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Preface

There have been numerous books written on
data analysis methods in the physical sciences
over the past several decades. Most of these
books are heavily directed toward the more
theoretical aspects of data processing or
narrowly focus on one particular topic. Few
books span the range from basic data sampling
and statistical analysis to more modern tech-
niques such as wavelet analysis, rotary spectral
decomposition, Kalman filtering, and self-
organizing maps. Texts that also provide
detailed information on the sensor and instru-
ments that collect the data are even more rare.
In writing this book we saw a clear need for
a practical reference volume for earth and ocean
sciences that brings established and modern pro-
cessing techniques together under a single cover.
The text is intended for students and established
scientists alike. For the most part, graduate
programs in oceanography have some form of
methods course in which students learn about
the measurement, calibration, processing, and
interpretation of geophysical data. The classes
are intended to give the students needed experi-
ence in both the logistics of data collection and
the practical problems of data processing and
analysis. Because the class material generally is
based on the experience of the faculty members
giving the course, each class emphasizes
different aspects of data collection and analysis.
Formalism and presentation can differ widely.
While it is valuable to learn from the first-hand
experiences of the class instructor, it seemed
to us important to have available a central refer-
ence text that could be used to provide some
uniformity in the material being covered within
the oceanographic community. This 3rd Edition
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provides a much needed update on oceano-
graphic instrumentation and data processing
methods that have become more widely avail-
able over the past decade.

Many of the data analysis techniques most
useful to oceanographers can be found in books
and journals covering a wide variety of topics.
Much of the technical information on these tech-
niques is detailed in texts on numerical methods,
time series analysis, and statistical methods. In
this book, we attempt to bring together many
of the key data processing methods found in
the literature, as well as add new information
on spatial and temporal data analysis techniques
that were not readily available in older texts.
Chapter 1 also provides a description of most
of the instruments used in physical oceanog-
raphy today. This is not a straightforward task
given the rapidly changing technology for both
remote and in situ oceanic sensors, and the
ever-accelerating rate of data collection and
transmission. Our hope is that this book will
provide instructional material for students in
the marine sciences and serve as a general refer-
ence volume for those directly involved with
oceanographic and other branches of geophys-
ical research.

The broad scope and rapidly evolving nature
of oceanographic sciences has meant that it has
not been possible for us to fully detail all existing
instrumentation or emerging data analysis
methods. However, we believe that many of
the methods and procedures outlined in this
book will provide a basic understanding of the
kinds of options available to the user for inter-
pretation of data sets. Our intention is to describe
general statistical and analytical methods that
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will be sufficiently fundamental to maintain
a high level of utility over the years.

Finally, we also believe that the analysis
procedures discussed in this book apply to
a wide readership in the geophysical sciences.
As with oceanographers, this wider community
of scientists would likely benefit from a central
source of information that encompasses not
only a description of the mathematical methods,

but also considers some of the practical aspects
of data analyses. It is this synthesis between
theoretical insight and the logistical limitations
of real data measurement that is a primary goal
of this text.

Richard E. Thomson and William J. Emery
North Saanich, British Columbia
and Boulder, Colorado
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1

Data Acquisition and Recording

1.1 INTRODUCTION

Physical oceanography is an ever-evolving
science in which the instruments, types of obser-
vations, and methods of analysis undergo
continuous advancement and refinement. The
changes that have occurred since we completed
the 2nd Edition of this book over a decade ago
have been impressive. Recent progress in ocean-
ographic theory, instrumentation, sensor plat-
forms, and software development has led to
significant advances in marine science and the
way that the findings are presented. The advent
of digital computers has revolutionized data
collection procedures and the way that data are
reduced and analyzed. No longer is the individ-
ual scientist personally familiar with each data
point and its contribution to his or her study.
Instrumentation and data collection are moving
out of direct application by the scientist and
into the hands of skilled technicians who are
becoming increasingly more specialized in the
operation and maintenance of equipment. New
electronic instruments operate at data rates and
storage capacity not possible with earlier me-
chanical devices and produce volumes of infor-
mation that can only be handled by high-speed
computers. Most modern data collection systems
transmit sensor data directly to computer-based

