amplitude, but appen-
dicularians do not. Clearly, a large fraction of the variations in abundance result
from processes associated with the internal waves.

Acoustic records obtained during two of the isotherm-following tows (MB-5 and
MB-9, Figs. 17b and 12d) showed the LHPR in the record and thus can be used
to: (1) interpret the LHPR record in terms of two-dimensional vertical scattering
structure, as was inferred above for MB-8, and (2) directly relate backscattering
with captured zooplankton abundance. There appear to be four types of acoustic
scattering sources in the 200 kHz records: (1) the discrete "blobs" (e.g., those at
0-2 min, Fig. 17b) assumed to be fish schools because they were more evident in
the 37 kHz records (Orr, 1981); (2) the small discrete, point-source scatterers,
assumed to be zooplankton or small fish (in the troughs of Fig. 17b, 20-25 min);
(3) the dark, generally uniform, undulating bands at about 75 m in Figure 17b and
60 m in Figure 12d, due to euphausiids (Thysanoessa rauschii, sampled with a
meter net at 1600L, 1 Sept.); and (4) the black or dark grey "curtainlike" scattering
at 4-10 min in Figure 17b and 8-17 min in Figure 12d, due apparently to turbulent
microstructure and its associated temperature gradients (Orr, in review; Curtin and
Mooers, 1975; Kraus et at., 1973) in the first two waves of the packets. That the
cause for this last type of scattering is not zooplankton is supported by a qualitative
comparison of the tow records for dry weight of zooplankton with the acoustic
record of backscattering intensity. The profiles of dry weight for each tow are shown
below the acoustic records (Figs. 12e and 17c), with the peaks in biomass marked
in both for comparative purposes. The only good agreement between biomass and
intensity of scattering is for a portion of the peak biomass labelled B in Figure 12d
and e; this peak however does not persist for the length of time the samples were
taken in the dark scattering band. It should be noted that despite peak B, which
appears to occur in the middle of the intense scattering region, the records for
temperature, chlorophyll, and individual taxa from this region (sample numbers 22
to 35, Fig. 12a) show greater uniformity than any other palt of the record. This is
an indication of mixing, as well as perhaps better tracking of the isotherm. Even
for the overall profile, it appears that zooplankton biomass and back scattering in-
tensity are, if anything, inversely related. This ~lationship has not been quantified
because the acoustic data are qualitative at the present time.

Autocorrelations to a lag of 20 for taxonomic categories and dry weights exhibit
a dichotomy of patterns related to constant-depth and isotherm-following tows.
Tow MB-l (Fig. 9b and 18a) and MB-2, constant-depth tows through strong in-
ternal waves, show a periodicity caused by the internal wave passage. Tow MB-4
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Figure 18. Autocorrelations to lags of 20 for three zooplankton species for (a) MB-l, (b)
MB-4, and Cd) MB-5. (c) Autocorrelations for density, zooplankton dry weight biomass, and
chlorophyll fluorescence for MB-4.

(Fig. 18b), an isotherm-following tow through negligible internal waves, shows
lagged autocorrelations related to the long trends of abundance that are clear in
Figure 8a. These data were not detrended prior to calculating autocorrelations. The
superimposed periodicity of about 4 lags in the autocorrelations (and seen in the
abundance profiles, Fig. 8a) are caused by the small variations in depth of tow
during isotherm following, as shown by the autocorrelation for fT't (Fig. 18c). Auto-
correlations for taxonomic categories in another isotherm-following tow, MB-5
(Fig. 18d), are representative for this type of tow when made in strong internal
waves. Autocorre1ations fall to insignificant levels (p>O.05) at lags greater than one.
No characteristic scale of pattern smaller than the tow length is discernible in the
data for any species, probably because of the noise introduced by the towing
technique.
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Table 6. Kendall Rank Correlation Coefficients (T) for the relationship of zooplankton dry
weight to temperature (T), salinity (S), density «(T,), and depth of tow (Z) for all LHPR tows.
Values of T required for significant correlation at p = 0.001 for each tow are the same as in
Table 5. Values of T with p ~ 0.001 are asterisked.

