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Preface

The book MATLAB Recipes for Earth Sciences is designed to help under-
graduates, and PhD students, post-doctoral researchers, and professionals
find quick solutions for common problems in data analysis in earth sciences.
It provides a minimum amount of theoretical background, and demon-
strates the application of all described methods through the use of exam-
ples. The MATLAB software is used since it not only provides numerous
ready-to-use algorithms for most methods of data analysis but also allows
the existing routines to be modified and expanded, or new software to be
developed. The book contains MATLAB scripts, or M-files, to solve typical
problems in earth sciences, such as simple statistics, time-series analysis,
geostatistics, and image processing, and also demonstrates the application
of selected advanced techniques of data analysis such as nonlinear time-
series analysis, adaptive filtering, bootstrapping, and terrain analysis. It
comes with a compact disk that contains all MATLAB recipes and example
data files as well as presentation files for instructors. The MATLAB codes
can be easily modified for application to the reader’s data and projects.

This revised and updated Third Edition includes new sections on soft-
ware-related issues (Sections 2.4, 2.5, 2.8 and 2.9). Chapter 2 was difficult
to update since MATLAB has expanded so much over the years, and I have
deliberately tried to restrict this chapter to demonstrating of those tools ac-
tually used in the book. A second difficulty arose from the current move
by The MathWorks Inc. to use and incorporate objects and classes in some
areas of their MATLAB routines, although there does not seem to be any in-
tention of abandoning the existing procedural code. Again, I have restricted
the introduction and use of objects and classes to the absolute minimum,
even at the expense of omitting one of the new features of MATLAB. Some
functions, however, such as those for distribution fitting use this new con-
cept of object-oriented programming, and I hope that the reader will forgive
me for not explaining all the details of the MATLAB code when using it.
The other new sections are on distribution fitting (Section 3.9), and on non-
linear and weighted regression (Section 4.10), as these techniques are widely
used in, for instance, isotope geochemistry and geochronology. Sections 8.7
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to 8.9 introduce some advanced methods in image analysis such the ex-
traction of color-intensity transects from laminated sediments, automatic
grain size analysis, and the quantification of charcoal in microscope images.
These techniques are frequently used in my research projects and are always
in demand during the short courses that I teach.

In order to derive the maximum benefit from this book the reader
will need to have access to the MATLAB software and be able to execute
the recipes while reading the book. The MATLAB recipes display various
graphs on the screen that are not shown in the printed book. The tutorial-
style book does, however, contain numerous figures making it possible to
go through the text without actually running MATLAB on a computer. I
have developed the recipes using MATLAB 7 Release R2010a, but most of
them will also work with earlier software releases. While undergraduates
participating in a course on data analysis might go through the entire book,
the more experienced reader may use only one particular method to solve
a specific problem. The concept of the book and the contents of its chapters
are therefore outlined below, in order to make it easier to use for readers
with a variety of different requirements.

o Chapter 1 - This chapter introduces some fundamental concepts of sam-
ples and populations. It also links the various types of data, and questions
to be answered from the data, to the methods described in the succeeding
chapters.

o Chapter 2 - A tutorial-style introduction to MATLAB designed for earth
scientists. Readers already familiar with the software are advised to pro-
ceed directly to the succeeding chapters. The Third Edition now includes
new sections on data structures and classes of objects, on generating
M-files to regenerate graphs and on publishing M-files.

o Chapters 3 and 4 - Fundamentals in univariate and bivariate statistics.
These two chapters contain basic concepts in statistics, and also introduc-
es advanced topics such as resampling schemes and cross validation. The
reader already familiar with basic statistics might skip these two chapters.
The Third Edition now includes new sections on fitting normal distribu-
tions to observations and on nonlinear and weighted regression analysis.

o Chapters 5 and 6 — Readers who wish to work with time series are rec-
ommended to read both of these chapters. Time-series analysis and signal
processing are closely linked. A good knowledge of statistics is required
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to work successfully with these methods. These two chapters are inde-
pendent of the preceding chapters.

o Chapters 7 and 8 - I reccommend reading through both of these chapters
since the processing methods used for spatial data and for images have
much in common. Moreover, spatial data and images are often combined
in earth sciences, for instance when projecting satellite images onto digi-
tal elevation models. The Third Edition now includes new sections on
color-intensity transects of laminated sediments, automated grain size
analysis from photos and quantifying charcoal in microscope images.

o Chapter 9 — Data sets in earth sciences often have many variables and
many data points. Multivariate methods are applied to a great variety of
large data sets, including satellite imagery. Any reader particularly inter-
ested in multivariate methods is advised to read Chapters 3 and 4 before
proceeding to this chapter.

o Chapter 10 - Methods to analyze circular and spherical data are wide-
ly used in earth sciences. Structural geologists measure and analyze
the orientation of slickensides (or striae) on a fault plane. The statisti-
cal analysis of circular data is also used in paleomagnetic applications.
Microstructural investigations include the analysis of the grain shapes
and quartz c-axis orientations in thin sections.