Data Analysis Methods in Physical Oceanography
http://dx.doi.org/10.1016/B978-0-12-387782-6.00001-6

data acquisition systems where they are stored
in digital format on some type of electronic me-
dium such as hard drives, flash cards, or optical
disks. High-speed analog-to-digital converters
and digital-signal-processors are now used to
convert voltage or current signals from sensors
to digital values. Increasing numbers of cabled
observatories extending into the deep ocean
through shore stations are now providing high-
bandwidth data flow in near real time supported
by previously impossible sustained levels of
power and storage capacity. As funding for
research vessels diminishes and existing fleets
continue to age, open-ocean studies are gradu-
ally being assumed by satellites, gliders, pop-
up drifters, and long-term moorings. The days
of limited power supply, insufficient data stor-
age space, and weeks at sea on ships collecting
routine survey data may soon be a thing of the
past. Ships will still be needed but their role
will be more focused on process-related studies
and the deployment, servicing, and recovery of
oceanographic and meteorological equipment,
including sensor packages incorporated in
cabled observatory networks. All of these devel-
opments are moving physical oceanographers
into analysts of what is becoming known as
“big data”. Faced with large volumes of informa-
tion, the challenge to oceanographers is deciding

Copyright © 2014 Elsevier B.V. All rights reserved.



2 1. DATA ACQUISITION AND RECORDING

how to approach these mega data and how to
select the measurements and numerical simula-
tions that are most relevant to the problems of in-
terest. One of the goals of this book is to provide
insight into the analyses of the ever-growing
volume of oceanographic data in order to assist
the practitioner in deciding where to invest
his/her effort.

With the many technological advances taking
place, it is important for marine scientists to be
aware of both the capabilities and limitations of
their sampling equipment. This requires a basic
understanding of the sensors, the recording sys-
tems and the data processing tools. If these are
known and the experiment carefully planned,
many problems commonly encountered during
the processing stage can be avoided. We cannot
overemphasize the need for thoughtful experi-
mental planning and proper calibration of all
oceanographic sensors. If instruments are not
in near-optimal locations or the researcher is un-
sure of the values coming out of the machines,
then it will be difficult to believe the results gath-
ered in the field. To be truly reliable, instruments
should be calibrated on a regular basis at inter-
vals determined by use and the susceptibility
of the sensor to drift. More specifically, the
output from all oceanic instruments such as ther-
mometers, pressure sensors, dissolved oxygen
probes, and fixed pathlength transmissometers
drift with time and need to be calibrated before
and after each field deployment. For example,
the zero point for the Paroscientific Digiquartz
(0—10,000 psi) pressure sensors used in the
Hawaii Ocean Time-series at station “Aloha”
100 km north of Honolulu drifts about 4 dbar
in three years. As a consequence, the sensors
are calibrated about every six months against a
Paroscientific laboratory standard, which is reca-
librated periodically at special calibration facil-
ities in the United States (Lukas, 1994). Even
the most reliable platinum thermometers—the
backbone of temperature measurement in ma-
rine sciences—can drift of order 0.001 °C over a
year. Our shipboard experience also shows that

