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REMOTE SENSING OF TRANSFRONTIER AIR POLLUTION
IN THE
UNITED STATES-MEXICO BORDER REGION

Laurence Richard Shillito
B.S., Business Adminstration, University of Arizona, 1972
M.A., Geography, University of New Mexico, 1979

A geographic perspective of the political, legal, and economic
aspects of transfrontier air pollution is developed and the potential
usefulness of remote sensing technology to enhance monitoring and
control efforts is evaluated. The international border between the
United States and Mexico is the principal reference area for examina-
tion and evaluation of 1) political considerations at international,
national, and local levels, 2) principles of International Law, 3)
legal and quasi-legal associations within the border region, 4) eco-
nomic considerations relevant to transfrontier pollution as an inter-
national concern, and 5) fundamental economic relationships between
the bordering countries. The need for international cooperative
efforts toward resolution of transfrontier air pollution problems
was apparent and is basic to the findings of this study.

A survey of environmental concerns, relative to air pollution in
the United States-Mexico border region, was prepared and related to
geographic characteristics affecting the intensity and distribution of
air pollution problems. An evaluation of the potential contribution
of the science and technology of remote sensing to aid pollution sur-
vey and control efforts was conducted by a review of pertinent liter-

ature, identification of demonstrated and feasible applications,



and detailed examination of several different types of readily access-

ible photographic and non-photographic imagery. Visual analysis, stereo-

scopic analysis, and electronic image enhancement was employed to deter-
mine the ability of selected imagery to detect air pollution, specifically,
and environmental concerns, generally.

Results of the evaluation revealed that photographic images generated
at aerial and sub-orbital altitudes possessed the best potential for rea-
sonably acceptable mensuration of emission plumes and air pollution sources
and/or source areas. Orbital photographic images yielded the best over-
all potential for evaluating air pollution dispersion patterns and defin-
ing the geographic scope of air pollution problems. Non-photographic
imagery, specifically images generated by the Landsat MSS and the SMS and
GOES satellites, exhibited potential for use in more sophisticated attempts
within a controlled and well-funded program. Some suggestions for the
future application of remote sensing imagery in evaluating transfrontier
air pollution in the border region and elsewhere are noted. A summary of
the potential usefulness of the different image types for surveying var-
ious environmental concerns, in addition to transfrontier air pollution,

was developed.
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INTRODUCTION

Within the last two decades, there has developed an increased
awareness of the earth's "global" environment. This heightened aware-
ness has evoked a recognition of the ramifications for world health and
economic well-being associated with degradation of the global environ-
ment. It is notable that even the less developed countries (LDC's)
of the world have expressed concern about environmental matters.
Unfortunately, because of the disparity of wealth and knowledge among
nations, there is no general agreement concerning the importance of
global environmental issues or the manner in which those issues may be
resolved.

International recognition of and concern for degradation of the
global environment was expressed most recently through the Declaration
On The Human Environment, which was formulated at the United Nations
Conference On The Human Environment held in Stockholm, Sweden, in June,
1972. The Declaration sets forth principles for guiding future inter-
national attentions to global environmental pollution matters. Several
of these principles explicitly relate to problems clearly international
in character, while others address problems common to all nations that
are not manifested as direct impacts outside a nation's territorial
limits. Urban deterioration is an example of the latter, while an oil

spill is an example of the former. Problems manifested as impacts out-

side territorial limits are referred to commonly as transnational pol-




lution. Transfrontier pollution is a special case of transnational

pollution and is the subject of this thesis.

Problem Statement

Transfrontier pollution literally refers to the direct movement
of pollution from the frontier area of one country into the frontier
area of one or more adjacent countries. Because transfrontier pol-

lution involves areal associations of countries or states, definitive

boundaries, and a flow or movement, it is inherently a geographic

problem. However, economic effects, political associations, social
activity, and the legal status and rights of sovereign states are
integrally interwoven with the geographic associations of bordering
states. Broadly interpreted, transfrontier pollution means any
degrading influence transported between sovereign states, including
not only commonly recognized pollutants of the air and water, but
also socioeconomic pollution (e.g., poverty or disease). Thus, there
are many aspects of the transfrontier pollution question which impinge
on its purely geographic character. The problems posed by transfron-
tier pollution involve the total interactions of bordering states,
not just geographic proximity and spatial considerations. It is pre-
sumed in this thesis that transfrontier pollution can be properly
evaluated and resolved as an international problem only with an under-
standing of the broader associations of bordering states.

