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Abstract

An ODYSSEY autonomous underwater vehicle (AUV) was deployed in Massachusetts and Cape Cod Bays in

September 1998 to collect chlorophyll fluorescence, optical backscattering (880 nm), and physical data. It sampled the

region mainly in a sawtooth pattern with horizontal resolution betweenB120m at the middle of the water column and

with vertical resolution of 0.1m. The data were used to quantify various features in both physical and bio-optical

properties in the Bays. In particular, an upwelling front with enhanced chlorophyll fluorescence was found off the coast

of Race Point. Chlorophyll patches with along-track spatial scales less than 3.6 km were found southeast of Plymouth

and southwest of Race Point. Southeast of Plymouth, strong sediment re-suspension was also evident. In the early fall,

the water column was characterized by three layers: warm and fresh surface water; cold and salty bottom water; and a

transition (pycnocline) layer with sharp vertical temperature and salinity gradients. A relatively thin chlorophyll

maximum layer was evident in the strong pycnocline. This work represents one of the first successful applications of

AUVs for interdisciplinary coastal research. Our results demonstrate that AUVs can provide high-quality, concurrent

measurements of physical and bio-optical properties in a very effective manner. Some future uses of AUVs are

suggested.

r 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Ocean platforms, including ships, moorings,
drifters, and floats, have contributed significantly

to the advancement of oceanography for several
decades. More recently, satellites have provided
greatly increased surface coverage. Capabilities
and limitations of these platforms have been
outlined in several papers (e.g., Dickey, 1991,
2002; Griffiths et al., 2001). Several reviews
(including those cited above) have called for
development of a variety of types of platforms as
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demand for observational data is rapidly increas-
ing for scientific studies, improvement of environ-
mental monitoring, and predictive numerical
models for decision-making and management.
Clearly, in situ platforms, which are cost effective,
mobile, and capable of capturing key phenomena
adaptively, are becoming increasingly valued.
Our focus is upon the use of an ODYSSEY

autonomous underwater vehicle (AUV; see Fig. 1).
AUVs have been under development since the
1970s and now take many forms (e.g., small and
large vehicles, different propulsion modes, short
and long duration capabilities, specialized com-
munication and control methods, various data
telemetry modes, etc.). With improvements in
vehicle reliability and communication technology,
their advantages have been gradually revealed
(e.g., see Curtin et al., 1993; Millard et al., 1998;
Griffiths et al., 2000, 2001). For example, AUVs
can move in different patterns such as sawtooth
(commonly used by ship-towed vehicles like

SeaSoar), lawnmower, expanding square, water
column vertical profiling, and heartbeat (transiting
horizontally with occasional sawtooth patterns) to
sample different phenomena, depending on the
purposes of particular scientific or operational
missions. An important attribute of AUVs is their
capability of adaptive sampling (e.g., Curtin et al.,
1993).
In recent years, AUVs have carried out science

missions and provided quality data. For example,
temperature and salinity data collected by an
ODYSSEY II AUV (designed at the Massachu-
setts Institute of Technology; Bellingham et al.,
1992; Bellingham, 1997) in Haro Strait, British
Columbia were in good agreement with those
obtained from a traditional CTD (Nadis, 1997). It
has been shown that AUV self-noise and vibration
can be reduced to such an extent that meaningful
turbulence measurements can be made (Dhanak
and Holappa, 1996; Levine et al., 1999). The
British Autosub AUV has been used for the
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Fig. 1. (a) ODYSSEY II Autonomous Underwater Vehicle and (b) its schematic view.
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scientific assessment of fish stocks and to evaluate
the extent to which fish avoid ocean-going research
vessels (Fernandes et al., 2000) as well as to
examine spatial variability in the vicinity of the
Bermuda Testbed Mooring site (Griffiths et al.,
2000).
In the present work, we demonstrate that AUVs

can also be effectively used to study important
coastal ocean problems. A first step is the use of an
AUV to concurrently measure bio-optical and
physical properties. Understanding bio-optical
properties and their interactions with physical
processes in coastal regions is important scientifi-
cally as well as for ecosystem protection, utiliza-
tion of oceanic resources, and mapping and
predicting underwater optical properties and
visibility (e.g., Dickey and Williams III, 2001;
Dickey and Chang, 2001). An important first-
order goal is to characterize the variability of the
coastal ocean. The variability spans spatial scales
from centimeters to a few hundred kilometers (e.g.,
Haury et al., 1978; Dickey, 1991, 2002) in coastal
areas. Some of the larger scale features of
importance for our study include the general
circulation of the Massachusetts and Cape Cod
Bays, coastal upwelling, and submesoscale fea-
tures. The AUVs used for our study were not
capable of completing synoptic surveys of the
Bays. However, they were well suited for sampling
upwelling fronts, and the larger scales of biomass
patchiness. Biomass patchiness in coastal oceans
has been the focus of numerous studies, particu-
larly in the 1970s and 1980s (reviews by Haury
et al., 1978; Denman and Powell, 1984; Mackas
et al., 1985). Patchiness has been defined by
Mackas et al. (1985) as variability of plankton at
horizontal scales between about 10m and 100 km
and at vertical scales between about 0.1 and 50m.
Estimation of spatial patchiness scales and the
causes of the patchiness have been hindered by
limitations of sampling in terms of resolution of
time and space scales, lack of synopticity of
measurements, and inadequate numbers of critical
variables. In particular, serious spatial and tem-
poral aliasing and undersampling and the Dop-
pler-shift effect have been classical problems with
measurements (e.g., Haury et al., 1978). AUVs
appear to be quite promising for studying the