While the book MATLAB Recipes for Earth Sciences is about data analy-
sis it does not attempt to cover modeling. For this subject, I recommend
the excellent book Environmental Modeling Using MATLAB by Ekkehard
Holzbecher (Springer 2007), which first introduces basic concepts of
modeling and then provides a great overview of modeling examples us-
ing MATLAB. Holzbecher’s book uses a very similar concept to MATLAB
Recipes for Earth Sciences as it gives a brief introduction to the theory,
and then explains MATLAB examples. Neither book provides a complete
introduction to all available techniques, but they both provide a quick
overview of basic concepts for data analysis and modeling in earth sci-
ences. One of the few critical reviewers of the First Edition of MATLAB
Recipes for Earth Sciences raised the question of why I had not included
a chapter on finite-element and finite-difference modeling, and on solv-
ing differential equations — in his opinion a major omission in the book.
However, this is far beyond of the scope of the book and my own expertise.
Students and colleagues interested in this topic are directed to the book
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MATLAB Guide to Finite Elements: An Interactive Approach by Peter I.
Kattan (Springer 2007). While my book may be considered by some to be a
little light on image processing, I have included in Chapter 8 three new sec-
tions on the analysis of sediment images. I would also strongly recommend
to anyone interested in this topic the very successful book Digital Image
Processing Using MATLAB by Gonzales, Woods and Eddins (Gatesmark
Publishing 2009), for which a 2nd edition has just been published.

I have taken all other critiques quite seriously and invite all readers to
also comment on the Third Edition: the book is constantly changing and
evolving. As the Third Edition appears on the bookshelves I will create a
new folder on the hard disk of my computer named Fourth Edition, where
new ideas will be collected. The book has benefited from the comments
of many people, in particular my contributing authors Robin Gebbers
and Norbert Marwan, my colleagues Ira Ojala, Lydia Olaka, Jim Renwick,
Jochen Réssler, Rolf Romer, Annette Witt, and the students Matthias
Gerber, Mathis Hain, Martin Homann, Stefanie von Lonski, Oliver Rach,
Marius Walter and Max Zitzmann. I very much appreciate the expertise
and patience of Elisabeth Sillmann at blaetterwaldDesign who created the
graphics and the complete page designs of the book. I am much obliged to
Ed Manning for professional proofreading of the text. I also acknowledge
Naomi Fernandez from the Book Program and Kate Fiore from Academic
Support at The MathWorks Inc., Claudia Olrogge and Annegret Schumann
at The MathWorks GmbH Deutschland, Christian Witschel, Chris Bendall
and their team at Springer, and Andreas Bohlen, Brunhilde Schulz and their
teamat UP Transfer GmbH.Ialso thank the NASA/GSFC/METI/ERSDAC/
JAROS and the U.S./Japan ASTER Science Team and the director Mike
Abrams for allowing me to include the ASTER images in this book.

Potsdam, April 2010

Martin Trauth
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1 Data Analysis in Earth Sciences

1.1 Introduction

Earth scientists make observations and gather data about the natural pro-
cesses that operate on planet Earth. They formulate and test hypotheses on
the forces that have acted on a particular region to create its structure and
also make predictions about future changes to the planet. All of these steps
in exploring the Earth involve the acquisition and analysis of numerical
data. An earth scientist therefore needs to have a firm understanding of sta-
tistical and numerical methods as well as the ability to utilize relevant com-
puter software packages, in order to be able to analyze the acquired data.

This book introduces some of the most important methods of data anal-
ysis employed in earth sciences and illustrates their use through examples
using the MATLAB® software package. These examples can then be used as
recipes for the analysis of the reader’s own data, after having learned their
application with synthetic data. This introductory chapter deals with data
acquisition (Section 1.2), the various types of data (Section 1.3) and the ap-
propriate methods for analyzing earth science data (Section 1.4). We there-
fore first explore the characteristics of typical data sets and subsequently
investigate the various ways of analyzing data using MATLAB.

1.2 Data Collection

Most data sets in earth sciences have a very limited sample size and also
contain a significant number of uncertainties. Such data sets are typically
used to describe rather large natural phenomena, such as a granite body, a
large landslide or a widespread sedimentary unit. The methods described
in this book aim to find a way of predicting the characteristics of a larger
population from a much smaller sample (Fig. 1.1). An appropriate sampling
strategy is the first step towards obtaining a good data set. The development

M.H. Trauth, MATLAB® Recipes for Earth Sciences, 3rd ed.,
DOI 10.1007/978-3-642-12762-5 1, © Springer-Verlag Berlin Heidelberg 2010
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Hypothetical Accessible §
Population Population

QOutcrop

Available
Population

Fig. 1.1 Samples and populations. Deep valley incision has eroded parts of a sandstone
unit (hypothetical population). The remaining sandstone (available population) can only
be sampled from outcrops, i.e., road cuts and quarries (accessible population). Note the
difference between a statistical sample as a representative of a population and a geological
sample as a piece of rock.

of a successful strategy for field sampling requires decisions on the sample
size and the spatial sampling scheme.