T S (T, Z

MB-l .425* § § -.249*
MB-2 .107 .000 -.087 -.275*
MB-3 -.300* .286* .292* -.112
MB-4 .063 -.259 .297* .110
MB-5 .061 -.045 -.056 -.062
MB-6 .034 -.010 -.031 -.106
MB-7 -.071 .061 .067 .218
MB-8 -.627* .525* .619* .311*
MB-9 .077 § § -.245*

§ Salinity and density not available.

The relationships between zooplankton (individual taxonomic categories and dry
weight) and the physical variables (temperature, salinity, density, and depth), using
Kendall's rank correlation coefficient T (Tables 6 and 7), were clear. The tows at
constant depth (MB-I,2,3,8) showed far more significant correlations at the 0.001
level (41 of 128, 32%; p«0.005 that this number of significant correlations was
due to chance alone) than the isotherm-following tows (8 of 168, 4.3%; p > 0.30
that this number of significant correlations was due to chance alone). Of special
note in the latter tows, species with obvious long-term trends in abundance (e.g.,
MB-7, Temora, Fig. lla and MB-4, Calanus copepodites, Fig. 8a) showed no
significant correlations to physical variables. For the constant-depth tows, the rela-
tionship (magnitude and sign of the correlation coefficient) between a species and
the physical parameters is a function of the species' vertical distribution, the depth
of tow, and the amplitude of the internal waves. Thus, for example, Calanus cope-
podites are always negatively correlated with temperature, while Temora is posi-
tively correlated with temperature on the three deep horizontal tows (MB-l,2,3)
and negatively correlated on the shallow tow (MB-8). These relationships are ex-
pected from their vertical distributions (Fig. 13a,b).

Cross-correlations between zooplankton and density (temperature for MB-l) for
the constant-depth tows showed the expected peak positive and negative correla-
tions at lags of approximately the doppler-shifted wavelength of the internal waves
(e.g., MB-2, Fig. 19a,b). These relationships were much less clear, however, for
MB-3, a tow with little internal wave activity, and MB-8, the surface tow. In con-
trast, the lagged cross-correlations for isotherm-following tows showed no consistent
discernible patterns (e.g., Fig. 19c,d, MB-5), corroborating the conclusion that
biotic variations on these tows were not related to measured physical variability.
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Relationships between abundances of individual zooplankton species categories
and between species categories and total dry weight/sample for each tow using
Kendall's T were strongly affected by the towing technique. Constant-depth tows
showed many significant correlations at the 0.001 level: 34% of all correlations for
categories to dry weight (p<0.005 due to chance alone); 23% for categories to
categories (p<0.005), with most of the significant correlations occurring in MB-1.
MB-2 and MB-8, the tows with the clearest internal wave dominance. Horizontal
tows through internal waves which are vertically displacing species with different
vertical distributions would be expected to show such high correlations between the
species. There was no consistent occurrence of significant correlations, however.
between the same pairs of categories in any of the tows. This is in part due to the
interactions of tow depth, internal wave amplitude, and the vertical distribution of
the animals. In isotherm-following tows. significant correlations between categories
and dry weight were reduced to 19% (p<0.005 due to chance alone) and between
categories to 6% (p>0.9), again with no consistency among categories. The tow
with negligible internal wave activity, MB-4, which might be expected to have the
clearest evidence for real biological relationships, showed no significant correlations
at the 0.001 level between categories; only one category (Calanus copepodites, the
numerical dominant) was significantly correlated with dry weight.

Cross-correlations were calculated only between the three taxonomic categories
which were abundant in all nine tows (Calanus copepodites, Temora spp and Sagitta
spp) and between these categories and total dry weight/sample. For the constant-
depth tows, the cross-correlations were all dominated by the presence of internal
waves, just like the cross-correlations of categories to density. Cross-correlations
for the isotherm-following tows, in general, showed no discernible or significant lags.

Chlorophyll-zooplankton relationships
The relationships between the vertical profiles of chlorophyll a fluorescence, total

zooplankton dry weight, and zooplankton taxonomic categories are shown in Fig-
ures 13a and b. The dry weight biomass peak below the thermocline in both tows is
due almost entirely to immature stages of Calanus finmarchicus. At these depths
and values of fluorescence, there is little actual chlorophyll present (see Fig. 4).
Since no tows were taken at night, we have no evidence to show whether or not
these copepods vertically migrated into the shallower waters to graze on the high
chlorophyll present there.