patchiness problem, although several limitations
must be overcome in the future.
In this study, data from the ODYSSEY AUV

operations in Massachusetts and Cape Cod Bays
are used to characterize physical processes and
their relationships with bio-optical properties.
More specifically, scales of biomass and physical
variability are estimated, spatial aliasing and
errors attributable to the AUV’s sampling regimen
are described, and inferences concerning the
scientific interpretation of the present AUV data
sets are discussed.
The remainder of the paper is outlined as

follows. Section 2 describes the general back-
ground of the experiment. The ODYSSEY II
AUV, bio-optical sensors and their interfacing
with the AUV, and data processing are discussed
in Section 3. Descriptions and discussions of the
AUV transect data sets are provided in Section 4.
The results are discussed in Section 5. Finally, a
brief summary of the main conclusions of the
study is presented in Section 6.

2. Description of the experiment

Massachusetts and Cape Cod Bays are located
in the western Gulf of Maine (Fig. 2), but are
partly isolated from the rest of the Gulf by
Stellwagen Bank, which is about 30m below the
sea surface. There are passages north and south of
Stellwagen Bank, with depths of 60 and 50m,
respectively. The deepest portion of the Bays is
Stellwagen Basin to the west of the Bank, with
depths of B80m. In summer and early autumn,
the Bays are usually strongly stratified, but various
factors, including tides, winds, and buoyancy
gradients, affect the water properties and their
distributions. These also drive local and basin-
scale circulation (e.g., Chapman and Beardsley,
1989; Bogden et al., 1996), upwelling fronts (e.g.,
Geyer et al., 1992), vertical mixing (e.g., Butman,
1975; Wright et al., 1986; Chao, 1987, 1988), and
internal gravity waves including internal solitary
waves (ISW) (Halpern, 1971; Haury et al., 1979,
1983; Trask and Briscoe, 1983; Chereskin, 1983).
These complex physical processes in turn likely
result in various biological manifestations
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including fronts, submesoscale features, patchi-
ness, and blooms (e.g., Schr .oder, 1962; Kamy-
kowski, 1974, 1976; Haury, 1976; Haury et al.,
1979, 1983; Mackas et al., 1985).
For our study, an ODYSSEY AUV (Fig. 1) was

deployed in Massachusetts and Cape Cod Bays
from September 19 to 29, 1998 to collect chlor-
ophyll fluorescence and optical backscattering
(880 nm) data in addition to physical (CTD) data.
The operation was part of the Littoral Ocean
Observing and Predicting System (LOOPS) project
designed to build a generic, versatile, and portable
sampling and predictive system, applicable to
multi-disciplinary, multi-scale coastal processes

(Robinson et al., 1999). About sixty missions were
conducted with the AUV, mainly within Cape Cod
Bay. Each mission had a duration of up to 3 h
and covered a distance of up to 15 km. The vehicle
was operated primarily in a sawtooth pattern. It
transited at 2–3 knots (i.e., 1–1.5m s�1) horizon-
tally and 0.3–0.5m s�1 vertically. Data were
recorded at a rate of 5Hz, so vertical resolution
was about 0.1m. Here, we define horizontal
resolution to be the horizontal distance between
points in the water column that are sampled at the
same depth on successive undulations of the
vehicle. Horizontal resolution varied with depth
because of the sawtooth pattern, but was about

Fig. 2. Map of Massachusetts and Cape Cod Bays. Four thick lines are the AUV transects described in this study. Each transect

consists of several missions, as listed in Table 1. Arrows on the lines indicate the AUV moving direction.
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120m in the middle of the water column. Near the
surface and the bottom, the horizontal resolution
was about 240m except when the vehicle did not
transit to near the surface and the bottom. Since
horizontal scale analyses for this study focused on
the middle portion of the water column, the
coarser resolution near the surface and the bottom
did not affect our results. Note that it would be
possible to perform a sawtooth pattern with
constant horizontal resolution if desired. The
scientific objective of the AUV operation in the
Bays was to observe, describe, and quantify
biological features such as fronts and biomass
patchiness and variability in relation with physical
properties and processes.