opportunistic over-the-side field calibrations
during oceanic surveys can be highly valuable
to others in the science community regardless
of whether the work is specific to one’s own
research program. As we discuss in the
following chapters, there are a number of funda-
mental requirements to be considered when
planning the collection of field records, including
such basic considerations as the sampling inter-
val, sampling duration, and sampling location.
It is the purpose of this chapter to review
many of the standard instruments and measure-
ment techniques used in physical oceanography
in order to provide the reader with a common
understanding of both the utility and limitations
of the resulting measurements. The discussion
is not intended to serve as a detailed “user’s
manual” nor as an “observer’s handbook”.
Rather, our purpose is to describe the fundamen-
tals of the instruments in order to give some
insight into the data they collect. An understand-
ing of the basic observational concepts, and their
limitations, is a prerequisite for the development
of methods, techniques, and procedures used to
analyze and interpret the data that are collected.
Rather than treat each measurement tool indi-
vidually, we have attempted to group them into
generic classes and to limit our discussion to
common features of the particular instruments
and associated techniques. Specific references
to particular company’s products and the quota-
tion of manufacturer’s engineering specifications
have been avoided whenever possible. Instead,
we refer to published material addressing the
measurement systems or the data recorded by
them. Those studies that compare measurements
made by similar instruments are particularly
valuable. On the other hand, there are companies
whose products have become the “gold stan-
dard” against which other manufacturers are
compared. Reliability and service are critical
factors in the choice of any instrument. The
emphasis of the instrument review section is to
give the reader a background in the collection
of data in physical oceanography. For those
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readers interested in more complete information
regarding a specific instrument or measurement
technique, we refer to the references at the end of
the book where we list the sources of the material
quoted. We realize that, in terms of specific
measurement systems, and their review, this
text will be quickly dated as new and better sys-
tems evolve. Still, we hope that the general
outline we present for accuracy, precision, and
data coverage will serve as a useful guide to
the employment of newer instruments and
methods.

1.2 BASIC SAMPLING
REQUIREMENTS

A primary concern in most observational
work is the accuracy of the measurement device,
a common performance statistic for the instru-
ment. Absolute accuracy requires frequent
instrument calibration to detect and correct for
any shifts in behavior. The inconvenience of
frequent calibration often causes the scientist to
substitute instrument precision as the measure-
ment capability of an instrument. Unlike abso-
lute accuracy, precision is a relative term and
simply represents the ability of the instrument
to repeat the observation without deviation.
Absolute accuracy further requires that the
observation be consistent in magnitude with
some universally accepted reference standard.
In most cases, the user must be satisfied with
having good precision and repeatability of the
measurement rather than having absolute mea-
surement accuracy. Any instrument that fails to
maintain its precision, fails to provide data that
can be handled in any meaningful statistical
fashion. The best instruments are those that pro-
vide both high precision and defensible absolute
accuracy. It is sometimes advantageous to mea-
sure simultaneously the same variable with
more than one reliable instrument. However, if
the instruments have the same precision but
not the same absolute accuracy, we are reminded

of the saying that “a man with two watches does
not know the time”.

Digital instrument resolution is measured in
bits, where a resolution of N bits means that
the full range of the sensor is partitioned into
2N equal segments (N=1, 2...). For example,
eight-bit resolution means that the specified
full-scale range of the sensor, say V=10V, is
divided into 2° = 256 increments, with a bit reso-
lution of V /256 =0.039 V. Whether the instru-
ment can actualll\y measure to a resolution or
accuracy of V/2" units is another matter. The
sensor range can always be divided into an
increasing number of smaller increments but
eventually one reaches a point where the value
of each bit is buried in the noise level of the
sensor and is no longer significant.

1.2.1 Sampling Interval

Assuming the instrument selected can pro-
duce reliable and useful data, the next highest
priority sampling requirement is that the mea-
surements be collected often enough in space
and time to resolve the phenomena of interest.
For example, in the days when oceanographers
were only interested in the mean stratification
of the world ocean, water property profiles
from discrete-level hydrographic (bottle) casts
were adequate to resolve the general vertical
density structure. On the other hand, these
same discrete-level profiles failed to resolve the
detailed structure associated with interleaving
and mixing processes, including those associated
with thermohaline staircases (salt fingering and
diffusive convection), that now are resolved by
the rapid vertical sampling provided by modern
conductivity-temperature-depth (CTD) probes.
The need for higher resolution assumes that the
oceanographer has some prior knowledge of
the process of interest. Often this prior knowl-
edge has been collected with instruments inca-
pable of resolving the true variability and may,
therefore, only be suggested by highly aliased
(distorted) data collected using earlier
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techniques. In addition, laboratory and theoret-
ical studies may provide information on the
scales that must be resolved by the measurement
system.