Beyond understanding frontier region associations, there is the
imperative of detecting, monitoring, and controlling transfrontier pol-
lution occurrences. Often, frontier regions are literally '"frontiers':

large areas of uncharted, unsettled, and isolated land. It follows



that there is a need to obtain information regarding pollution move-

ment where in situ methods are not feasible. The chosen method must
be reliable and reasonably acceptable to the bordering states affected.
Reliability is necessary to protect the rights of states and provide
the means for objectively evaluating activities in the frontier
region. Protection of rights and objectivity should assist interna-
tional efforts to preclude transfrontier pollution occurrences
and/or mitigate potential effects. Acceptability is absolutely nec-
essary to problem resolution and may involve the entire spectrum of
political, legal, and socioceconomic relationships of states affected.
The problem of transfrontier pollution is, therefore, twofold.
Understanding the political, legal, and economic associations of bor-
dering states clearly is requisite to cooperation and coordination of
each state's activities relative to transfrontier pollution. - Coopera-
tion and coordination is critical to the resolution of the fundamental
cause of transfrontier occurrences: the geographic proximity of fron-
tier region activities in bordering states. Secondly, an acceptable
method or procedure for evaluating transfrontier pollution problems
must be embraced by the bordering states. While this involves the
sensitive diplomacy of affected states, relative to the institutional
aspects of cooperation and coordination, it also requires that techni-
ques for information gathering be developed and agreed upon. One such

technique, examined in this thesis, is remote sensing.

Goals and Objectives

The primary goal of this study is to define the geographic per-

spective of the political, legal, and economic factors affecting the



remote sensing of transfrontier air pollution. The United States-

Mexico border region or '"borderlands' serves as the reference area
for defining this perspective. The choice of the United States-
Mexico border region derives from its usefulness as a case study
example and not from a desire to formulate any particular solutions
to problems of the region. Neither is this study to be considered
an exhaustive analysis of transfrontier pollution as an international
problem, per se. Accordingly, this study has the following objec-
tivess
Define the relationship of transfrontier air pollution issues
to global environmental concerns;
Define some of the fundamental political, legal, and economic
influences modifying what is essentially a geographic problem;
- Define, generally, global pollution distribution characteris-
tics;
Examine transfrontier pollution problems associated with the
United States-Mexico border region; and,
Examine the feasibility and practicality of detecting and mon-
itoring transfrontier air pollution utilizing interpretations
of remotely sensed images.
These objectives provide a fundamental basis for evaluating transfron-
tier air pollution as a geographic problem. Much of the material pre-
sented herein relates to specific situations or conditions associated
with the United States-Mexico border region. However, not all aspects
of the problems of this region will be applicable directly to problems

elsewhere in the world, but the region does encompass many of the



attributes associated with transfrontier pollution problem areas. It

is geographically large; significant portions are unsettled; much of

the area is remote and sparsely populated, although there are large

urban centers and significant population pressures; political fric-
tion is an historical fact; and, finally, there is intensive social

and economic interaction.

Sources of Information

The compilation of material for this study occurred over a two
year period and derived from numerous sources, published and unpub-
lished. Several publications have been produced by international
organizations concerning transfrontier pollution, most notably the
Organisation for Economic Co-Operation and Development (OECD). An
excellent reference, regarding 1) international environmental regu-
lation, 2) environmental quality control for pollutants and nuisances
at the national and/or regional international levels, and 3) pollu-
tants of international significance, is the United Nations Institute
for Training and Research publication entitled ''International Cooper-
ation for Pollution Control' (UNITAR Research Reports, No. 9). Offi-
cial United States Government publications by the National Aeronautics
and Space Administration (NASA) also provided valuable information,
especially regarding pollutants of global and regional concern and
pollutant detection and monitoring technology.

Information specifically concerned with pollution problems and
socioeconomic characteristics of the United States-Mexico border
region was obtained from several persons at the University of Texas

at E1 Paso, Texas, where the initial impetus developed for two inter-



national symposia concerned with air pollution along the United

States-Mexico border. Other published and unpublished works, address-
ing environmental problems of the border region, the northern por-
tion of Mexico, and the southwestern part of the United States, were
useful also. Remote sensing products evaluated herein were secured
through the Technology Applications Center (TAC) at the University

of New Mexico, and from the EROS Data Center, Sioux Falls, South
Dakota. Also, personal experimentation with standard photographic
equipment was conducted in the El Paso-Cuidad Juarez metropolitan

area.






CHAPTER 1

INTERNATIONAL ATTITUDES, PERCEPTIONS, AND POLITICS

The general and specific attitudes and perceptions of national
governments will affect the manner in which problems of a transfron-
tier nature are integrated into national policy. This chapter out-
lines the present perceptions of the international community respect-
ing transfrontier pollution. Only the obvious political nuances
associated with the problem can be detailed, but the fundamental
framework of the international community's concept of transfrontier

pollution and the focus of its attention are defined.