3. Measurements and data processing

3.1. Description of ODYSSEY II AUV and optical

sensors

ODYSSEY is a 2.2m long vehicle, which
weights between 120 and 160 kg depending on
the sensor and battery configuration employed
(Fig. 1). Comprised of a low-drag fairing with a
single propeller and cruciform control surfaces, the
vehicle is capable of ranges in excess of 60 km at 3
knots, employing its standard silver–zinc battery
set.
The AUV was acoustically tracked from the R/

V Oceanus during the missions in Massachusetts
Bay. A Trackpoint II ultra-short baseline tracking
system, with a transducer head mounted on an
over-the-side pole, interrogated a transponder
mounted on the vehicle. The ultra-short baseline
system measures range and bearing to the trans-
ponder, thus providing the ship-relative position
of the AUV. By employing the ship’s GPS position
and gyro heading, the ship-relative position is
transformed to a geo-referenced coordinate. The
vehicle tracks so determined are plotted in Fig. 2.
Tidal and wind-driven currents encountered

during the Massachusetts Bay experiment often
had speeds comparable to that of the through-
water velocity of the AUV. An important decision
that had to be made in analyzing the data was:
Should horizontal variability be characterized in

earth-relative or water-relative coordinates? The
problem with computing spectra in earth-relative
coordinates is that a Doppler-like effect makes the
observed spatial structure dependant on the
direction of motion of the AUV, unless the AUV
velocity is much greater than the current velocity
(see Appendix A). Consequently, the water sec-
tions are in water-relative coordinates, computed
with the velocity of the vehicle through the water,
or in other words, by dead reckoning.
Several sensor systems have been integrated into

ODYSSEYs and employed in experiments. Sensor
systems have included: CTD, sidescan sonar, 1200
and 300 kHz ADCP, 150 kHz phased array
ADCP, eight element acoustic line array, various
camera systems including low-light video, and
acoustic Doppler velocimeter. The vehicle em-
ployed for the operation in Massachusetts and
Cape Cod Bays was equipped with a pumped
SeaBird CTD, a chlorophyll fluorometer, and an
optical backscatter sensor. The AUV was also
equipped with a prototype phased array 150 kHz
ADCP/DVL provided by RD Instruments.
Although results from this system were highly
promising, these results are not used in this paper
due to the experimental nature of the system at
the time of the Massachusetts Bay experiments.
Technical and engineering details of the AUV can
be found in several papers and reports (e.g.,
Bellingham et al., 1992; Curtin et al., 1993;
Bellingham, 1997).
The chlorophyll fluorometer was designed by

Seapoint Sensors, Inc. It was interfaced to the
pumped CTD system of the AUV. The sensor
excites light at 470 nm and measures fluoresced
light at 685 nm. Output from the fluorometer, with
four programmable analog gains, is an analog
voltage proportional to the measured chlorophyll
fluorescence. The Light Backscattering Sensor
(LBSS), designed by WETLabs, Inc., projects light
into a sample volume using two-light emitting
diodes of 880 nm wavelength. The sensor, with two
programmable analog gains, measures light back-
scattered from suspended particles in the sample
volume as an analog signal. Both sensors are
rated to a depth of 6000m. For the operation
in Massachusetts and Cape Cod Bays, an Onset
TattleTaleModel 8 data logger was programmed
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to take the analog data from the sensors and create
an RS-232 digital data stream. Upon interroga-
tion, this data stream is sent to the AUV’s main
data processor at a rate of 5 samples per second.
Measurements by the fluorometer are closely

related to chlorophyll concentration, but not to
suspended bottom sediment concentration, while
the LBSS (at 880 nm) responds to both sediment
and phytoplankton concentrations; the sensor is
less sensitive to phytoplankton. Therefore, plots of
fluorescence data from the fluorometer sensor
plotted versus backscattering data at 880 nm
qualitatively differentiate the phytoplankton from
non-phytoplankton materials in the water column.
High fluorescence with low backscattering indi-
cates high phytoplankton concentration relative
to non-phytoplankton matter and vice versa. This
analytical method has been used with beam
attenuation and chlorophyll fluorescence data
previously (e.g., Jones et al., 1990; Chang and
Dickey, 2001).
It should be pointed out that the interpretation

of fluorescence intensity as chlorophyll concentra-
tion is complicated by varying light levels due to
such physical processes as internal waves and
upwelling (Haury et al., 1983). The fluorescence
yield of chlorophyll cells, defined as the fluores-
cence intensity produced per unit chlorophyll
concentration, can vary as a function of irradi-
ance, and phytoplankton photosynthetic processes
may be altered by the light intensity. The relation-
ship between fluorescence and chlorophyll con-
centration estimates has been described in detail by
several investigators (e.g., Stramska and Dickey,
1994). Fortunately, this complication does not
appear to be a serious concern for this study
because the majority of measurements were carried
out during the nighttime. Thus, the effect of light
intensity variations on the fluorescence yield was
minimal. Chlorophyll fluorescence values are
reported here in relative fluorescence units (RFU;
1 RFU=1V output signal) and backscattering in
relative backscattering units (RBU; 1 RBU=1V
output signal) instead of physical units because of
a lack of concurrent in situ water samples. The
value of bio-optical measurements can be greatly
increased if water samples can be taken occasion-
ally for in situ calibrations to obtain estimates

of quantities such as chlorophyll a and particle
concentrations. This should be a goal of similar
future studies.