For discrete digital data x(t;) measured at times
ti, the choice of the sampling increment At (or Ax
in the case of spatial measurements) is the quan-
tity of importance. In essence, we want to sample
often enough that we can pick out the highest fre-
quency component of interest in the time series
but not oversample so that we fill up the data stor-
age file, use up all the battery power, or become
swamped with unnecessary data. In the case of
real-time cabled observatories, it is also possible
to sample so rapidly (hundreds of times per sec-
ond) that inserting the essential time stamps in
the data string can disrupt the cadence of the re-
cord. We might also want to sample at irregular
intervals to avoid built-in bias in our sampling
scheme. If the sampling interval is too large to
resolve higher frequency components, it becomes
necessary to suppress these components during
sampling using a sensor whose response is
limited to frequencies equal to that of the sam-
pling frequency. As we discuss in our section on
processing satellite-tracked drifter data, these les-
sons are often learned too late—after the buoys
have been cast adrift in the sea.

The important aspect to keep in mind is that,
for a given sampling interval At, the highest fre-
quency we can hope to resolve is the Nyquist (or
folding) frequency, fn, defined as

fn = 1/2At (1.1)
We cannot resolve any higher frequencies than
this. For example, if we sample every 10 h, the
highest frequency we can hope to see in the
data is fy = 0.05 cph (cycles per hour). Equation
(1.1) states the obvious—that it takes at least
two sampling intervals (or three data points) to
resolve a sinusoidal-type oscillation with period
1/fn (Figure 1.1). In practice, we need to contend
with noise and sampling errors so that it
takes something like three or more sampling

increments (i.e., > four data points) to accurately
determine the highest observable frequency.
Thus, fy is an upper limit. The highest frequency
we can resolve for a sampling of At=10h in
Figure 1.1 is closer to 1/(3At) =0.033 cph.
(Replacing At with Ax in the case of spatial sam-
pling increments allows us to interpret these lim-
itations in terms of the highest wavenumber
(Nyquist wavenumber) the data are able to
resolve.)

An important consequence of Eqn (1.1) is the
problem of aliasing. In particular, if there is en-
ergy at frequencies f> fy—which we obviously
cannot resolve because of the At we picked—this
energy gets folded back into the range of fre-
quencies, f< fy, which we are attempting to
resolve (hence, the alternate name “folding fre-
quency” for fy). This unresolved energy does
not disappear but gets redistributed within the
frequency range of interest. To make matters
worse, the folded-back energy is disguised (or
aliased) within frequency components different
from those of its origin. We cannot distinguish
this folded-back energy from that which actually
belongs to the lower frequencies. Thus, we end
up with erroneous (aliased) estimates of the
spectral energy variance over the resolvable
range of frequencies. An example of highly
aliased data would be current meter data
collected using 13-h sampling in a region domi-
nated by strong semidiurnal (12.42-h period)
tidal currents. More will be said on this topic in
Chapter 5.

As a general rule, one should plan a measure-
ment program based on the frequencies and
wavenumbers (estimated from the correspond-
ing periods and wavelengths) of the parameters
of interest over the study domain. This require-
ment may then dictate the selection of the mea-
surement tool or technique. If the instrument
cannot sample rapidly enough to resolve the
frequencies of concern it should not be used. It
should be emphasized that the Nyquist fre-
quency concept applies to both time and space
and the Nyquist wavenumber is a valid means
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FIGURE 1.1 Plot of the function F(n) =sin (27tn/20 + ¢) where time is given by the integer n=—1, 0, ..., 24. The period
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measured points and solid points the curve F(n). Noise makes it necessary to use more than three data values to accurately

define the oscillation period.

of determining the fundamental wavelength that
must be sampled.