The relationships shown in Figure 13 would be expected to remain constant to
one another during internal wave passage unless mixing occurred or the plankton
responded actively to the passage of the waves by changing their depth relative to
particular isotherms. We have suggested in the previous two sections that there is
some evidence for mixing affecting vertical distributions; however, our data are too
sparse to support a discussion of the possibility of active response.
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Figure 19. Cross-correlations to lags of ± 9 between density, chlorophyll fluorescence, zoo-
plankton dry weight biomass, and three zooplankton species for (a,b) MB-2 and (c,d) MB-S.

As with the analysis of species categories, the testing of horizontal relationships
between zooplankton and chlorophyll a used the three most abundant categories in
all nine tows: Calanus copepodites, Temora spp, and Sagitta spp. Total zooplank-
ton dry weight/sample was also compared to chlorophyll a.
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Three of the four constant-depth tows showed significant (p<0.001) Kendall cor-
relation coefficients for the relationship of chlorophyll a to zooplankton dry weight!
sample. Two of these were negative (MB-l and MB-3) and one positive (MB-8, the
surface tow). Of the five isotherm-following tows, there was only one significant
coefficient, a negative relationship for MB-6.

For the relationship of individual species categories to chlorophyll a, the same
pattern as for dry weight occurred. The four constant-depth tows had a total of 12
significant correlations out of a possible 34 (35%), while the isotherm-following
tows had 8 of 45 (18 %) significant. Significant correlations are present primarily
when internal wave effects are the dominant cause of abundance variations. Iso-
therm following reduces some of the significant variations, but introduces correla-
tions due to tow depth variability.

4. Discussion
The high-frequency internal waves in Massachusetts Bay are similar to internal

waves present in many continental-shelf regions of the world (e.g., Apel et at.,
1976). They are not as energetic or as large as those in the Andaman Sea (Osborne
and Burch, 1980) and Sulu Sea (Apel et al., 1980; Holbrook et at., 1980) but are
probably more energetic than most: for example, those off the coast of Southern
California (e.g., Ewing, 1950; Carsola and Callaway, 1962; Armstrong and LaFond,
1966). Because the internal waves in Massachusetts Bay occur as simple, predict-
able packets, we were able to observe the effects of this kind of internal wave on
plankton and to study the interactions of these waves with sampling techniques. We
expect that our results would apply to other areas, including the open ocean (except
for the importance of overturning, which may be reduced), where similar internal
waves (e.g., 5-10 min period, 15-30 m amplitude) are found. We also expect, how-
ever, that in open ocean situations, where internal wave fields may be much more
complicated, the spatial patterns and processes resulting from plankton-internal
wave interactions will be more difficult to sample adequately and interpret. The
observations also allow inferences to be made concerning the role internal waves
may play in patterning distributions of organisms and in nutrient regeneration and
production processes in the ocean's surface layers.

The most obvious result of the sampling in Massachusetts Bay is the clear de-
pendence of the observed patterns of chlorophyll and zooplankton, as well as their
relationships to each other and to physical parameters, on the towing technique
used. These effects should be present, therefore, in studies of small-scale distribu~
tions utilizing any device which takes sequential samples (e.g., LHPRs, pumps,
underwater cameras, and video systems) either horizontally or by following iso-
therms. Without some way to obtain vertical distributions nearly synoptically with
the horizontal, any interpretation of horizontal patterns in terms of biological, phys-
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ical, or sampling artifact causes will always be suspect where strong internal waves
are present. Acoustic backscattering, while valuable in providing a picture of
internal wave motions, by itself does not give the information on species' vertical
distributions needed to interpret horizontal patterns. If mixing processes are suffi-
ciently intense, scattering may be dominated by them; backscattering due to varia-
tions in the vertical distribution of biomass will be obscured.

The sampling protocol we used was not adequate to determine if species were
actively moving vertically in reaction to internal wave displacements. This might
occur, for example, if their preferred depths were determined by light and not
temperature. Organisms' active reaction to internal waves becomes more important
with longer-period waves which give the organisms time to accomplish depth
adjustments. This works to the advantage of the investigator, however, because
isotherms are more easily tracked and because consistent lags between plankton
abundance and physical factors would be more easily detectable.