3.2. Data processing

The data were processed following three main
steps. The first step was to remove erroneous
records (e.g., due to sensor malfunction, etc.). An
erroneous record was defined as one whose
difference from the mean of eleven records
(including the specific record and five records
prior to and after this record) was three times or
more than the standard deviation of these eleven
records. In the second step, the mismatch between
the downcasts and upcasts (due to time lag) was
minimized in order to allow use of both downcasts
and upcasts. The time lag (essentially hysteresis
effect) refers to the difference between actual and
recorded times of measurement. We minimized the
time lag for a mission (i.e., the mismatch) by
shifting measurement times of the mission. The
parameter, S; which was minimized, is the sum of
squared differences of the vertical profiles of a
variable for downcasts and their adjacent upcasts;
that is

S ¼
XM

i¼1

XN

k¼1

ad
i ðk; t þ DtÞ�

�
au

i ðk; t þ DtÞ
�2
;

where ad
i and au

i are the values of any variable for
the ith downcast and its adjacent upcast, respec-
tively, k is depth, t is time, Dt is time lag, N is the
number of measurement depths, and M is the total
number of downcasts. This method is similar to
that used in Lee et al. (2000) and effectively
reduced salinity spiking due to the hysteresis in
temperature and conductivity measurements. Vari-
ables were then averaged from the original
temporal grid of 0.2 s to a grid of 1 s. The last
step was to map the upcasts and downcasts onto
x–z grids using Laplace interpolation, so vertical
gradients could be calculated and depth-horizontal
distance contours could be made. A Laplacian
gridding algorithm was used for interpolation of
the vehicle sections. The algorithm allowed direc-
tional weighting of interpolation to reflect the
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much higher degree of variability observed with
depth as compared to the horizontal.

4. Descriptions and discussions of the AUV transect

data

Four transects are presented to illustrate the
measured variability of physical and bio-optical
properties in Cape Cod Bay and the southern part
of Massachusetts Bay. Each transect consists of
several missions. Detailed information for the
transects and missions is given in Table 1. The
tracks of the transects S1, S2, S3, and S4 are
shown in Fig. 2. The arrows on the transect tracks
in the figure indicate the directions of vehicle
movement. For Transect S1, the AUV ran north-
eastward from near the middle of Cape Cod Bay
toward Race Point, and then turned southward.
Water depths were B40m. Transect S2 was
northeastward from near the western shore of
Cape Cod Bay (B20m depth) to the middle of the
Bay (B40m depth). Transect S3 began off Race
Point and ran northwestward to near Stellwagen
Bank where water is only B30m deep; then the

AUV turned to the southwest (B50m). Transect
S4 was relatively short, consisting of only two
missions. It resides in the middle of Cape Cod Bay.
During this transect, the AUV transited horizon-
tally within the pycnocline (B17.5m) with very
little vertical movement, so very high horizontal
resolution (0.2–0.3m) measurements were ob-
tained.
There are gaps between adjacent missions

conducted by the AUV as shown in Fig. 2. The
gaps are all less than 0.3 km in length. Since the
spatial-scale analyses in this study considered
ocean features larger than 0.4 km, these gaps do
not significantly affect the validity of our results.

4.1. Transect S1

Sectional (distance–depth) contours of water
properties for transect S1 are shown in Fig. 3. The
white vertical line in each panel indicates the
location where the AUV changed direction. The
vehicle tracks and operation times are indicated in
Fig. 2 and Table 1, respectively. Optical back-
scattering data are not shown for this transect
because of poor data quality. The water column in
the first third of S1, which is situated in the middle
of Cape Cod Bay, showed vertical structure typical
of late summer and early fall for the Bay. A 15-m
thick well-mixed surface layer with relatively
warm, fresh water overlaid a 10-m thick slightly
stratified bottom layer with relatively cold, salty
water. Between these two layers, there was a
thin pycnocline layer of about 5m thickness. A
relatively thin chlorophyll fluorescence maximum
layer (B5m thick) is evident around depths of the
pycnocline layer (Fig. 3e). Chlorophyll maximum
layers are common in many regions where the
water column is stably stratified (e.g., Kirk, 1994).
Fig. 4 shows vertical profiles (in black) of the
portion of S1 marked by ‘P’ in Panel (a) of Fig. 3.
The majority of upcasts matched their adjacent
downcasts, indicating that the scheme of adjusting
the time lags worked fairly well for the purposes of
this study. The pycnocline has vertical gradients in
temperature of B81C and in salinity of B0.4 psu
over less than 10m. The buoyancy frequencies, N;
in the pycnocline were as high as B0.08 s�1.

