ENVIRONMENTAL
STATISTICS

and

DAIA

ANALYSIS

WAYNE R. OTT




ENVIRONMENTAL
STATISTICS

and

DAIA
ANALYSIS

WAYNE R. OT1

““EEWISAPHBLLIS(]HERS




Library of Congress Cataloging-in-Publication Data

Ott, Wayne
Environmental statistics and data analysis / Wayne R. Ott
p. cm.
Includes bibliographical references and index.
I. Environmental sciences—>Statistical methods. 1. Title.
GE45.573088 1995
363.7°0072—dc 20 94-15435
ISBN 0-87371-848-8 (acid-free paper)

This book contains information obtained from authentic and highly regarded sources.
Reprinted material 1s quoted with permission, and sources are indicated. A wide variety of
references are listed. Reasonable efforts have been made to publish rehable data and infor-
mation, but the author and the publisher cannot assume responsibility tor the validity of all
materials or for the consequences of their use.

Neither this book nor any part may be reproduced or transmitted in any form or by any
means, electronic or mechanical, including photocopying, mcrofilming, and recording, or
by any information storage or retrieval system, without prior permission 1n writing from the
publisher.

CRC Press, Inc.’s consent does not extend to copying for general distribution, for promo-
tion, for creating new works, or for resale. Specific permission must be obtained in writing
from CRC Press for such copying.

Direct all inquiries to CRC Press, Inc., 2000 Corporate Blvd., N.W_, Boca Raton, Florida
33431.

© 1995 by CRC Press, Inc.
Lewis Publishers is an imprint of CRC Press
International Standard Book Number 0-87371-848—8
Library of Congress Card Number 94-15435

Printed in the United States of America
1 234567890



Preface

Many random processes occur in nature. To make accurate predictions
about the manner in which man’s activities may alter these processes and affect
their outcomes, it is necessary to construct models that faithfully represent real-
ity, including its random components. In the environmental field, the purpose
of most models is to make accurate predictions about the effect of environmen-
tal pollution control activities on environmental quality or on human exposure
to pollutants. Although modeling the fate and transport of pollutants through
the environment is well advanced, few models have been developed adequately
to include the random, or stochastic, nature of environmental phenomena. Sto-
chastic models treat the phenomenon being modeled probabilistically, thus in-
cluding the random components in a statistical framework. Because random
phenomena abound in the environment, stochastic modeling often is more im-
portant than other kinds of modeling. Despite the importance of stochastic
models 1n environmental analyses and decision-making, few reference works
are available covering these techniques and showing how to apply them to en-
vironmental problems. Of particular importance for concentrations measured
in the environment are the right-skewed distributions, such as the lognormal,
and techniques to take into account source controls, such as rollback models
(see Chapter 9).

To help fill the need for a reference work on environmental statistics, this
book seeks to develop a comprehensive and understandable framework for ap-
plying probabilistic techniques to environmental problems of all kinds. It in-
cludes statistical models for environmental decision-making, data analysis, and
tield survey design, along with the theoretical basis for each model wherever
possible. A model that has a sound theoretical basis is more likely to make ac-
curate predictions than one that does not. This book also includes a consider-
able body of original material, not previously published, on new theories and
insights to help explain observed environmental phenomena and the control of
these phenomena. The new theories are included to help guide data analysts
and decision makers in applying statistical models to practical problems in the
environment.

The book i1s intended to provide students, managers, researchers, field moni-
toring spectalists, engineers, statisticians, data analysts, and environmental de-
cision makers with both a reference source and a body of statistical procedures
for analyzing environmental data and making environmental predictions. In its
structure, this book includes full documentation of each probability model pre-
sented, the theoretical basis for its origin, and examples of its application to en-
vironmental problems. In addition, BASIC computer programs, which can be



programmed readily on personal computers, are included in the book wherever
possible. Typical uses of these probability models include analyzing environ-
mental monitoring data, describing the frequency distribution of exposures of
the population, deciding the degree to which environmental measurements
comply with health-related standards, and predicting the effect of pollutant
source reductions on environmental quality. The book also introduces several
new techniques, not presented elsewhere, that are important for solving practi-
cal problems.