Recognition of a "Global" Environment

Prior to initiation of action, there must be a perceived or
recognized need to act. With regard to the global environment, it
seemed necessary first for the human species (and/qr its institutions
of management and authority) to recognize that ''it was becoming
evident that the uncontrolled impact of human activity upon the bio-
sphere could not long continue without endangering the basis of life
itself" (Lynton K. Caldwell, 1972). The importance of ecological
associations and the ramifications of uncontrolled human activity
were recognized early in the latter half of the nineteenth century by

many scholars and individual writers. Charles Darwin's The Origin Of

The Species and George P. Marsh's Man and Nature, or Physical Geography




As Modified By Human Action, originally printed in 1864, are notable

examples of learned discourses on the interactions of global environ-
mental systems.

However, widespread recognition by the general populace of a
""global" environment and its deterioration did not develop until
quite recently. It is commonly suggested, and probably true, that the
coming of the space age and, especially, manned space flight in the
late 1950's and early 1960's manifested the first full realization of
the earth as a self-contained and self-limiting complex of interde-
pendent sub-systems. Even so, the statements and actions of today
seem to be merely echos of the concerns voiced over one hundred years
ago. Thus, there now is general recognition of the critical nature
of human activity, but there is no general agreement as to the degree
of criticalness. Notwithstanding national self-interest, the inherent
philosophical undertones of such a question probably will prevent
resolution of the man-environment dilemna in present times as it has in
the past. Whether or not the environmental impact of human activity is
indeed critical, it can at least be stated that a determination of
impact has been perceived to be critical. This is clear from the magni-
tude of attention and effort devoted to the issues of the global envi-
ronment in the last decade alone.

Perhaps the single most significant event recently focusing on
the global environment, its deterioration, and the desire for enhance-
ment was the United Nations Conference On The Human Environment held
in Stockholm, Sweden, in June, 1972. The UN Conference On The Human

Environment was truly international in participation, and four years



were required for planning and preparation. Delegates and/or obser-

vors attended from 112 nations, 21 UN agencies, 16 intergovernmental
organizations, and 258 non-governmental organizations with interna-
tional constituencies (Paul S. Muther, 1973). The program developed
for the Conference included consideration of a Declaration On The
Human Environment and six substantive areas of concern dealt with by
three committees, as noted below:

COMMITTEE I -

Human Settlements and
Education, Information Aspects;

COMMITTEE II -

Natural Resources Management and
Environment and Development; and,

COMMITTEE III -

Organization Implications and
Identification and Control of Pollutants.

Because the committees were dealing with the concerns of a global
environment, the problems of transnational and transfrontier pollu-

tion were cardinal considerations.

Transfrontier Pollution in the Global Environment

Daniel Serwer (1972) identified several kinds of pollution prob-
lems requiring international cooperation for their resolution. The
most obvious of these problems, and the specific concern of this the-
sis, is the release of pollutants into an environmental medium in such
a manner as to affect large portions of the biosphere. This kind of
pollution can produce undesirable effects outside the state of origin

at regional and even global scale. Thus, radioactive fallout may be



a pollutant of international significance and be considered transna-

tional pollution, because of its characteristics and wide distribution.
Likewise, an oil spill from a ship registered under the flag of one
country (and, therefore, under that country's jurisdiction) would be
considered transnatiomal pollution when the spill occurred in the
waters under the jurisdiction of another country.

Transnational pollution, therefore, encompasses any activity pro-
ducing undesirable environmental effects without respect to national
jurisdictions. Transfrontier pollution is a specific case of trans-
national pollution whereby pollution is transferred or transported
directly across a defined international boundary. Because the area
adjacent national boundaries is often referred to as the "frontier"
region in the formal context of a state's political territory, the
term transfrontier is appropriate. Transfrontier is also a more
definitive term with respect to the fact that pollutant transport and
dispersion can, and presumably does, affect large areas well beyond
a narrow borderline.

Important aspects of the activities and results of the UN Confer-
ence On The Human Environment related directly to the issues raised by
transfrontier pollution occurrences. The initial Draft Declaration On
The Human Environment included a direct reference to transnational pol-
lution problems. Draft Principle 20 read:

Relevant information must be supplied by States on activities

or developments within their jurisdictions or under their

control whenever they believe, or have reason to believe, that

such information is needed to avoid the risk of significant

adverse effects on the environment in areas beyond their
national jurisdiction (Muther, 1973).