Table 1

Missions for the four transects

Transect number and

date

Mission

number

Time

S1 Sept. 24–25, 1998 1 23:21:33–23:52:05

2 00:04:11–00:35:43

3 00:53:25–01:23:48

4 01:40:22–02:11:20

5 02:26:18–02:57:24

6 03:10:57–03:32:15

7 03:38:10–04:38:47

S2 Sept. 28–29, 1998 1 22:19:03–22:50:01

2 22:59:23–23:30:02

3 23:54:40–01:31:00

S3 Sept. 29, 1998 1 04:40:51–05:24:36

2 05:32:12–06:03:53

3 06:09:22–06:47:05

4 07:00:55–10:01:55

S4 Sept. 29, 1998 1 18:12:14–18:21:36

2 18:29:14–18:56:36
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The remainder of S1, however, was quite
different (Figs. 3 and 4). In particular, around
9.5 km from the initial vehicle location (i.e., closest
to Race Point and near the location where the

vehicle changed direction), cold, salty bottom
water was evident up into the surface layer.
Vertical profiles of this portion (marked by ‘Q’ in
Panel (a) of Fig. 3) are shown in Fig. 4 (in red).

Fig. 3. Depth–distance contours of AUV data from transect S1: (a) temperature (1C), (b) salinity (psu), (c) density (kgm�3), (d)

buoyancy frequency (s�1), and (e) chlorophyll fluorescence (RFU). The AUV transiting tracks are shown in Panel (a). Thick white line

indicates the location of the AUV turning. Backscattering is not shown for the transect because of poor data quality. Distance and time

from the initial AUV position of the transect are shown.
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The mismatch between the downcasts and upcasts
of this portion reflects large horizontal gradients as
shown in Fig. 3. In the surface layer, temperature
was cooler by as much as 41C, and salinity and
density were greater by about 0.3 psu and
1 kgm�3, respectively. Below the pycnocline, the
water was relatively warmer and fresher. This is
reflected in a much weaker pycnocline, which was
deeper, and weaker, so vertical gradients in buoy-
ancy frequency were much lower (Fig. 4d). This
suggests that strong upwelling was conducive to

vertical mixing. The upwelling and vertical mixing
likely caused vertical re-distribution of chloro-
phyll. The chlorophyll fluorescence increased
significantly in the surface layer, while it decreased
dramatically in the pycnocline, so that there was
no strong vertical gradient in the pycnocline
(Figs. 3 and 4).
The observed temperature and salinity proper-

ties were likely caused by a strong upwelling front
near the coast off Race Point. Surface wind data
collected from R/V Oceanus, which operated in
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Massachusetts and Cape Cod Bays during the
LOOPS project, support this hypothesis. Strong
northeasterly winds (upwelling favorable) off the
coast of Race Point persisted for about 7 h before
the S1 missions. Historic temperature records and
satellite images near the coastal regions also
suggest that such along-coast winds are capable
of producing strong upwelling fronts in the Bay
(Geyer et al., 1992). In summertime and early
autumn, nutrients, including nitrate, in the eu-
photic zone away from the coastal regions, are
usually depleted after the spring bloom, limiting
growth of phytoplankton, while the deeper waters
of the Bays represent a large reservoir of nutrients
(Townsend et al., 1990; Geyer et al., 1992).
Upwelling brings nutrients from depth into the
euphotic zone. It may also bring phytoplankton
into the surface layer. Both factors will result in
increased phytoplankton concentrations in the
surface layer and decreased concentrations in the
pycnocline. In the meantime, the front expanded
off the coastal region. As shown in Fig. 4, these
changes coincided with the cooling. Therefore, we
may conclude that during the operation along S1,
the AUV traveled into the upwelling front. It then
turned to the south and left the front. This is
evident in the nearly symmetrical contours about
the vehicle turning location (Figs. 3 and 5).
Vertically averaged values of temperature,

salinity, density, and chlorophyll fluorescence were
computed from the surface to 15m to illustrate
how this layer was affected by the upwelling front.
In addition, chlorophyll fluorescence was averaged
over the entire water column to show the effect of
the front on the water column’s biomass. The
results are shown in Fig. 5. The vertically averaged
temperature at the center of the front was more
than 41C lower than that of the water away from
it, while the salinity and density were higher by
more than 0.2 psu and 1.0 kgm�3, respectively.
Vertically averaged chlorophyll fluorescence has a
horizontal distribution similar to salinity and
density, but decreased more rapidly from the
center of the front than any of the physical
variables (Fig. 5d). It is roughly twice as great at
the center of the front as away from the front. The
chlorophyll average over the entire water column
(Fig. 5e) also shows maximum chlorophyll fluor-

escence at the center of the front, indicating the
greater total biomass in the water column due to
the upwelling.
Nearly periodic vertical displacements of about

5m are also evident in contours of temperature,
salinity and density in the middle of S1 (Fig. 3a–c).
These displacements with horizontal scales of 2–
4 km must be related to internal waves since their
amplitudes decreased both toward the surface and
the bottom; however, the waves we observe do not
appear to be in packets characteristic of ISWs.
Further, previous observations (e.g., Halpern,
1971; Haury et al., 1979) showed that ISWs in
Massachusetts Bay have dominant wavelengths of
about 200–300m. Coherence between physical
variables and chlorophyll fluorescence indicates
that the chlorophyll maximum was carried pas-
sively up and down by the waves. Our analysis
using plots of optical properties on isopycnal
surfaces supports this interpretation as well. This
passive movement would not generate horizontal
patchiness for total biomass over the entire water
column.
Scales of patchiness for the total phytoplankton