The sample size includes the sample volume, the sample weight and the
number of samples collected in the field. The sample weights or volumes can
be critical factors if the samples are later analyzed in a laboratory and most
statistical methods also have a minimum requirement for the sample size.
The sample size also affects the number of subsamples that can be collected
from a single sample. If the population is heterogeneous then the sample
needs to be large enough to represent the population’s variability, but on
the other hand samples should be as small as possible in order to minimize
the time and costs involved in their analysis. The collection of smaller pilot
samples is recommended prior to defining a suitable sample size.

The design of the spatial sampling scheme is dependent on the availabil-
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ity of outcrops or other material suitable for sampling. Sampling in quarries
typically leads to clustered data, whereas sampling along road cuts, shoreline
cliffs or steep gorges results in one-dimensional traverse sampling schemes.
A more uniform sampling pattern can be designed where there is 100 % ex-
posure or if there are no financial limitations. A regular sampling scheme
results in a gridded distribution of sample locations, whereas a uniform sam-
pling strategy includes the random location of a sampling point within a
grid square. Although these sampling schemes might be expected to provide
superior methods for sampling collection, evenly-spaced sampling locations
tend to miss small-scale variations in the area, such as thin mafic dykes with-
in a granite body or the spatially-restricted occurrence of a fossil (Fig. 1.2).

The correct sampling strategy will depend on the objectives of the inves-
tigation, the type of analysis required and the desired level of confidence in
the results. Having chosen a suitable sampling strategy, the quality of the
sample can be influenced by a number of factors resulting in the samples
not being truly representative of the larger population. Chemical or physi-
cal alteration, contamination by other material or displacement by natural
and anthropogenic processes may all result in erroneous results and inter-
pretations. It is therefore recommended that the quality of the samples, the
method of data analysis employed and the validity of the conclusions drawn
from the analysis be checked at each stage of the investigation.

1.3 Types of Data

Most earth science data sets consist of numerical measurements, although
some information can also be represented by a list of names such as fossils
and minerals (Fig. 1.3). The available methods for data analysis may require
certain types of data in earth sciences. These are

o nominal data - Information in earth sciences is sometimes presented as
a list of names, e. g., the various fossil species collected from a limestone
bed or the minerals identified in a thin section. In some studies, these
data are converted into a binary representation, i. e., one for present and
zero for absent. Special statistical methods are available for the analysis
of such data sets.

o ordinal data - These are numerical data representing observations that
can be ranked, but in which the intervals along the scale are irregularly
spaced. Mohs’ hardness scale is one example of an ordinal scale. The hard-

DATA ANALYSIS IN EARTH SCIENCES
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Boreholes

Boreholes

Samples

Samples

€

Fig. 1.2 Sampling schemes. a Regular sampling on an evenly-spaced rectangular grid,
b uniform sampling by obtaining samples randomly located within regular grid squares,
¢ random sampling using uniformly-distributed xy coordinates, d clustered sampling
constrained by limited access in a quarry, and e traverse sampling along road cuts and river
valleys.
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Cyclotella ocellata 1. Talc

C. meneghiniana 2. Gypsum

C. ambigua 3. Calcite

C. agassizensis 4. Flurite
Aulacoseira granulata 5. Apatite

A. granulata var. curvata 6. Orthoclase
A. italica 7. Quartz
Epithemia zebra 8. Topaz

E. sorex 9. Corundum
Thalassioseira faurii 10. Diamond

a
2.5 4.0 7.0 0.5 420 +4.0
——tot+—o0—+—+-90— ——Fot+—+—-0—+-0—
01234567 321012 3 4
C
N
o
30 50 82.5% o 27 A
F——to—0——+—0— 2> 0
0 25 50 75 100% 300 o
310 33
(<
N
45°
70°
w E
110°
s
g

5

DATA ANALYSIS IN EARTH SCIENCES

1

Fig. 1.3 Types of earth science data. a Nominal data, b ordinal data, ¢ ratio data, d interval
data, e closed data, f spatial data, and g directional data. All of these data types are described
in this book.
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ness value indicates the material’s resistance to scratching. Diamond has
a hardness of 10, whereas the value for talc is 1, but in terms of absolute
hardness diamond (hardness 10) is four times harder than corundum
(hardness 9) and six times harder than topaz (hardness 8). The Modified
Mercalli Scale, which attempts to categorize the effects of earthquakes, is
another example of an ordinal scale; it ranks earthquakes from intensity
I (barely felt) to XII (total destruction).