Draft Principle 20 implicitly referenced transfrontier pollution.

There was hard conflict on this Principle between Brazil and Argentina,
due to political friction between the two countries concerning Brazil-
ian activities on the Rio Parana. Ultimately, this reference to trans-
national and transfrontier pollution remained only in the form of a
suggestion for cooperation. However, in subsequent actions by the UN
General Assembly (October and November of 1972), a resolution was
passed stating 'that the providing of information about potentially
harmful activities will further the Declaration's aims of interna-
tional responsibility and cooperation" (Muther, 1973). This probably
resulted from the fact that several Principles adopted in the final
Declaration recognized, through strong inferences, that there was a
need to deal with problems of transnational and transfrontier pollu-
tion.

The final Declaration On The Human Environment passed by the del-
egates at Stockholm contained Principle 21 stating:

States have the sovereign right to exploit their own resources

and the responsibility not to harm areas outside their terr-

itory (Muther, 1973).
This Principle clearly recognizes the extraterritorial effects, which
can occur from transnational and transfrontier pollution, but does not
have the strong language of Draft Principle 20 cited above. That
'""'states have the sovereign right to exploit their own resources' seems
obvious, but the statement of these rights in the form of a Principle
apparently was important to the LDC's out of concern that the develop-
ed countries would impose restrictions by way of pollution standards.

Assessing "responsibility not to harm areas outside their territory"



infers a certain degree of international liability should harm occur.

However, the final Principle 21 falls short of the demands of Draft

Principle 20, which required communication of the potential for harm.

Four other Principles of the final Declaration imply recognition of

transnational and transfrontier pollution problems by the delegates

to the Stockholm conference. These Principles, as cited by Muther

(1973), are:

Principle 6. The spread of toxic substances must be con-

trolled. The just struggle of peoples against
pollution should be supported.

Principle 7. The pollution of the seas must be prevented.

Principle 22. The international laws of cooperation should
be developed further.

Principle 23. The relative values of all countries must
be considered in setting pollution standards.

Principles 22 and 23 are especially relevant to the application of
international leverage to resolve recognized international environ-
mental problems. Also, Principle 23 reflects the concern of the con-
ference delegates, especially those from the LDC's, with the dispar-
ity of wealth and power that may exist between affected countries. It
insures that economic status and social values will not be subordi-
nated to the interests of the affluent, industrialized nations.

Three Principles contained in the Declaration On The Human Envi-
ronment directly relate to research and planning. They provide the
framework within which remote sensing may be employed in solving glo-
bal environmental problems, including those which are transfrontier
in nature. As cited by Muther (1973), these Principles are:

Principle 17. Countries should designate institutions to
help environmental planning.



Principle 18. Modern technology should be used for environ-
mental planning,

Principle 20. The free exchange of scientific and environ-
mental information must be promoted. Environ-
mental technology must be made available to
developing nations.

Clearly, the science of remote sensing can contribute to the objec-
tives these Principles represent. Not evident in any of the Princi-
ples (other than from their vague wording) is the hesitancy of the
delegates, especially those of Committee III, to commit an interna-
tional effort to the actual determination of pollutants of interna-
tional significance. Apparently, there was also a strong aversion
to the development of any standards. 'The final draft of recommen-
dations limited the [pollution control] agency to development of
internationally accepted 'procedures' to identify the pollutants
(Muther, 1973).

Although there was resistance to actual determination of pollu-
tion activities and pollutant standards, there was no resistance
among the delegates to the acquisition and assessment of knowledge
concerning various pollutants nor to proposals for research, monitor-
ing, and information exchange. An important concern, in part ex-
plaining the resistance, was national sovereignty. This concern was
manifested in efforts to prevent, postpone, or weaken the impact of
the naming of 'specific' pollutants and pollution problems, Resistance
can also be explained relative to the ultimate ramifications of any
actual determination, which are a calculation of damage costs induced

by transfrontier pollution and/or more costly production processes to

reduce pollution discharges. Most nations might be resistant to the



the first result; however, the LDC's were especially resistant to the

latter, because expensive pollution reduction procésses threatened to
negate a competitive advantage over nations imposing national pollu-
tion standards.

