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Spectral-Feature Classification of Oceanographic
Processes Using an Autonomous Underwater Vehicle
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Abstract—The paper develops and demonstrates a method of
classifying oceanographic processes using an autonomous-under-
water vehicle (AUV). First, we establish the �mingled-spectrum
principle� which concisely relates observations from a moving
platform to the frequency-wavenumber spectrum of the surveyed
process. This principle clearly reveals the role of the AUV speed
in mingling time and space. An AUV can distinguish between
oceanographic processes by jointly utilizing temporal and spatial
information. A parametric tool for designing an AUV spectral
classi�er is then developed based on the mingled-spectrum prin-
ciple. An AUV�s controllable speed tunes the separability between
the mingled spectra of different processes. This property is the
key to optimizing the classi�er�s performance. As a case study,
AUV-based classi�cation is applied to distinguish ocean convec-
tion from internal waves. It is demonstrated that at a higher AUV
speed, convection�s distinct spatial feature is highlighted to the
advantage of classi�cation. Finally, the AUV classi�er is tested
by the Labrador Sea Convection Experiment of February 1998.
We installed an Acoustic Doppler Velocimeter in an AUV and it
measured �ow velocity in the Labrador Sea. Based on the vertical
�ow velocity, the AUV-based classi�er captures convection�s
occurrence. This �nding is supported by other oceanographic
observations in the same experiment.

Index Terms—Autonomous-underwater vehicle (AUV), classi�-
cation, oceanographic process, spectral feature.

I. INTRODUCTION

ONEof themostchallenging tasks inobservingandstudying
theocean’s temporalandspatialvariability is to identify the

underlying ocean process. The paper develops and demonstrates
a method of classifying ocean processes using observations from
an autonomous-underwater vehicle (AUV) [1].

Eulerian and Lagrangian platforms are representative of
traditional oceanographic monitoring tools [2]. An Eulerian
platform is fixed in location, providing time series records
of measured quantities. Moored current meters and conduc-
tivity-temperature depth (CTD) sensors have become a routine
in oceanographic monitoring. A Lagrangian platform, on the
other hand, drifts with the current flow. By tracking Lagrangian
platforms acoustically (e.g., SOFAR drifters) or by satellite
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(e.g., the ARGOS system) for surface floats, we can obtain a
first-order description of the global ocean circulation [3], [4].

Classification imposes a higher level of requirement than
monitoring. To optimize classification, both temporal and
spatial features should be utilized. Eulerian and Lagrangian
platforms have inherent limitations in this respect. Eulerian
measurement is confined to a fixed location. Although a
mooring may sense some information of the field’s spatial
variation via a horizontal advective current, this kind of sensing
is uncontrolled and tends to be ambiguous. Deploying an array
of moorings can add in spatial coverage, but high cost would
often deter dense spatial sampling. A Lagrangian platform
drifts with zero relative velocity against the ambient flow. It
does move, but its motion is no different from the advecting
current. As a drifter is bound to a tagged parcel of water, it has
hardly any chance to catch sight of the real spatial variation of
the field.

Since Eulerian or Lagrangian platforms have limitations in
providing temporal plus spatial features of ocean processes, we
resort to moving platforms with the intent to overcome this de-
ficiency. A towed platform is tied to a surface ship. This type of
platform is typically confined to a depth of no more than a few
hundred meters [5]. A larger depth slows the tow speed, limits
maneuverability, and increases the cost of the cable and winch
system.

An AUV [1] is an unmanned, untethered moving platform.
An Odyssey IIB AUV, as shown in Fig. 1, can dive to the full
ocean depth in most places. Its speed range is from 0.25 to
2.5 m/s (the lower limit is for maintaining the vehicle’s con-
trollability). Once equipped with a classification capability, an
AUV has the promise of autonomously searching for oceano-
graphic processes of interest. An AUV is neither Eulerian nor
Lagrangian, but cruises through the ocean at a controllable and
flexible speed, collecting information in both time and space.
AUV measurements thus mingle temporal and spatial variations
of the sampled field. We establish the mingled-spectrum prin-
ciple in Section II.

According to the mingled-spectrum principle, an AUV
can distinguish between oceanographic processes by jointly
utilizing temporal and spatial information. Our goal is not to
reconstruct the field [6]–[9] or its original spectrum [10], but
to classify the fields by the difference between their respective
mingled spectra acquired by an AUV. Hence, we are to utilize
the mingling of time and space to the advantage of classifi-
cation, rather than regarding the mingling as a contaminating
factor [11]. In Section III, we develop a parametric tool for
designing an AUV-based classifier. It is shown that an AUV’s
controllable speed tunes the separability between the mingled
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Fig. 1. An Odyssey IIB AUV being recovered after operations.

Fig. 2. A line AUV survey.

spectra of different processes. This property is the key to opti-
mizing the classifier’s performance. In Section IV, we present a
test case for AUV-based classification: ocean convection versus
internal waves. At last, the AUV-based classifier is tested by
the 1998 Labrador Sea Experiment data, as given in Section V.

II. MINGLED-SPECTRUM PRINCIPLE

A. Mingled Spectrum Recorded by a Moving Platform
An oceanographic process varies both in time and space. We

assume that a studied process is temporally stationary and spa-
tially homogeneous. Then, the oceanographic field can be de-
scribed by its frequency -wavenumber spectrum. When an AUV
(or some other moving platform) carries out a survey in the field,
it records a time series of some measured quantity, e.g., flow ve-
locity. The time-series mixes temporal and spatial variations of
the surveyed field. The corresponding spectrum therefore min-
gles the spectral information of time and space, hence we call it
a “mingled spectrum”.

An elementary survey mode is along a line, as illustrated in
Fig. 2. Consider a scalar process under survey. Denote its
variation on the survey line as , where is time and is
location. Denote the time series recorded by the AUV as ,
assuming no sensor error. At an AUV speed of , the autocor-
relation function of is related to that of by

(1)

Under the assumptions of temporal stationarity and spatial
homogeneity, we apply the Wiener-Khinchine theorem [12].
The power spectrum density (PSD) of , i.e., the mingled
spectrum, is the Fourier transform of

(2)

where is temporal frequency.
For the temporal-spatial process , its autocorrelation

function and its PSD are Fourier transform
pairs (also by the Wiener–Khinchine theorem [12])

(3)

where is the temporal frequency, and is the spa-
tial frequency. Note that is a one-dimensional wavenumber in
the direction of AUV’s line survey. Sign convention is in accor-
dance with that of propagating waves [13].

Incorporating (3) into (2), we have

(4)

Hence, the mingled spectrum is the integration over
of on a line defined by , as illustrated in
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