Patterns of abundance on scales much larger than the wavelength of the internal
waves appear to be detectable by either of the techniques used in this study. These
may be real biological changes or artifacts due to the effects of longer-period
fluctuations associated with the internal waves, such as the modulations of the
waves making up packets (Haury et al., 1979) or the even larger-scale monotonic
changes in the average depth of isotherms through time as shown in Figure 2 and
in Haury et al. (1979, Fig. 3).

A factor complicating the interpretation of chlorophyll fluorescence patterns
with in situ fluorometers is the effect of the rapidly varying light regime due to
internal wave displacements on the fluorescence yield of phytoplankton cells. Since
calibration samples for absolute chlorophyll were not obtained during the fluorom-
eter transects through packets, we have no data to assess the importance of this
effect. However, the potential is clearly evident from the following estimates of light
conditions at the chlorophyll maximum layer during internal wave packet passage.

With no internal wave packet active at Station A, the chlorophyll maximum layer
was present at an average depth of about 10m. The average Secchi depth of 10m
for the period of observations gives an approximate extinction coefficient of k =
0.17 m-1 (Poole and Atkins, 1929; Walker's [1980] revised relationship was not
used). Therefore, the ambient light at the undisturbed chlorophyll maximum was
approximately 18%. Using this same extinction coefficient when internal waves
were present, and a depth variability of the chlorophyll maximum as great as 8 to
40 m due to internal waves, the greatest and least level at the chlorophyll maximum
'would be 26% and 0.1 % of ambient surface illumination. This, of course, is the
extreme condition. The fluctuations between these two levels occur on time scales
of from 8 to 12 min. Since Kiefer (1973b) and Loftus and Seliger (1975) have
shown that fluorescence of oceanic phytoplankton cells can vary as a function of
irradiance on time scales as short as 2 min, fluorescence yields would be expected
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to change in Massachusetts Bay as a function of the vertical and horizontal position
of the phytoplankton in the internal wave packet. Within the depth range where
photoinhibition of fluorescence occurs (Kiefer, 1973a), fluorescence yield changes
should be observed in in situ fluorometer transects through internal wave packets.

In addition to making the interpretation of chlorophyll distribution patterns more
difficult by affecting the fluorescence yield of plant cells, fluctuating light levels due
to internal wave packets should also alter phytoplankton photosynthetic processes.
Light levels experienced by cells in Massachusetts Bay vary on time scales of about
(1) 12.4 hr for the semidiurnal internal tidal cycle, (2) 12 hr ± 3 (depending on
season) for the day-night cycle, (3) a few hours for the modulations and natural
variations of internal wave amplitudes within packets, and (4) 8-12 min for the
period of the individual internal waves. The effects of these scales of fluctuation of
light level on plant growth have been investigated by Kamykowski (e.g., 1979) for
the interaction of the day-night and 12.4 hr semidiurnal internal tidal cycles, by
Marra (1978a,b) for light changes of one hour or more, by Savidge (1980) for
changes of 5 to 45 min, and by Gallegos et aZ. (1980) for highly variable light
regimes.

A simple model of the light level experienced by cells at the chlorophyll maximum
layer over a period of 15 days serves to illustrate the longer-period (greater than an
hour) variations that occur. The model used 11 m as the depth of the undisturbed
chlorophyll maximum and an extinction coefficient of 0.17 m-1• The temperature
at the chlorophyll maximum was about 11°e. Light variations due to individual
waves were ignored. The average depth of the chlorophyll maximum during packet
passage was obtained by using the VCM 3 (Haury et aZ., 1979, Fig. 3b) data for
packet 5 (Fig. 2). The VCM followed the depth of the lO.5°e isotherm; thus it
represented closely the depth history of a model phytoplankter in the chlorophyll
maximum. The increase in depth of the 11°e isotherm at packet arrival to an
average of 21 m was assumed to be instantaneous. The gradual decrease in average
depth of the 11°e isotherm to the undisturbed depth of 11 m just prior to the
arrival of the next packet 12.4 hr later was assumed to be linear. The daylight cycle

of solar irradiance was assumed to be It = 10 sin ~~ ' with a light-dark cycle of

12h: 12h and a maximum irradiance, 10, just below the surface set at an arbitrary
100 light units. The model considered the plants to be passive, with no vertical
migration in response to longer-term changes in light level.