Thus, although the Stockholm conference succeeded in generating
a Declaration On The Human Environment and a set of recommendations
for action from each of the three committees, the content of all ele-
ments was broadly and delicately worded. While the existance of
transfrontier pollution problems was implicitly recognized, confer-
ence delegates generally accepted the premise that much needed study
of the problems was precedent to the establishment of any specific
technique, standards, or means in fulfillment of the Principles. The
needed study led the delegates to establish a Governing Council for
Environmental Programs reporting to the Economic and Social Council
(ECOSOC), a subsidiary organ of the General Assembly. Through this
Governing Council, the now recognized global environmental problems
are being considered, especially the relationships of environmental
policies to overall economic and social policies. VThe Governing
Council also oversees, by way of annual review, the Environmental Fund,
which is maintained through voluntary contributions to

be used for financing such programs of general inter-

est as regional global monitoring systems, environmental

quality management, research, information exchange, public

education and training, promoting research for industrial

and other technologies, and such other programs as the

Governing Council may decide upon, taking due account of the

needs of developing countries (Muther, 1973).

Clearly, remote sensing systems are suitable subjects for study rela-

tive to this mandate to the Governing Council and purposes of the Fund.



CHAPTER II

INTERNATIONAL LEGAL AND INSTITUTIONAL
CONSIDERATIONS

In providing the groundwork for discussions on transnational and
transfrontier pollution matters, Serwer (1972) asserted that pollution
viewed as an undesirable effect on the environment varies with the
physical, legal, economic, social, and cultural context; ''Accordingly,
the discharge of pollutants is not viewed . . . as either illegal or
immoral, and the control of pollution is viewed as a matter of choice
rather than necessity.' The question as to whether transfrontier
pollution is illegal or immoral has been answered to some extent in
rulings by international arbitration panels and the International
Court of Justice (ICJ) at the Hague. The question as to whether trans-
frontier pollution occurs from choice rather than necessity yields
more subjective answers. These answers, as indicated by Serwer, derive
from the perceptions, goals, and objectives associated with the poli-
tical, social, and economic objectives of each individual state. The
discussion of this chapter attempts to highlight some of the funda-
mental aspects of these two questions respecting international legal
precedents and institutional frameworks. In addition, it addresses
two other aspects of the legal concerns related to transfrontier pol-
lution: the legal definition of frontier limits and the acceptability

of remote sensing data and/or imagery as evidence.



Precedents: Legality and Morality

The classic case concerning the legal responsiblity of a state
relative to transfrontier pollution occurrences is the Trail Smelter
Arbitration in which the United States obtained remuneration from
Canada for damages sustained from smelter emissions transferred from
Canada into Washington state. Gunther Handl (1975) refers to the
Trail Smelter Arbitration in his analysis of the Nuclear Tests case,
which involved Australia and France. In the Nuclear Tests case,
Australia argued it had suffered a moral injury, a violation of its
territorial sovereignty, because an atmospheric nuclear test by France
resulted in radioactive fallout being deposited on Australian terri-
tory. In examining Australia's claim of moral injury, Handl was
convinced that case law and state practice rejected moral injury
as sufficient ground for international responsibility associated
with actions lawful, per se.

Both the Trail Smelter Arbitration and the Nuclear Tests case
expose a fundamental legal question associated with transfrontier pol-
lution: the rights of a sovereign state. This is exemplified by Handl
(1975) when he defines the rights of France and Australia in the
Nuclear Tests case as

. . the right as France sees it to carry out activities

lawful per se in its own territory as the essential conse-

quence of its sovereignty; and the right . . . claimed by

Australia to determine itself what acts may take place

within its territory, based on the very same notion of

sovereignty.

Sovereignty is a complex and sensitive question in state relations and

"recent trends in customary international law have been in the direction



of expanding rather than contracting the sphere of territorial sover-

eignty or jurisdiction of states'" (Oliver James Lissitzyn, 1965). The
Trail Smelter Arbitration is considered the "locus classicus' of
international legal principles and state responsibility relating to
transnational and transfrontier pollution. Although international law
was not strictly the basis for judgement, the arbitration strongly
inferred

. . that under international law a state has to tolerate

the consequences of the activities of another state affect-

ing its territory which are lawful per se so long as these

extraterritorial effects do not amount to injury and the

case is not of serious consequence (Handl, 1975).

The Trail Smelter Arbitration established a quasi-judicial precedent
concerning state responsibility when clear and convincing evidence
indicates an injury of serious consequence has occurred. Thus, courts
may be expected to look for am injury in fact, which could include
environmental or aesthetic injury, but not moral injury.

'""State practice'" is an important element in interpretations of
state responsibility in international relations. However, in the
highly decentralized international legal system, determining the exist-
ence of a specific rule of international law or a particular practice
or custom among states is a formidable task. State practice is often
identified as conduct customary among states or as agreements generally
recognized through explicit and implicit actions. Thus, Handl (1975)
asserts the Declaration On The Human Environment, although not a legal,
binding document, has provided what must be considered ". . . a clear

expression of 'opinio juris' and thus as having a binding effect."