along the transect were estimated using the water
column vertically averaged fluorescence (Fig. 5e).
The portion of S1 after the AUV turning was
omitted for the calculations because, as shown
above, it is a nearly symmetric image of the
portion before the vehicle turning. The horizontal
mean was removed from the horizontal distribu-
tion of the vertically averaged fluorescence and
then a high-pass filter with a running mean box of
2 km was applied to the distribution. Hence, the
remaining horizontal variability is primarily attri-
butable to phytoplankton patchiness. Variability
(deviation from the horizontal mean) and the
auto-correlation function are shown in Fig. 6. The
magnitude of the patchiness is about a quarter of
the chlorophyll enhancement associated with the
upwelling front (Figs. 5 and 6). The zero-crossing
of the auto-correlation scale is B0.45 km. For a
sinusoidal function, zero-crossing auto-correlation
occurs at a quarter of the period of the function.
So, with a de-correlation scale of B0.45 km, it is
reasonable to assume that the dominant scale
for the patchiness is B1.8 km along the direction
of S1. Since the horizontal resolution was about
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0.12 km as mentioned above, there are about 15
sampling records within the characteristic scale of
patchiness. This sampling resolution is thus
adequate to preclude spatial aliasing. However,
the scale estimated is not the actual scale of the
patchiness, but an apparent scale because of the
AUV’s sequential sampling scheme, which causes
a Doppler-shift effect (Haury et al., 1983). This
effect is also relevant to moving shipborne and
towed vehicle data sets. Importantly, it can be
corrected if concurrent ADCP or high frequency
surface data sets (used with Ekman-spiral type of
model) are available. Biological interactions (e.g.,
predator–prey encounters) and physical processes
such as breaking internal waves, advection of
turbulence generated small-scale features, flow

convergence, and spatially varying vertical mixing
can result in biomass patchiness (Mackas et al.,
1985).

4.2. Transect S2

Transect contours of AUV data for transect S2
are shown in Fig. 7. The vehicle transited from
about 15 km southeast of Plymouth to the middle
of Cape Cod Bay (Fig. 2). The water column
showed the three-layer vertical structure typical of
late summer and early fall with very high buoy-
ancy frequencies in the pycnocline (Fig. 7a–d). The
chlorophyll maximum layer generally coincides
with the pycnocline (Fig. 7e). The high biomass in
the vicinity of the pycnocline layer also resulted in
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high backscattering (Fig. 7f). This indicates that
optical backscattering at 880 nm and chlorophyll
fluorescence in the pycnocline are quite coherent.
The water near the seafloor had very high back-
scattering, but very low chlorophyll fluorescence.
The high backscattering was very likely due to
resuspended sediments.
Optical backscattering at 880 nm versus fluores-

cence for the portion of S2 marked by ‘P’ in Panel
(a) of Fig. 7 is plotted to qualitatively differentiate
the phytoplankton from non-phytoplankton par-
ticle concentrations in the water column (Fig. 8).
The water column was divided into three distinc-
tive layers as shown in Fig. 7. In the surface layer,
both fluorescence and backscattering were low
and showed little variation. During this sampling
period (away from the coast), nutrients were
depleted in this layer, and thus limited growth of
phytoplankton. Further, strong stratification in-
hibited sediments from penetrating into this layer.
In the bottom layer, fluorescence was lowest, but
backscattering was highest. The low chlorophyll
fluorescence and high backscattering suggests that
living or recently deposited biogenic matter was

very low, but non-phytoplankton particulate
matter was high in this layer. In the pycnocline,
chlorophyll fluorescence was highest in the water
column and backscattering was higher than that in
the surface layer but lower than that near the
bottom (also see Fig. 7). In the pycnocline, these
two variables correlated significantly. The cross-
correlation coefficient in this layer was much
higher than the 95% significance level, but below
the significance level in the surface and bottom
layers (Fig. 8). This strong correlation and low
backscattering suggest that in the pycnocline, non-
phytoplankton matter was very low compared
with biogenic matter.
Patchiness in both chlorophyll concentration

and backscattering in the pycnocline was evident.
In the first quarter of the transect, the chlorophyll
fluorescence maximum was apparently carried
passively with vertical displacement of isotherms
(Fig. 7). But in the remainder of S2, no significant
vertical displacements were found in physical
properties. Strong horizontal patchiness is very
likely related to either horizontal advection, or
flow convergence or both.

1 2 3 4 5 6 7 8 9
 −0.1

 −0.05

0

0.05

0.1

Distance from initial location (km)

R
F

U

0 0.5 1 1.5
−0.5

0

0.5

1

Distance lags (km)

A
ut

o 
co

rr
el

at
io

n
(a)

(b)

Fig. 6. (a) Horizontal distribution of the vertically averaged fluorescence over the entire water column for S1. The horizontal mean is

removed from the distribution and a high-pass filter with a 2 km running mean box is applied to the distribution to highlight variability

of patchiness scales. The portion after the AUV turning point has been omitted. (b) Auto-correlation for (a).