This book is dedicated to the concept that selection of a stochastic model
should be based not merely on its presumed ‘“good fit” to empirical data;
rather, it should be consistent with the basic theory of the underlying physical
laws responsible for generating the observed data. To assist in determining
which models are theoretically appropriate for certain physical processes, the
idealized physical conditions associated with each probability distribution are
presented in detail. It may appear surprising to some readers, for example, to
discover that commonly applied Gaussian diffusion plume models can arise
naturally from probability theory and from fairly simple “random walk”
Brownian motion examples.

In Chapter 8, the Theory of Successive Random Dilutions (SRD) is proposed
to explain why lognormal appearing distributions occur so commonly in the di-
verse fields of indoor air quality, water quality, and geological systems. Hope-
fully, the concepts presented in this book will stimulate other investigators to
consider why right-skewed distributions with a single mode occur so often in
environmental pollution data. It is hoped that the SRD concepts presented in
this book are fundamental to developing a general theory, and that others in the
future will help extend these principles.

For more than three decades, papers have appeared in the literature on the ef-
fect of source reductions on environmental concentrations, but these predic-
tions seem to be based more on hunches of the authors than on a proven theory
or on experimental evidence. In Chapter 9, a Statistical Theory of Rollback
(STR) 1s introduced for the first time to provide a basis for predicting the effect
of changes in sources on observed environmental concentrations. The STR is
derived from basic statistical concepts. Some experimental observations are in-
cluded in Chapter 9 to illustrate how this theory might be applied in practice. It
1s hoped that this statistical theory will be applicable to a wide variety of envi-
ronmental problems.

To ease presentation of the theories presented in this book, many practical
examples and commonplace physical analogs are included, both to help show
how a process works and to describe the physical laws responsible.

The objective of this volume i1s to communicate basic statistical theory to a
broad environmental audience — chemists, engineers, data analysts, and man-
agers — with as little abstract mathematical notation as possible, but without
omitting important details and assumptions. It is assumed only that the reader
has a basic knowledge of algebra and calculus. I hope that this book can serve
as a reference source for those wishing to analyze, understand, and predict en-
vironmental quality variables in many practical settings. I also hope that this
book will help provide a beginning toward establishing a comprehensive body
of knowledge known as “Environmental Statistics.”
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Random
Processes

Random: A haphazard course — at
random: without definite aim, direction,
rule or method'

The concept of “randomness,” as used in common English, is different from
I1ts meaning in statistics. To emphasize this difference, the word strochastic
commonly 1s used in statistics for random, and a stochastic process is a ran-
dom process. A stochastic process is one that includes any random compo-
nents, and a process without random components is called deterministic. Be-
cause environmental phenomena nearly always include random components,
the study of stochastic processes is essential for making valid environmental
predictions.

To most of us, 1t is comforting to view the world we live in as consisting of
many 1dentifiable cause-effect relationships. A “cause-effect” relationship is
characterized by the certain knowledge that, if a specified action takes place, a
particular result always will occur, and there are no exceptions to this rule.
Such a process is called deterministic, because the resulting outcome is deter-
mined completely by the specified cause, and the outcome can be predicted
with certainty. Unfortunately, few components of our daily lives behave in this
manner.

Consider the simple act of obtaining a glass of drinking water. Usually, one
seeks a water faucet, and, after it is found, places an empty glass beneath the
faucet and then turns the handle on the faucet. Turning the handle releases a
piston inside the valve, allowing the water to flow. The process is a simple one:
the act of turning the handle of the faucet (the “cause’) brings about the desired
event of water flowing (the “effect), and soon the glass fills with water.