1.2.2 Sampling Duration

The next concern is that one samples long
enough to establish a statistically significant
determination of the process being studied. For
time-series measurements, this amounts to a
requirement that the data be collected over a
period sufficiently long that repeated cycles of
the phenomenon are observed. This also applies
to spatial sampling where statistical consider-
ations require a large enough sample to define
multiple cycles of the process being studied.
Again, the requirement places basic limitations
on the instrument selected for use. If the equip-
ment cannot continuously collect the data
needed for the length of time required to resolve
repeated cycles of the process, it is not well
suited to the measurement required.

Consider the duration of the sampling at time
step At. The longer we make the record the better
we are to resolve different frequency compo-
nents in the data. In the case of spatially
separated data, Ax, resolution increases with

increased spatial coverage of the data. It is the
total record length T = NAt obtained for N data
samples that: (1) determines the lowest fre-
quency (the fundamental frequency)

fo = 1/(NA#) = 1/T

that can be extracted from the time-series record;
(2) determines the frequency resolution or mini-
mum difference in frequency Af=|f, —fi|=1/
(NAt) that can be resolved between adjoining
frequency components, fi and f, (Figure 1.2);
and (3) determines the amount of band aver-
aging (averaging of adjacent frequency bands)
that can be applied to enhance the statistical
significance of individual spectral estimates. In
Figure 1.2, the two separate waveforms of equal
amplitude but different frequency produce a
single spectrum. The two frequencies are well
resolved for Af=2/(NAtf) and 3/(2NAt), just
resolved for Af=1/(NAt), and not resolved for
Af=1/(2NAt).

In theory, we should be able to resolve all
frequency components, f, in the frequency range
fo <f<fn, where fy and fy are defined by Eqns
(1.1) and (1.2), respectively. Herein lies a classic
sampling problem. In order to resolve the

1.2)
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— Af—|

Spectra

(b)

FIGURE 1.2 Spectral peaks of two separate waveforms of equal amplitude and frequencies f; and f, (dashed and thin line)
together with the calculated spectrum (solid line). (a) and (b) are well-resolved spectra; (c) just resolved spectra; and (d) not
resolved. Thick solid line is total spectrum for two underlying signals with slightly different peak frequencies.

frequencies of interest in a time series, we need to
sample for a long time (T large) so that f; covers
the low end of the frequency spectrum and Af is
small (frequency resolution is high). At the same
time, we would like to sample sufficiently
rapidly (At small) so that fy extends beyond all
frequency components with significant spectral
energy. Unfortunately, the longer and more
rapidly we want to sample, the more data we
need to collect and store, the more power we
need to provide, and the more time, effort, and
money we need to put into the sensor design
and sampling program.

Our ability to resolve frequency components
follows from Rayleigh’s criterion for the resolu-
tion of adjacent spectral peaks in light shone
onto a diffraction grating. It states that two adja-
cent frequency components are just resolved
when the peaks of the spectra are separated
by frequency difference Af=fy=1/(NAt)
(Figure 1.2). For example, to separate the spectral
peak associated with the lunar—solar semidi-
urnal tidal component M) (frequency =
0.08051 cph) from that of the solar semidiurnal

tidal component S, (0.08333 cph), for which
Af=0.00282 cph, it requires N =355 data points
at a sampling interval At=1h or N=71 data
points at At =5 h. Similarly, a total of 328 data
values at 1-h sampling are needed to separate
the two main diurnal constituents K; and O
(Af=10.00305 cph). Note that since fy is the high-
est frequency we can measure and fj is the limit
of our frequency resolution, then

fn/fo = (1/2At)/(1/NAt) = N /2

is the maximum number of Fourier components
we can hope to estimate in any analysis.

(1.3)

1.2.3 Sampling Accuracy

According to the two previous sections, we
need to sample long enough and often enough
if we hope to resolve the range of scales of inter-
est in the variables we are measuring. It is intui-
tively obvious that we also need to sample as
accurately as possible—with the degree of
recording accuracy determined by the response
characteristics of the sensors, the number of