o ratio data - These data are characterized by a constant length of succes-
sive intervals, therefore offering a great advantage over ordinal data. The
zero point is the natural termination of the data scale, and this type of
data allows for either discrete or continuous data sampling. Examples of
such data sets include length or weight data.

o interval data - These are ordered data that have a constant length of
successive intervals, but in which the data scale is not terminated by zero.
Temperatures C and F represent an example of this data type even though
arbitrary zero points exist for both scales. This type of data may be sam-
pled continuously or in discrete intervals.

In addition to these standard data types, earth scientists frequently encoun-
ter special kinds of data such as

o closed data - These data are expressed as proportions and add up to a
fixed total such as 100 percent. Compositional data represent the majority
of closed data, such as element compositions of rock samples.

o spatial data - These are collected in a 2D or 3D study area. The spatial
distribution of a certain fossil species, the spatial variation in thickness of
a sandstone bed and the distribution of tracer concentrations in ground-
water are examples of this type of data, which is likely to be the most
important data type in earth sciences.

o directional data - These data are expressed in angles. Examples include
the strike and dip of bedding, the orientation of elongated fossils or the
flow direction of lava. This is another very common type of data in earth
sciences.

Most of these different types of data require specialized methods of analysis,
which are outlined in the next section.
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1.4 Methods of Data Analysis

Data analysis uses precise characteristics of small samples to hypothesize
about the general phenomenon of interest. Which particular method is
used to analyze the data depends on the data type and the project require-
ments. The various methods available include:

o Univariate methods — Each variable is assumed to be independent of the
others, and is explored individually. The data are presented as a list of
numbers representing a series of points on a scaled line. Univariate sta-
tistical methods include the collection of information about the variable,
such as the minimum and maximum values, the average, and the disper-
sion about the average. Examples are the sodium content of volcanic glass
shards that have been affected by chemical weathering, or the sizes of
snail shells within a sediment layer.

« Bivariate methods — Two variables are investigated together to detect re-
lationships between these two parameters. For example, the correlation
coeflicient may be calculated to investigate whether there is a linear re-
lationship between two variables. Alternatively, the bivariate regression
analysis may be used to find an equation that describes the relationship
between the two variables. An example of a bivariate plot is the Harker
Diagram, which is one of the oldest methods of visualizing geochemical
data from igneous rocks and simply plots oxides of elements against SiO,.

o Time-series analysis — These methods investigate data sequences as a
function of time. The time series is decomposed into a long-term trend, a
systematic (periodic, cyclic, rhythmic) component and an irregular (ran-
dom, stochastic) component. A widely used technique to describe cyclic
components of a time series is that of spectral analysis. Examples of the
application of these techniques include the investigation of cyclic climatic
variations in sedimentary rocks, or the analysis of seismic data.

o Signal processing — This includes all techniques for manipulating a signal
to minimize the effects of noise in order to correct all kinds of unwanted
distortions or to separate various components of interest. It includes the
design and realization of filters, and their application to the data. These
methods are widely used in combination with time-series analysis, e.g.,
to increase the signal-to-noise ratio in climate time series, digital images
or geophysical data.

DATA ANALYSIS IN EARTH SCIENCES
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o Spatial analysis - This is the analysis of parameters in 2D or 3D space
and hence two or three of the required parameters are coordinate num-
bers. These methods include descriptive tools to investigate the spatial
pattern of geographically distributed data. Other techniques involve
spatial regression analysis to detect spatial trends. Also included are 2D
and 3D interpolation techniques, which help to estimate surfaces repre-
senting the predicted continuous distribution of the variable throughout
the area. Examples are drainage-system analysis, the identification of old
landscape forms and lineament analysis in tectonically active regions.

o Image processing — The processing and analysis of images has become in-
creasingly important in earth sciences. These methods involve importing
and exporting, compressing and decompressing, and displaying images.
Image processing also aims to enhance images for improved intelligibil-
ity, and to manipulate images in order to increase the signal-to-noise ra-
tio. Advanced techniques are used to extract specific features, or analyze
shapes and textures, such as for counting mineral grains or fossils in mi-
croscope images. Another important application of image processing is
in the use of satellite remote sensing to map certain types of rocks, soils
and vegetation, as well as other parameters such as soil moisture, rock
weathering and erosion.

o Multivariate analysis — These methods involve the observation and
analysis of more than one statistical variable at a time. Since the graphi-
cal representation of multidimensional data sets is difficult, most of these
methods include dimension reduction. Multivariate methods are widely
used on geochemical data, for instance in tephrochronology, where volca-
nic ash layers are correlated by geochemical fingerprinting of glass shards.
Another important usage is in the comparison of species assemblages in
ocean sediments for the reconstruction of paleoenvironments.

o Analysis of directional data — Methods to analyze circular and spherical
data are widely used in earth sciences. Structural geologists measure and
analyze the orientation of slickensides (or striae) on a fault plane, circular
statistical methods are common in paleomagnetic studies, and micro-
structural investigations include the analysis of grain shapes and quartz
c-axis orientations in thin sections.