Like so many other events around us, this event is so familiar that we ordi-
narily take 1t for granted. If, before we operated the faucet, someone asked us,
“What will happen 1f the handle of the faucet is turned?”, we would be willing
to predict, with considerable certainty, that “water will appear.” If we had
turned the handle and no water appeared, we probably would conclude that
there is something wrong with the plumbing. Why do we feel so comfortable
about making this simple cause-effect prediction? How did we arrive at this
ability to predict a future event in reality?

In our mind, we possess a conceptual framework, or a “model,” of this
process. This model has been developed from two sources of information: (1)
Our knowledge of the physical structure of faucets, valves, and water pipes and
the manner in which they are assembled, and (2) Our historical experience with
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the behavior ot other water faucets, and, perhaps, our experience with this par-
ticular faucet. The first source of knowledge comes from our understanding of
the physical construction of the system and the basic principles that apply to
water under pressure, valves that open and close, etc. For example, even if we
had never seen a faucet or a valve before, we might be willing to predict, after
the mechanism and attached pipe were described to us in detail, that turning the
handle of the faucet would release the water. The second source of knowledge
1s derived from what we have learned from our experience with other, similar
faucets. We reason thus: “Turning the faucet handle always has caused the
water to flow in the past, so why shouldn’t it do so in the future?” The first
source of knowledge 1s theoretical and the second source i1s empirical (that is,
based on actual observations). If only the second source of knowledge were
available — say, 179 cases out of 179 tries in which the faucet handle is turned
on and the water appears — we probably would be willing to predict (based on
this information alone and with no knowledge of the internal workings of the
system) that turning the handle the next time — for the 1804 try — would
allow us fill the glass with water.

These two independent sources of information — physical knowledge of the
structure of a system and observational knowledge about its behavior — greatly
strengthen our ability to make accurate predictions about the system’s future
behavior. From the first source of information, we can construct a conceptual
model based on the internal workings of the system. From the second source of
information, we can validate the conceptual model with real observations. The
first source of information is theoretical in nature; the second one is empirical.
A theoretical model validated by empirical observation usually provides a pow-
erful tool for predicting future behavior of a system or process.

Unfortunately, the world about us does not always permit the luxury of ob-
taining both sources of information — theory and observation. Sometimes, our
knowledge of the system’s structure will be vague and uncertain. Sometimes,
our observational information will be very limited. Despite our lack of informa-
tion, it may be necessary to make a prediction about the future behavior of the
system. Thus, a methodology that could help us analyze existing information
about the system to improve the accuracy of our predictions about its future be-
havior would be extremely useful.

Consider the above example of the water faucet. Suppose little were known
about its construction, attached pipes, and sources of water. Suppose that the
faucet behaves erratically: when the handle 1s turned, sometimes the water
flows and sometimes it does not, with no obvious pattern. With such uncertain
behavior of the device, we probably would conclude that unknown factors (for
example, clogged pipes, defective pumps, broken valves, inadequate water sup-
plies, wells subject to rising and falling water tables) are affecting this system.
The faucet may, in fact, be attached to a complex network of pipes, tanks,
valves, filters, and other devices, some of which are faulty or controlled by out-
side forces. Because the arrival of water will depend on many unknown factors
beyond the user’s control, and because the outcome of each particular event is
uncertain, the arrival of water from the faucet may behave as a stochastic
process.

How can one make predictions about the behavior of such a process? The
first step is to express the event of interest in some formal manner — such as a
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“1” or “0” — denoting the presence or absence of water, or a quantitative mea-
sure (gm or m?®) denoting the amount of water arriving in a fixed time interval.
Such a quantitative measure is called a random variable. A random variable is
a function of other causative variables, some of which may or may not be
known to the analyst. If all of the causative variables were known, and the
cause-effect relationships were well-understood, then the process would be de-
terministic. In a deterministic process, there are no random variables; one can
predict with certainty the rate at which the water will flow whenever the valve
1s opened by examining the status of all the other contributing variables.