Figure 20 shows the variation in incident radiation at the chlorophyll maximum
over the 15-day period at Station A when packets like Packet 5 (Fig. 2) pass
through the area. Of course, no single population of plant cells would experience
this regime, since advection over the two-week period would carry them from the
area. However, Figure 20 shows the light environment which phytoplankton would
have to utilize at Station A under these conditions. Again using Packet 5 as an
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Figure 20. Daily variation in incident radiation at the chlorophyll maximum over a lS-day
period at Station A. Maximum irradiance at noon arbitrarily set at 100 units. See text
for details.

example, day-to-day peak irradiances due to internal wave effects alone differed by
factors as large as 2.3. Integrated daily irradiance varied by up to 63 %. After
packet arrival, the light level would have varied with a period of about 10 min
by factors of 16 for the first 4 hr, by 2.3 for the next 6 hr, and by 1.7 for the last
3 hr before arrival of the next packet. For more intense packets, short-period
fluctuations of light could change by a factor of greater than 200. Given the impli-
cations of the studies of Marra (1978a,b), Kamykowski (1979), Gallegos et aI.
(1980), Savidge (1980), and the references cited therein, productivity estimates for
Massachusetts Bay and other areas with internal waves of amplitudes large enough
to significantly alter light levels must consider these effects.

It has been known for some time that internal waves and tides displace thermo-
clines and the associated nutriclines (e.g., Armstrong and LaFond, 1966; Kelley,
1975). Direct evidence for the breaking of higher-frequency waves in oceanic
thermoclines is sparse (e.g., Woods and Wiley, 1972; Eriksen, 1978); such events
are often only implied (e.g., Krauss et at., 1973; Dillon and Caldwell, 1978). Farmer
and Smith (1980), however, have documented breaking waves in Knight Inlet (a
fresh-water layer over salt water). Breaking internal waves have been suggested as
an important cause of mixing (Thorpe, 1978) and as a mechanism for pumping
nutrients into the nutrient-depleted surface layers (McGowan and Hayward, 1978).
The breaking of large internal waves in the deep water of Massachusetts Bay at
Station A, as shown in Haury et al. (1979), suggests that this phenomenon would
contribute to the input of nutrients in the surface mixed layer. We have neither the
nutrient data nor sufficient information on the temporal and areal extent of the break-
ing events to estimate the importance of these events to the overall nutrient budget
of Massachusetts Bay. Evidence for breaking waves, however, was seen in nearly
every wave packet acoustically observed between Stellwagen Bank and the western
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side of the Bay. The deep-water breaking events appear to be restricted to the first
few crests of the wave packets. Such occurrences could depend, for example, on
temporal and areal variations in stratification, the presence or absence of mixing
caused by previous overturning events, and on variations in internal wave ampli-
tude caused by tidal current variations over Stellwagen Bank. This character of the
waves would contribute to spatial and temporal heterogeneity in primary production
in the surface layers through the localized and quasi-random injection of nutrients.

Breaking occurs frequently when the wave packets approach shoal water (less
than 60 m deep) on the western side of Massachusetts Bay. Orr (1982) presents
acoustic evidence of the large vertical and horizontal extent of this part of wave
packet history. Since turbulence has been observed from the surface to near the
bottom, not only should nutrients be mixed upward from below shallow thermo-
clines, but also detritus and finer sediments at the bottom could be resuspended and
mixed upward when turbulent velocities are sufficiently high. This latter process has
been observed and suggested as being important in shoal waters off Southern
California (Emery and Gunnerson, 1973). The bottom of the western side of the
Bay at depths of less than 50 m ranges from silty sand to gravel and glacial debris
(Schlee et aI., 1973); some of these areas would be susceptible to resuspension. The
acoustic data (Orr, 1982) suggests that in water less than 30 m deep, internal
wave-caused mixing is near the thermocline. Turbulent flow toward deeper water
occurs near the bottom, possibly due to mechanisms similar to those postulated by
Emery and Gunnerson (1973) and studied by Stigebrandt (1976, 1979) for fjords.
Once mixing by internal wave breaking occurred in shallow water, advection by the
mean and tidal currents would carry the near-surface mixed water generally south
and southeastward, potentially enhancing the primary production in this area. The
deeper bottom flows, however, could carry some of the mixed water into the deeper
water of the Bay, thus reducing the potential for enhanced primary production.
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