Some of these methods of data analysis require the application of numeri-
cal methods such as interpolation techniques. While the following text
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deals mainly with statistical techniques it also introduces several numerical
methods commonly used in earth sciences.
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2 Introduction to MATLAB

2.1 MATLAB in Earth Sciences

MATLAB?® is a software package developed by The MathWorks Inc., found-
ed by Cleve Moler, Jack Little and Steve Bangert in 1984, which has its head-
quarters in Natick, Massachusetts (http://www.mathworks.com). MATLAB
was designed to perform mathematical calculations, to analyze and visual-
ize data, and to facilitate the writing of new software programs. The advan-
tage of this software is that it combines comprehensive math and graphics
functions with a powerful high-level language. Since MATLAB contains a
large library of ready-to-use routines for a wide range of applications, the
user can solve technical computing problems much more quickly than with
traditional programming languages, such as C++ and FORTRAN. The
standard library of functions can be significantly expanded by add-on tool-
boxes, which are collections of functions for special purposes such as image
processing, creating map displays, performing geospatial data analysis or
solving partial differential equations.

During the last few years, MATLAB has become an increasingly popu-
lar tool in earth sciences. It has been used for finite element modeling, pro-
cessing of seismic data, analyzing satellite imagery, and for the generation of
digital elevation models from satellite data. The continuing popularity of the
software is also apparent in published scientific literature, and many confer-
ence presentations have also made reference to MATLAB. Universities and
research institutions have recognized the need for MATLAB training for
staff and students, and many earth science departments across the world now
ofter MATLAB courses for undergraduates. The MathWorks Inc. provides
classroom Kkits for teachers at a reasonable price, and it is also possible for
students to purchase a low-cost edition of the software. This student version
provides an inexpensive way for students to improve their MATLAB sKkills.

The following sections contain a tutorial-style introduction to MATLAB,
to the setup on the computer (Section 2.2), the syntax (Section 2.3), data

M.H. Trauth, MATLAB® Recipes for Earth Sciences, 3rd ed.,
DOI 10.1007/978-3-642-12762-5 2, © Springer-Verlag Berlin Heidelberg 2010
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input and output (Sections 2.4 and 2.5), programming (Section 2.6), and
visualization (Section 2.7). Advanced sections are also included on gener-
ating M-files to regenerate graphs (Section 2.8) and on publishing M-files
(Section 2.9). It is recommended to go through the entire chapters in order
to obtain a good knowledge of the software before proceeding to the follow-
ing chapter. A more detailed introduction can be found in the MATLAB 7
Getting Started Guide (The MathWorks 2010) which is available in print
form, online and as PDF file.

In this book we use MATLAB Version 7.10 (Release 2010a), the Image
Processing Toolbox Version 7.0, the Mapping Toolbox Version 3.1, the Signal
Processing Toolbox Version 6.13, the Statistics Toolbox Version 7.3 and the
Wavelet Toolbox Version 4.5.

2.2 Getting Started

The software package comes with extensive documentation, tutorials and
examples. The first three chapters of the book MATLAB 7 Getting Started
Guide (The MathWorks 2010) are directed at beginners. The chapters on
programming, creating graphical user interfaces (GUI) and development
environments are aimed at more advanced users. Since MATLAB 7 Getting
Started Guide provides all the information required to use the software,
this introduction concentrates on the most relevant software components
and tools used in the following chapters of this book.

After the installation of MATLAB, the software is launched either by
clicking the shortcut icon on the desktop or by typing