X. Yu et al. / Continental Shelf Research 22 (2002) 2225–22452236



Scales of patchiness for the total phytoplankton
along S2 over the entire water column were
calculated from vertically averaged fluorescence
in the same manner as S1. The patchiness had a
magnitude similar to that found in S1 and its de-
correlation scale is about 0.4 km (Fig. 9). So the
dominant apparent horizontal scale of the patchi-
ness is estimated to be about 1.6 km along the

direction of S2, similar to that in S1. Such
horizontal scale variability was also evident in
the buoyancy frequency in the pycnocline
(Fig. 7d). Since the horizontal resolution is only
about 0.12 km in the pycnocline, this patchiness
scale is not an artifact of spatial aliasing. On the
other hand, the horizontal variations of wave-
lengths that are at least an order smaller than

Fig. 7. As in Fig. 3, but for the transect S2. Backscattering is also shown in panel (f).
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those of the patchiness (Fig. 7a–f) may be due to
an artifact of the horizontal sampling.

4.3. Transect S3

The ODYSSEY AUV transited from near the
south passage (B60m) northwestward to near
Stellwagen Bank (B30m) during transect S3. It
then turned and moved southwestward toward

Plymouth (Fig. 2 and Table 1). A white vertical
line in Fig. 10 marks the vehicle’s turning location.
Near the passage and Stellwagen Bank, horizontal
currents, caused by tides and flow convergence, are
usually strong (Geyer et al., 1992). This factor,
combined with the water’s shallowness, causes
intense vertical shear and strong mixing in and
around the passage. The mixing is expected to
weaken the pycnocline in the region. Thus, the
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stratification for the portion of S3 near the passage
was not as strong as that of S2. The maximum
buoyancy frequencies were B0.03 s�1 (Fig. 10d),
less than half the maximum value for the
pycnocline in S2. The surface waters near Stellwa-
gen Bank were cooler and saltier and had lower
chlorophyll fluorescence than those away from the
bank. Furthermore, although chlorophyll concen-
tration was high in the pycnocline relative to the
surface layer and the bottom layer, there was no
apparent thin maximum chlorophyll layer
(Fig. 10e). For the last third of the transect, which
is away from the passage and Stellwagen Bank,
stratification was much stronger with maximum
buoyancy frequency of about 0.06 s�1. A thin layer
with maximum chlorophyll fluorescence was ap-
parent in the pycnocline. High backscattering
values were also evident within the pycnocline
due to high phytoplankton concentrations. Near
the seafloor, the backscattering was relatively high
due to sediment re-suspension.

5. Discussion

5.1. Error considerations

Two primary sources of errors may be intro-
duced into the estimate of scales of biomass
patchiness. One is spatial aliasing. Transiting in
the sawtooth pattern, the AUV sampled with a
horizontal grid resolution of about 0.12 km in the
pycnocline. For patches with horizontal scales of
1.5–2.0 km, such a horizontal sampling grid should
be fine enough to prevent significant aliasing. To
further confirm this statement, data from transect
S4 (Fig. 2) are plotted in Fig. 11. Transect S4
contains two near-constant depth missions in the
pycnocline in the middle of Cape Cod Bay. Data
collected from these missions have a horizontal
resolution of about 0.2–0.3m, so the Nyquist
length scale is B0.6m. Large-scale (transect-wide)
horizontal variability is much stronger than that
for shorter scales for temperature, salinity, and
density. Short-scale variability in chlorophyll
fluorescence and backscattering is comparable to
transect-wide variability. Auto-spectral densities
are shown in Fig. 12. For all of the variables, the

auto-spectral densities have decreasing trends with
maxima at the shorter scales, but that of optical
backscattering is flatter for wave numbers higher
than 20 km�1, probably indicating that back-
scattering measurements have stronger short-scale
variability and/or greater white noises (e.g., see
Dickey et al., 1993). The auto-spectral densities at
scales of 0.11–0.13 km (wave numbers 7.7–
9.1 km�1), where signals would be folded into the
wavelength range of 1.5–2.0 km (wave numbers
0.5–0.67 km�1) (Bendat and Piersol, 1985), are
about one order of magnitude smaller than the
maxima. Although transect S4 was conducted
during a different time from either transect S1 or
S2, the auto-spectral density analysis does provide
supporting evidence that signals with length scales
shorter than 130m were not large enough to cause
serious aliasing to the biomass patches with
apparent scales of 1.5–2.0 km.
Another source of error is caused by the

sequential sampling of the AUV. Any other
platforms that sample water in a sequential
manner will also experience such errors. If a
biomass patch is carried by waves or advected by
flows, the Doppler effect will occur when the patch
is measured sequentially. This effect will result in
an apparent scale (larger or smaller appearance) of
the patch. The extent to which the apparent scale is
different from the actual scale along the direction
of a transect depends on the relative moving
speeds and directions of the vehicle and the patch.
It is reasonable to assume that the patches found
in transects S1 and S2 moved at speeds less than
1m s�1. Considering that the AUV moved at
roughly 1m s�1, we have