Principles 21 and 22 of the Declaration confirm that material damage



from activities lawful, per se, is a precondition for intermational

responsibility. Because the Declaration was adopted by an interna-
tional body, it acts to establish ''state practice" and these two
principles are specifically applicable to transfrontier pollution
occurrences. Handl's assessment of air pollution as an international
legal question concludes that

. . . state practice in the field has been fairly limited

and probably would not yet in itself afford a basis upon

which one could determine exactly the conditions in which

states would generally be considered responsible for trans-

national air pollution originating from their territory.

Beyond the obvious questions of sovereignty and internal rights
of self determination, there are questions relating to transfrontier
air pollution that expose very real and critical socioeconomic issues,
which fortify the barrier against international cooperation. While
some social and economic issues may have no apparent legal aspects, it
cannot be denied that the ''choice" of a state to pollute or not to
pollute will undoubtedly have legal overtones with respect to state
responsibility to the world community and neighboring states. Several
issues of concern raised by an official of the Pan American Health
Organization indicate that the 'choice' is inherently international.
Guillermo H. Davila (1973), referring to shared air pollution problems
of the United States and Mexico, noted the following characteristics of
the region that act as barriers to air pollution control and health
maintenance:

Judicial and legal characteristics: due to the absence of

legal mechanisms which would establish joint paritcipation

between . . . countries, and to the public health legisla-

tion adopted by [countries] related strictly to national
needs;



Technological and scientific characteristics: related
to standard procedures, techniques, instrumentation,
etc., adopted and utilized by [countries];

Economic characteristics: due to standards of living in
[bordering countries], due to policies for economic
development established [independently by countries],
and due to the economic resources that each country
can allocate to air pollution control activities; and

2

Urban planning characteristics: due to the standards

and criteria for urban planning adopted by [bordering

countries and applied to frontier region development

regardless of the policies of the neighboring country].
The expressions of Davila have been freely modified in order to
reveal that the issues are or can be common to the problem of trans-
frontier air pollution anywhere in the world. As indicated earlier,
the United Nations and other international institutions have begun
efforts to deal with transfrontier pollution as a potentially cri-
tical international problem. In the interim, cooperative agree-
ments (or even unilateral action) in regions where transfrontier air
pollution is already a problem must be or has been initiated. How-
ever, this ad hoc approach will not replace solution in an inter-
national forum, because the atmosphere cannot be reduced to national
control. Unilateral action or inaction simply adds another echo to
the voices of a century ago.

Institutional Aspects of Transfrontier
Air Pollution

The atmosphere is what economists refer to as a ''common property"
resource. Therefore, it is a resource, ", . ., which cannot, or can
only imperfectly be reduced to private ownership'" (Allen V. Kneese,
1977). Common property resources are, by the very meaning of the

phrase, common to all: '"Clean air is everyone's right; yet, as long



as we fail to understand this and accord it proper priority, we shall

continue to make the air we breathe intolerable" (Joaquin Telloz, 1973).
This inherent characteristic of the atmosphere necessitates a unique
institutional framework for coping with territorial activities leading
to extraterritorial effects and deterioration of global environmental
quality.

Robert E. Stein (1972) discusses several different approaches
states can implement to resolve pollution problems of a transfrontier
nature. In his discussion of the role of international arrangements
between affected states, he stresses the need for an international
pollution control institution. This institution might possess at least
five functions: "planning, standard setting and apportionment, moni-
toring, contingency plans, and regulation.' Similarly, Christopher
Bo Bramsen (1972) asserts the need for states to cooperate between
themselves and with international organizations to work out standards,
working limits, and acceptable levels of pollution. Clearly, the
objectives noted in relation to the Declaration On The Human Environ-
ment are aimed at accomplishing these goals. Serwer (1972), in-his
discussion paper prepared for the Stockholm conference, also recog-
nized the need for an "international forum.' Albert E. Utton (1973)
stressed the need for the development of a '"special' institutional
framework for resolving transfrontier pollution problems.

It is evident that the solution to transfrontier pollution prob-
lems must be developed, ultimately, within institutional arrangements
accommodating all states concerned. It is also evident that ''the phy-

sical proximity of such concerned states, their trade relations, their



political and economic systems, and their stage of development are

likely to be important factors in determining the appropriate inter-
governmental forum . ., . " (Serwer, 1972). What is not evident is
that which is necessary to gain participation in such institutional
arrangements. Although another one hundred years may go by, it seems
clear that "old habits of nationalism need to yield to new concepts
embodying optimal utilization of shared resources" (Utton, 1973).

The Declaration On The Human Environment is apparently one more

step in a long process of perception and recognition leading to

action.