In view of the uncertainty present in this system, how does one develop suf-
ficient information to make a prediction? If we had no prior information at all
— neither theoretical nor empirical — we might want to flip a coin, showing
our total uncertainty, or lack of bias, about either possible outcome. Another
approach is to conduct an experiment. Let K be a random variable denoting the
arrival of water: if K = 0, water is absent, and if K = 1, water is present. Each
turning of the faucet handle is viewed as a trial of the experiment, because we
do not know beforehand whether or not the water will appear. Suppose that the
faucet handle 1s tried 12 times, resulting in the following series of observations
for X: {1,0,1,1,1,0,1,0,1,1,1,1}. Counting the ones indicates that the water
flowed 1n 9 of the 12 cases, or 3/4 of the ime. What should we predict for the
13¢h trial? The data we have collected suggest there may be a bias toward the
presence of water, and our intuition tells us to predict a “success” on the 13¢h
trial. Of course, this bias may have been merely the result of chance, and a dif-
ferent set of 12 trials might show a bias in the other direction. Each separate set
of 12 trials is called a realization of this random process. If there are no depen-
dencies between successive outcomes, and if the process does not change (i.e.,
remains ‘“stationary”) during the experiment, then the techniques for dealing
with Bernoulli processes (Chapter 4) provide a formal methodology for model-
ing processes of this kind.

Suppose that we continue our experiment. The faucet 1s turned on 100 times,
and we discover that the water appears in 75 of these trials. We wish to predict
the outcome on the 101st trial. How much would we be willing to bet an oppo-
nent that the 101sz trial will be successtul? The information revealed trom our
experiment of the first 100 trials suggests a bias toward a successful outcome,
and it is likely that an opponent, witnessing these outcomes, would not accept
betting odds of 1:1. Rather, the bet might be set at odds of 3:1, the ratio of past
successes to failures. The empirical information gained from our experiment
has modified our future predictions about the behavior of this system, and we
have created a model in our minds. If an additional number of trials now were
undertaken, say 1,000, and if the basic process were to remain unchanged, we
would not be surprised if water appeared in, say, 740 outcomes.

The problem becomes more difficult if we are asked to compare several ex-
periments — say, two or more different groups of 1,000 observations from the
faucet — to determine if a change has occurred in the basic process. Such com-
parison is a “trend” analysis, since it usually utilizes data from different time
periods. Probabilistic concepts must be incorporated into such trend analyses to
help assess whether a change is real or due to chance alone.

Our intuitive model of this process i1s derived purely from our empirical ob-
servations of its behavior. A model is an abstraction of reality allowing one to
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make predictions about the future behavior of reality. Obviously, our model
will be more successful if it is based on a physical understanding of the charac-
teristics of the process as well as its observed past behavior. The techniques de-
scribed in this book provide formal procedures for constructing stochastic mod-
els of environmental processes, and these techniques are illustrated by applying
them to examples of environmental problems.

Many of these techniques are new and have not been published elsewhere,
while some rely on traditional approaches applied in the field of stochastic
modeling. It 1s hoped that, by bridging many fields, and by presenting several
new theories, each technique will present something new that will provide the

reader with new insight or present a practical tool that the reader will find use-
ful.

STOCHASTIC PROCESSES IN THE ENVIRONMENT

The process described above is an extremely simple one. The environmental
variables actually observed are the consequence of thousands of events, some
of which may be poorly defined or imperfectly understood. For example, the
concentration of a pesticide observed in a stream results from the combined in-
fluence of many complex factors, such as the amount of pesticide applied to
crops 1n the area, the amount of pesticide deposited on the soil, irrigation, rain-
fall, seepage into the soil, the contours of the surrounding terrain, porosity of
the soil, mixing and dilution as the pesticide travels to the stream, flow rates of
adjoining tributaries, chemical reactions of the pesticide, and many other fac-
tors. These factors will change with time, and the quantity of pesticide ob-
served 1n the stream also varies with time. Similarly, the concentrations of an
air pollutant observed in a city often are influenced by hundreds or thousands
of sources in the area, atmospheric variables (wind speed and direction, tem-
perature, and atmospheric stability), mechanical mixing and dilution, chemical
reactions in the atmosphere, interaction with physical surfaces or biological
systems, and other phenomena. Even more complex are the factors that affect
pollutants as they move through the food chain — from sources to soils, to
plants, to animals, and to man — ultimately becoming deposited in human tis-
sue or in body fluids. Despite the complexity of environmental phenomena,
many of these processes share certain traits in common, and it i1s possible to
model them stochastically. There 1s a growing awareness within the environ-
mental community of the stochastic nature of environmental problems.