Laco2Lap;

where Lac and Lap are the actual and apparent
scales of the patch, respectively (for details of this
relation, see Appendix A). So the actual scales for
the patches found in transects S1 and S2 will be
less than 3.6 km.
The errors due to the sequential sampling can

be significantly reduced if AUVs are able to
move faster and have a higher sampling rate.
With a faster moving AUV, the Doppler-shift
effect will be reduced (see Appendix A). With the
increased sampling rate, sampling resolution will
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not degrade because of the increase in the vehicle
speed. A central challenge in the interpretation of
horizontal variability measurements obtained by
AUVs or any other slow moving platform is
distinguishing spatial from temporal variability. A
given sensor on the AUV creates a time series that
is a function of vehicle position and time. For a
process in which both spatial and temporal power
density spectra are already known, the resulting

observed power density spectrum can be computed
(Zhang et al., 2001). The resulting measurement is
said to have a ‘mingled spectrum’ as it combines
both spatial and temporal information. For the
situation in which the objective is to produce a
synoptic map, temporal variability contributes to
survey error. The magnitude of such error is
derived by Willcox et al. (2001). For the observa-
tions discussed here, statistical characterizations of

Fig. 10. As in Fig. 3, but for the transect S3. Backscattering is also shown in panel (f).
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horizontal variability are made under the assump-
tion that the processes are comparatively static
for the period of the survey. Since the surveys are
relatively short, this assumption is not bad.
However, future work on characterizing spatial
variability with relatively slow moving platforms
might greatly benefit from observing spatial
variability at a number of effective platform
speeds, using the ‘mingled spectrum’ approach to
probe relative contributions of temporal and
spatial variability to observed spatial structure.

5.2. Future uses of AUVs

Continuing improvements of AUVs are still
required for aspects such as endurance, reliability,

and cost. AUVs will become important resources
for studying scientifically interesting problems
such as fronts and biomass patchiness as suggested
by the present work as well as studies under ice
(McFarlane, 1997). Progress in solving these
problems will also require several new sensors
and systems (e.g., increased number of key
variables), multi-platform sampling (e.g., time–
space and synopticity issues), and interdisciplinary
numerical models (e.g., integration, synthesis, and
prediction) (Dickey, 2002).
Artificial intelligence is another emerging aspect,

which will give AUVs the capability of adaptive
sampling. Adaptive sampling is particularly criti-
cal for studies of transient and episodic events such
as submesoscale and mesoscale eddies, upwelling
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fronts, and passages of severe storms including
hurricanes and typhoons. Furthermore, AUVs
will be valuable for societally important problems
including harmful algal blooms, the fate
and effects of discharges and deposition of
pollutants, storm water runoff, management of
fisheries and aquaculture, and the effects
of iron fertilization upon carbon dioxide seques-
tration. Finally, through the use of multi-platform
observing systems, near real-time data telemetry,
and data assimilation modeling, it will be
possible for information centers to direct
observational assets to areas of special need and
interest.

6. Summary

The operation of an ODYSSEY AUV, which
was deployed in Massachusetts and Cape Cod
Bays, represents one of the first successful demon-
strations utilizing AUVs for coastal optical and
biological research. The water column in the early
fall was characterized by three layers: warm and

fresh surface water, cold and salty bottom water,
and a transition (pycnocline) layer with sharp
vertical temperature and salinity gradients. A
relatively thin chlorophyll maximum layer was
evident in this strong pycnocline layer. The AUV
measurements revealed an upwelling front char-
acterized by high chlorophyll fluorescence south-
west of Race Point. Biomass patchiness with
dominant horizontal scales of less than 3.6 km
was observed southwest of Race Point and south-
east of Plymouth. Sediment re-suspension was also
evident near the seafloor.
The results of our study demonstrate that AUVs

can effectively provide high-quality, concurrent
measurements of physical and bio-optical proper-
ties. This work provides a starting point for future
scientific studies and applied ocean sampling
efforts, which will utilize AUVs along with more
traditional ocean platforms. Future interdisciplin-
ary AUV studies will be especially attractive as
they take advantage of easier field logistics,
reduced cost per study, increased spatial coverage,
reduced spatial aliasing effects, and adaptive
sampling capabilities.
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Appendix A. Estimate of actual patchiness scales

From Fig. 13, the time a moving AUV takes to
move from one end of a biomass patch to the other
is

t ¼
Lac

u � c
; ðA:1Þ

where Lac is the actual scale of the biomass patch,
u and c are the AUV speed and the patch
advection or propagating speed along the direction
of the AUV transect, respectively. Also, from
Fig. 13, the apparent scale of the patch is

Lap ¼ ut: ðA:2Þ

From Eqs. (A.1) and (A.2), we have

Lac ¼
Lapðu � cÞ

u
: ðA:3Þ

It is obvious that this equation does not apply to
the case in which the patch moves faster than the
vehicle in the same direction. When the vehicle and
the patch move in the same direction, Lac will be
smaller than Lap and vice versa. When ubc; then
Lac-Lap: Thus, fast moving AUVs (with high

frequency sampling) will reduce the errors in
estimates of patchiness scales.
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