Definition of Frontier Limits

An important factor in the legal question of transfrontier air
pollution occurrences is the geographic or legal description of the
border. By definition, a transfrontier pollution problem cannot exist
until and unless the pollution originating in one country moves to
the territory of another country. Therefore, the boundary between
affected countries must be accurately defined and the fact that pol-
lution was transferred across that boundary must be proven. The next
section of this chapter will outline several bases upon which remote
sensing data and/or imagery are acceptable as evidence. The concern
of this section is the geographic or legal description of national
boundaries.

The land boundaries between most of the world's states are fairly
well described and accepted, although there remain many areas where
disagreements still exist. When land boundaries are defined and have

been surveyed and accepted, presumably there would be little difficulty



in establishing the fact of a transfrontier pollution occurrence.

This, of course, assumes that evidence is not debated. However, a
principal problem may well emerge relative to boundaries in general.
The political boundaries of states do not always terminate neatly at
land's edge. There is, in fact, a significant body of international
law dealing with the delineation of political and jurisdictional
boundaries into adjacent waters of coastal states. As such, the geo-
graphic scope of transfrontier pollution as an international prob-
lem effectively extends to areas or 'zones" in bodies of water, where
states have asserted varying degrees of territorial and jurisdictional
rights. While many of the problems arising in these zones (princi-
pally, the Territorial Sea, the Contiguous Zone, the Fishery Zone, and
the Exclusive Economic Zone) will be of a transnational nature, it is
clear that pollution occurrences of a transfrontier nature are likely
or may be defined as such.

In examining this particular aspect of transfrontier pollution, it
is informative to review the Law of the Sea Conventions. The Law of
the Sea embodies principles of international law that have been tested
over a great many years and it provides an indication of the probable
future directions of international law respecting transfrontier air
pollution: that the oceans of water and oceans of air are both common
property resources is difficult to deny. The Law of the Sea Treaty,
currently under consideration (and conventions currently in effect),
embodies the concept that the seas are a common property resource of
all states. This is such a strong concept that even states having no

geographic proximity to the seas are guaranteed unrestricted access and



use of the seas. However, as Lissitzyn (1965) noted, the trend is

towards expansion of the sphere of sovereignty or jurisdiction by
coastal states. Although the right of free passage is not affected,
the coastal states have asserted what can be considered "property
rights" over certain aspects of the marine environment. This trend
is based on and supported by state practice; however, the trend is
integral to the new Law of the Sea Treaty, which deals with all as
aspects of marine pollution (Scty. Henry A. Kissinger, 1976). For
example, the Informal Composite Negotiating Text of the 3rd United
Nations Conference on the Law of the Sea (July, 1977) sets forth
several principles of conduct relative to the environmental quality
of straits:

Article 39.2.(b) requires that ships in transit "comply

with generally accepted international regulations, pro-

cedures, and practices for the prevention, reduction, and

control of pollution . . . '";

Article 42.1.(b) provides that states bordering straits

may make laws and regulations in respect to '"the preven-

tion, reduction, and control of pollution by giving effect

to applicable international regulations regarding the dis-

charge of oil, oily waters, and other noxious substances

e
- . - 'l

Article 43.(b) calls on states bordering straits and user

states to '"by agreement co-operate . . . for the preven-

tion, reduction, and control of pollution from ships."

There are numerous other references to protection of the marine
environment from pollution in the Negotiating Text. Significantly,
with regard to questions of transfrontier pollution, Article 55.1.(b)
(iii) provides coastal states explicit jurisdiction for the preserva-

tion of the marine environment within the "Exclusive Economic Zone."

The Exclusive Economic Zone extends 200 nautical miles from the



territorial base line. Therefore, the effective geographic extent of

state boundaries, relative to transfrontier pollution, is 200 nautical
miles seaward. Thus, territorial and jurisdictional boundaries and
rights asserted by coastal states are potential legal questions. The
fact that the "effective'" border between coastal states may well
extend 200 nautical miles seaward significantly alters the customary
view of transfrontier pollution being associated strictly with the
land based boundaries. Although this facet of the legal question of
international boundaries and transfrontier pollution is primarily
related to water pollution problems, an important point can be made
with respect to air pollution. If and when ratified, the Law of the
Sea will establish precedents amenable to the adjudication or arbitra-
tion of matters relating to the environmental quality of the atmos-
phere. In fact, state practice has already made many of the principles
being negotiated an integral part of customary international law.