Ward and Loftis® note that, with the passage of the Clean Water Act (Public
Law 92-500), water quality management expanded both its programs (permits
and planning) and the money devoted to wastewater treatment plants. The data
collected at fixed water quality monitoring stations* assumed a new role: to
identify waters in violation of standards and to evaluate the etfectiveness of ex-
penditures of the taxpayers’ money. They conclude that water quality monitor-
ing was expected to serve as a “feedback loop™ by which to evaluate the etfec-

*A fixed water quality monitoring station usually consists of a set of sampling points (sta-
tions) at which samples are taken (usually “grab” samples) approximately once per month.*?
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tiveness of regulatory programs. Unfortunately, unless the stochastic properties
of these data are taken into account, the inherent randomness of these data will
conceal real changes in environmental conditions:

When data, collected to check only if a sample meets a standard, are used
to evaluate management’s success, the stochastic variation in the data
often completely masks any improvement in controlling society’s impact
on water quality. Since the data cannot show management’s effective-
ness, the conclusion 1s that fixed station data are useless. However, the
data are not useless: they are simply being asked to provide information
they cannot show, without further statistical analysis.?

Standards in air and water pollution control usually are long-term goals that
are well-suited to statistical formulation. Previous environmental standards
often have been deterministic, however, perhaps because it was believed that
probabilistic forms would complicate enforcement activities. Practically, it is
impossible to design a regulatory program that can guarantee that any reason-
able standard never will be violated, and there is a growing awareness that
probabilistic concepts should be an integral part of the standard setting process.

Ewing?* states that water quality standards should be formulated in a probabilis-
tic manner:

The establishment of state water quality standards for both interstate and
intrastate streams has recently been accomplished. In practically every
case, DO [dissolved oxygen] requirements have been set without any ret-
erence to the probability of these levels being exceeded. It would seem
that the state-of-the-art is rapidly advancing to the point, however, where
the probabilistic concept should be recognized more specifically in the
statement of the water quality standards themselves.

Drechsler and Nemetz’ believe that incorporation of probabilistic concepts
places greater demands on the design of the monitoring program but will yield
a more efficient and effective water pollution control program:

We recommend that, where appropriate, standards be altered to retlect the
probability of occurrence of pollution events. This will require a greater
degree of information concerning both the distribution of pollutant dis-
charges and biological damage functions.... These measures will help
overcome some of the significant weaknesses in the current regulatory
system for the control of water pollution and will be more efficient and
effective in the protection of both corporate and social interests.

In the air pollution field, significant progress has been made toward incorpo-
rating probabilistic concepts into the basic form of the standards. In 1979, for
example, the Environmental Protection Agency (EPA) revised its National Am-
bient Air Quality Standard (NAAQS) for ozone from a deterministic form to a
probabilistic form. The probabilistic form was based on the “expected number
of days” in which the measured ozone level exceeds a certain hourly average
value. The NAAQS apply uniformly on a nationwide basis, and compliance 1s
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evaluated using data collected at fixed air monitoring stations* operated in
most U.S. cities. The Clean Air Act (Public Law 91-604) requires that the
NAAQS be evaluated and revised from time to time, and it is anticipated that
future NAAQS will be formulated on a similar statistical framework. As 1ndi-
cated by Curran,® probabilistic air quality standards have important advantages
for accommodating missing data and handling rare events occurring in an un-
usual year:

While the initial short-term NAAQS promulgated by EPA 1n 1971 were
stated as levels not to be exceeded more than once per year, the revised
ozone standard, which was promulgated in 1979, stated that the expected
annual exceedance rate should not be greater than one. From an air quali-
ty data analysis viewpoint, this change 1s intuitively appealing in that it
incorporates an adjustment for incomplete sampling and provides a
framework for quantifying the impact of an unusual year, particularly 1n
the development of design values. From a statistical viewpoint, this
change represents a transition from the simple use of observed measure-
ments to the use of estimates of underlying parameters.