matlab

in the operating system prompt. The software then comes up with several
window panels (Fig. 2.1). The default desktop layout includes the Current
Folder panel that lists the files in the directory currently being used. The
Command Window presents the interface between the software and the
user, i.e., it accepts MATLAB commands typed after the prompt, >>. The
Workspace panel lists the variables in the MATLAB workspace, which is
empty when starting a new software session. The Command History panel
records all operations previously typed into the Command Window and en-
ables them to be recalled by the user. In this book we mainly use the Command
Window and the built-in Editor, which can be launched by typing
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File Edit Debug Desktop Window Help
P & ™ @A 9 o) B @ CurentFolder /Users/trauth C
% Shortcuts 7] Howto Add (7] What's New
x_a « O Current Folder | [x2 =D Command Window x 2 mQO Workspace
@ @ (@«tanth » v 0| £ >> x = 0 : pi/10 : 2*pi; % g % % W Stack: [ Selectdatatopior  +
y1 = sin(x);
B [Name & 2= 15 Name & Value Min [ Max
&) Desktop 72 = confx)s (==F3 <1x21 double> 0 6.28.
» (i Documents plot(x,¥1, r-=",%,¥2, 'b-") Hy1 <1x2ldouble> -1 1
il Downloads aed Hy2 <lx2ldouble> -1 1
» (il Library
» (B Movies
» [ Music
» (& Pictures
» (3 Public
» (@ Sites.
x & »0 Command History
¥ %-- 07.02.10 15:48 —%
cle
x =0 : pifl0 : 2%pi;
¥yl = sin(x);
¥2 = cos(x);
plot(x,yl, =" ,x,y2, 'b-")
Details “~
4\ Start | P

Fig. 2.1 Screenshot of the MATLAB default desktop layout including the Current Folder
(left in the figure), the Command Window (center), the Workspace (upper right) and
Command History (lower right) panels. This book uses only the Command Window and
the built-in Editor, which can be called up by typing edit after the prompt. All information
provided by the other panels can also be accessed through the Command Window.

edit

or by selecting the Editor from the Desktop menu. By default, the soft-
ware stores all of your MATLAB-related files in the startup folder named
MATLAB. Alternatively, you can create a personal working directory in
which to store your MATLAB-related files. You should then make this new
directory the working directory using the Current Folder panel or the
Folder Browser at the top of the MATLAB desktop. The software uses a
search path to find MATLAB-related files, which are organized in directo-
ries on the hard disk. The default search path includes only the MATLAB
directory that has been created by the installer in the applications folder and
the default working directory. To see which directories are in the search path
or to add new directories, select Set Path from the File menu, and use the
Set Path dialog box. The modified search path is saved in a file pathdef.m
on your hard disk. The software will then in future read the contents of this
file and direct MATLAB to use your custom path list.
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2.3 The Syntax

The name MATLAB stands for matrix laboratory. The classic object han-
dled by MATLAB is a matrix, i.e., a rectangular two-dimensional array
of numbers. A simple 1-by-1 matrix or array is a scalar. Matrices with one
column or row are vectors, time series or other one-dimensional data fields.
An m-by-n matrix or array can be used for a digital elevation model or a
grayscale image. Red, green and blue (RGB) color images are usually stored
as three-dimensional arrays, i.e., the colors red, green and blue are repre-
sented by an m-by-n-by-3 array.
Before proceeding, we need to clear the workspace by typing

clear

after the prompt in the Command Window. Clearing the workspace is al-
ways recommended before working on a new MATLAB project. Entering
matrices or arrays in MATLAB is easy. To enter an arbitrary matrix, type

A=1[2437;93-12;1937; 66 3 -2]

which first defines a variable 2, then lists the elements of the matrix in
square brackets. The rows of A are separated by semicolons, whereas the ele-
ments of a row are separated by blank spaces, or alternatively, by commas.
After pressing return, MATLAB displays the matrix

A =
2 4 3 7
9 3 -1
1 9 3
6 6 3 -2

Displaying the elements of A could be problematic for very large matrices,
such as digital elevation models consisting of thousands or millions of ele-
ments. To suppress the display of a matrix or the result of an operation in
general, the line should be ended with a semicolon.

A=[2437;93-12;1937; 66 3 -2];

The matrix A is now stored in the workspace and we can carry out some
basic operations with it, such as computing the sum of elements,

sum (A)

which results in the display
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ans =
18 22 8 14

Since we did not specify an output variable, such as A for the matrix entered
above, MATLAB uses a default variable ans, short for answer or most re-
cent answer, to store the results of the calculation. In general, we should
define variables since the next computation without a new variable name
will overwrite the contents of ans.

The above example illustrates an important point about MATLAB: the
software prefers to work with the columns of matrices. The four results of
sum (A) are obviously the sums of the elements in each of the four columns
of 2. To sum all elements of A and store the result in a scalar b, we simply
need to type

b = sum(sum(a)) ;

which first sums the columns of the matrix and then the elements of the re-
sulting vector. We now have two variables, A and b, stored in the workspace.
We can easily check this by typing

whos

which is one the most frequently-used MATLAB commands. The soft-
ware then lists all variables in the workspace, together with information
about their sizes or dimensions, number of bytes, classes and attributes (see
Section 2.5 for details about classes and attributes of objects).