Statistical techniques for judging compliance with these probabilistic stan-
dards are presented in Chapters 4 and 5. It appears likely that there will be
steady progress toward incorporating probabilistic concepts into future environ-
mental standards.

STRUCTURE OF BOOK

The present chapter discusses the need for probabilistic concepts in the envi-
ronmental sciences and introduces common terms in statistics (e.g., determinis-
tic and stochastic processes, models, random variables, experiments, trials, re-
alizations). Chapter 2 briefly presents and reviews the theory of probability,
including such concepts as the union and joint occurrence of events, condition-
al probability, and Bayes’ Theorem. It includes a bibliography of books written
on probability, statistics, and data analysis over four decades. Chapter 3 1ntro-
duces the formal concept of probability models, both discrete and continuous,
discussing measures of central tendency, dispersion, skewness, and kurtosis. It
also discusses data analysis, histograms, probability plotting, and fitting proba-
bility models to observations, including goodness-of-fit tests. Chapter 4 pre-
sents Bernoulli processes, discussing the theoretical conditions required for the
binomial distribution, and illustrating the binomial model by applying it to cig-
arette smoking activities. The binomial probability model then is applied to the
interpretation of air and water quality standards, discussing how one might han-

*Fixed air monitoring stations generally consist of a group of instruments that sample air
continuously, housed in a single structure or building in the city, generating 1-hour or 24-
hour concentration averages. Large cities may have 10 or more of these fixed stations.
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dle environmental situations that do not meet the independence and stationarity
conditions of the model. In Chapter 5, the theoretical conditions required for a
Poisson process are presented, and several similar environmental applications
of the Poisson probability model are discussed. It is shown that some interpre-
tations of air quality standards can be handled more effectively by modeling
them as Poisson rather than Bernoulli processes. Chapter 6 is intended as a
transition from discrete probability models to continuous probability models.
Using fairly simple examples, it shows how the symmetrical normal distribu-
tion arises naturally from diffusion processes, satisfying the diffusion equation,
and it develops the theoretical basis for the Gaussian plume model. Chapter 7
presents the normal distribution in detail, showing an important practical use of
the model: calculation of confidence intervals in random sampling surveys. An-
other class of physical processes — those involving dilution — gives rise to
right-skewed distributions. Chapter 8 introduces, in detail, the Theory of Suc-
cessive Random Dilutions to help explain why distributions that are approxi-
mately lognormal (i.e., the distribution of the logarithm of concentration is ap-
proximately normal) can arise from such a great variety of environmental
phenomena. Chapter 8 is intended as a transition from symmetrical distribu-
tions to right-skewed concentration distributions, and Chapter 9 formally pre-
sents the lognormal distribution. Four different methods tor estimating the pa-
rameters of the lognormal distribution from data are presented. Equations are
given to assist the analyst in converting from the “normal parameters” to the
“eeometric parameters” to the “arithmetic parameters,” or to any combination
of these. Chapter 9 also introduces the Statistical Theory of Rollback, which
provides statistical principles for predicting pollutant concentrations after con-
trolling the sources of pollution. The objective is to make predictions about the
distribution of concentrations after a source is controlled using information
about the distribution before it is controlled. Although statistical rollback theo-
ry is general and applies to any distribution, Chapter 9 illustrates statistical roll-
back applied to the lognormal distribution. It illustrates statistical rollback ap-
proaches using exposure field measurements on a U.S. arterial highway at two
time periods separated by 11 years. Chapter 9 brings together many of the prin-
ciples and concepts presented earlier in the book, introducing techniques that
draw upon principles presented in earlier chapters.
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