Name Size Bytes Class Attributes
A 4x4 128 double
ans 1x4 32 double
b 1x1 8 double

Note that by default MATLAB is case sensitive, i.e., 2 and a can define two
different variables. In this context, it is recommended that capital letters be
used for matrices and lower-case letters for vectors and scalars. We could
now delete the contents of the variable ans by typing

clear ans

Next, we will learn how specific matrix elements can be accessed or ex-
changed. Typing

A(3,2)

simply yields the matrix element located in the third row and second col-
umn, which is 9. The matrix indexing therefore follows the rule (row, col-
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umn). We can use this to replace single or multiple matrix elements. As an
example, we type

A(3,2) = 30

to replace the element A (3, 2) by 30 and to display the entire matrix.

A =
2 4 3 7
9 3 -1 2
1 30 3 7
6 6 3 -2

If we wish to replace several elements at one time, we can use the colon
operator. Typing

A(3,1:4) = [1 3 3 5]

or

A(3,:) = [1 3 3 5]

replaces all elements of the third row of the matrix A. The colon operator
also has several other uses in MATLAB, for instance as a shortcut for enter-
ing matrix elements such as

c =0 :10

which creates a row vector containing all integers from 0 to 10. The resultant
MATLAB response is

c =
0 1 2 3 4 5 6 7 8 9 10

Note that this statement creates 11 elements, i.e., the integers from 1 to 10
and the zero. A common error when indexing matrices is to ignore the zero
and therefore expect 10 elements instead of 11 in our example. We can check
this from the output of whos.

Name Size Bytes Class Attributes
A 4x4 128 double
ans 1x1 8 double
b 1x1 8 double
c 1x11 88 double

The above command creates only integers, i.e., the interval between the vec-
tor elements is one unit. However, an arbitrary interval can be defined, for
example 0.5 units. This is later used to create evenly-spaced time axes for
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time series analysis. Typing
c=12: 0.5 : 10

results in the display

c =
Columns 1 through 6

1.0000 1.5000 2.0000 2.5000 3.0000 3.5000
Columns 7 through 12
4.0000 4.5000 5.0000 5.5000 6.0000 6.5000
Columns 13 through 18
7.0000 7.5000 8.0000 8.5000 9.0000 9.5000
Column 19
10.0000#

which autowraps the lines that are longer than the width of the Command
Window. The display of the values of a variable can be interrupted by press-
ing Ctrl+C (Control+C) on the keyboard. This interruption affects only
the output in the Command Window, whereas the actual command is pro-
cessed before displaying the result.

MATLAB provides standard arithmetic operators for addition, +, and
subtraction, -. The asterisk, *, denotes matrix multiplication involving in-
ner products between rows and columns. For instance, we multiply the ma-
trix A with a new matrix B

B=1[4265; 785¢6; 21-8=-9; 312 3];

the matrix multiplication is then

c =A * B'

where ' is the complex conjugate transpose, which turns rows into columns
and columns into rows. This generates the output

C =
69 103 -79 37
46 94 11 34
75 136 -76 39
44 93 12 24

In linear algebra, matrices are used to keep track of the coefficients of linear
transformations. The multiplication of two matrices represents the combi-
nation of two linear transformations into a single transformation. Matrix
multiplication is not commutative, i.e., A*B' and B*A"' yield different re-
sults in most cases. Similarly, MATLAB allows matrix divisions, right, /,
and left, \, representing different transformations. Finally, the software also
allows powers of matrices, *.
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In earth sciences, however, matrices are often simply used as two-di-
mensional arrays of numerical data rather than an array representing a lin-
ear transformation. Arithmetic operations on such arrays are carried out
element-by-element. While this does not make any difference in addition
and subtraction, it does affect multiplicative operations. MATLAB uses a
dot as part of the notation for these operations.

As an example, multiplying 2 and B element-by-element is performed

by typing

which generates the output

c =
8 8 18 35
63 24 -5 12
2 3 -24 -45
18 6 6 -6

2.4 Data Storage and Handling

This section deals with how to store, import and export data with MATLAB.
Many of the data formats typically used in earth sciences have to be con-
verted before being analyzed with MATLAB. Alternatively, the software
provides several import routines to read many binary data formats in earth
sciences, such as those used to store digital elevation models and satellite
data.

A computer generally stores data as binary digits or bits. A bit is analo-
gous to a two-way switch with two states, on = 1 and off = 0. The bits are
joined together to form larger groups, such as bytes consisting of 8 bits, in
order to store more complex types of data. Such groups of bits are then used
to encode data, e.g., numbers or characters. Unfortunately, different com-
puter systems and software use different schemes for encoding data. For in-
stance, the characters in the widely-used text processing software Microsoft
Word differ from those in Apple Pages. Exchanging binary data is therefore
difficult if the various users use difterent computer platforms and software.
Binary data can be stored in relatively small files if both partners are using
similar systems of data exchange. The transfer rate for binary data is gener-
ally faster than that for the exchange of other file formats.

Various formats for exchanging data have been developed during re-
cent decades. The classic example for the establishment of a data format
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that can be used with different computer platforms and software is the
American Standard Code for Information Interchange (ASCII) that was
first published in 1963 by the American Standards Association (ASA). As
a 7-bit code, ASCII consists of 27=128 characters (codes 0 to 127). Whereas
ASCII-1963 was lacking lower-case letters, in the ASCII-1967 update lower-
case letters as well as various control characters such as escape and line feed
and various symbols such as brackets and mathematical operators were also
included. Since then, a number of variants appeared in order to facilitate the
exchange of text written in non-English languages, such as the expanded
ASCII containing 255 codes, e. g., the Latin-1 encoding.

The simplest way to exchange data between a certain piece of software
and MATLAB is using the ASCII format. Although the newer versions of
MATLAB provide various import routines for file types such as Microsoft
Excel binaries, most data arrive in the form of ASCII files. Consider a simple
data set stored in a table such as

SampleID Percent C Percent S
101 0.3657 0.0636
102 0.2208 0.1135
103 0.5353 0.5191
104 0.5009 0.5216
105 0.5415 -999

106 0.501 -999

The first row contains the names of the variables and the columns provide the
data for each sample. The absurd value - 999 indicates missing data in the
data set. Two things have to be changed to convert this table into MATLAB
format. First, MATLAB uses NaN as the representation for Not-a-Number
that can be used to mark missing data or gaps. Second, a percent sign, %,
should be added at the beginning of the first line. The percent sign is used
to indicate nonexecutable text within the body of a program. This text is
normally used to include comments in the code.

%SamplelID Percent C Percent S
101 0.3657 0.0636
102 0.2208 0.1135
103 0.5353 0.5191
104 0.5009 0.5216
105 0.5415 NaN

106 0.501 NaN

MATLAB will ignore any text appearing after the percent sign and continue
processing on the next line. After editing this table in a text editor, such as
the MATLAB Editor, it can be saved as ASCII text file geochem.txt in the
current working directory (Fig. 2.2). The MATLAB workspace should first
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be cleared by typing

clear

after the prompt in the Command Window. MATLAB can now import the
data from this file with the 10ad command.

load geochem.txt

MATLAB then loads the contents of file and assigns the matrix to a variable
geochem specified by the filename geochem.txt. Typing

whos

yields
Name Size Bytes Class Attributes
geochem 6x3 144 double

The command save now allows workspace variables to be stored in a bi-
nary format.

save geochem new.mat

MAT-files are double precision binary files using .mat as extension. The ad-
vantage of these binary MAT-files is that they are independent of the com-

800 Editor - /Users/trauth/Desktop/geochem.txt.
File Edit Text Go Tools Debug Desktop Window Help
Z oy 23 S o »
x r x D EH $RRIC 3B AME-F o=
‘ol cH B B W - 10 ¢ o+ 11 x % a5 @
1 55) c E]
2 101 0.3657 0.0636
3 102 0.2208 0.1135
4 103 0.5353 0.5191
5 104 0.5009 0.5216
6 105 0.5415 -999
7 106 0.501 -999
]
[ plain text file [tn'8 Co 1 |

Fig. 2.2 Screenshot of MATLAB Editor showing the content of the file geochem.txt. The
first line of the text is commented by a percent sign at the beginning of the line, followed by
the actual data matrix.
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puter platforms running different floating-point formats. The command

save geochem new.mat geochem

saves only the variable geochem instead of the entire workspace. The op-
tion -ascii, for example

save geochem new.txt geochem -ascii

again saves the variable geochem, butin an ASCII file named geochem_new.
txt. In contrast to the binary file geochem_new.mat, this ASCII file can be
viewed and edited using the MATLAB Editor or any other text editor.

2.5 Data Structures and Classes of Objects

The default data type or class in MATLAB is double precision or double,
which stores data in a 64-bit array. This double precision array allows stor-
age of the sign of a number (first bit), the exponent (bits 2 to 12) and roughly
16 significant decimal digits between approximately 1073°® and 10™%8 (bits
13 to 64). As an example, typing

clear

rand ('seed', 0)
A = rand(3,4)

creates a 3-by-4 array of random numbers with double precision. We use the
function rand that generates uniformly distributed pseudorandom num-
bers within the open interval (0,1). To obtain identical data values, we reset
the random number generator by using the integer 0 as seed (see Chapter 3
for more details on random number generators and types of distributions).
Since we did not use a semicolon here we get the output

A =
0.2190 0.6793 0.5194 0.0535
0.0470 0.9347 0.8310 0.5297
0.6789 0.3835 0.0346 0.6711

By default, the output is in a scaled fixed point format with 5 digits, e.g.,
0.2190 for the (1, 1) element of A. Typing

format long

switches to a fixed point format with 16 digits for double precision. Recalling
A by typing
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