Acceptability of Remote Sensing
Data in Legal Proceedings*

The permissibility to enter remote sensing imagery (or data) as
evidence in legal proceedings involves complicated judicial aspects
associated with the common rules of evidence. In general, legal
acceptance of remote sensing data is fundamental to its usefulness

respecting any transfrontier pollution occurrence and adjudication of

*The following discussion is condensed from "Remote Sensing
Evidence And Environmental Law'" in California Law Review authored by
Howard A. Latin, Gary W. Tannehill, and Robert E, White (pp. 1300-1446).
Numbers in parentheses refer to pages in CLR. See List of Refer-
ences for complete cite.




consequent damage claims of bordering nations. It must be noted that

this review is inadequate with respect to '"international" litigation;
however, it provides a basic framework for an understanding of the
admissibility of remote sensing outputs as evidence. Probably the
most significant aspect of using remote sensing outputs as evidence
is the unique and highly technical principles and methods employed

in obtaining the images or data. Therefore, expert testimony is
usually required, a determination of reliability of methods is made,
the certainty of acquisition procedures is evaluated, and the authen-
ticity of the output or product is verified.

The novel and scientific nature of remote sensing requires that
expert testimony, once allowed, 1) establish the reliability of the
scientific theories and techniques employed, 2) document that instru-
ments employed were '"constructed and operated in a manner consistant
with'" these theories and techniques, 3) identify the output as derived
from the instruments so employed, and 4) interpret the output (1366).
There are two important caveats to these four requirements. The first
is that one witness may or may not be considered qualified (i.e.,
expert) to react to all the requirements. The second is that one wit-
ness may or may not be considered qualified to testify with regard to
different remote sensing devices employed and imagery (or data) offered
in evidence. In fact, it is quite likely that the expertise of a
witness will be narrowly confined to a very specific aspect of a part-
icular remote sensing output or a particular theory or technique. For
example, an expert witness may be qualified to testify with regard to

image interpretation or system applications, but not be qualified to



testify with regard to the physics and optics of the instrumentation

employed. However, courts recognize they are most competent at inter-
preting the law and tend to defer to witness expertise.
Although courts tend to defer to witness expertise, there will be

a determination of the reliability of evidence presented. "It is
clear that the great majority of jurisdictions require a higher degree
of reliability for the admission of scientific data than for most
other forms of evidence" (1374). Courts will employ both predictive
and normative criteria in determining the reliability of evidence.
The issue at law affects the degree to which any one of these criteria
is applied. Predictive criteria include concerns of the court relat-
ing to the validity of the methodology incorporated to obtain the
evidence. Areas pursued by the courts in this regard often take the
form of queries as to:

whether the principles of a particular scientific methodology

'""have achieved 'general acceptance within the scientific com-

munity'" (1375);

whether a specific scientific discipline or recognized field

of expertise exists, which possesses recognizable standards

for qualification;

whether the principles involved are universally accepted

and/or have widespread application to non-legal pursuits;

whether independent, repeated applications have produced con-

sistent and accurate results and conclusions; and/or,

whether the extent and nature of the effect of uncontrolled

variables on the output has been adequately defined.



Normative criteria employed by the courts ''must decide, as a

matter of law, whether [the] predicted level of reliability is adequate
to support admission of the evidence in a particular case" (1375).
Thus, the courts must decide whether or not to admit the evidence on
the basis of the legal context of the proceeding and the relevant
standard for admissibility. For example, criminal proceedings require
proof '"beyond a reasonable doubt," while challenges to administrative
decisions require only that ""there is substantial evidence'" (1393).
However, courts have demonstrated a liberal bent with respect to
remote sensing evidence, partly because of the technical complexity of
cases involving submission of remotely sensed information, partly
because there is often a need for the wide area or '"synoptic'' per-
spective possible with remote sensing images (especially relative to
environmental issues) and partly because "a substantial proportion of
remote sensing submissions will be made in administrative proceedings"
(1395). Other normative criteria include:

the importance of the issue at law, which relates closely to

that just described;

+  the margin of error associated with the evidence, which relates
closely to the tests of consistency and accuracy employed in
determining reliability; and,
the availability and comparability of results derived from
alternative methodologies, techniques, or applications.

Given that the expertise of a witness and the reliability of a

methodology (as defined by an archetypal model) are acceptable, the

court still must decide " . . . whether a typical application of the



process is capable of producing acceptable information in the normal

course of events'" (1403). Most importantly, the courts must determine
not whether " . . . the process could yield trustworthy results, but

whether the application of that process in a specific case did
yield the desired degree of trustworthiness" (1404), Thus, the acqui-
sition procedure or, in other words, the proper conduct of the remote
sensing technique must be verified. In the past, inquiry by the
courts, as to the proper conduct of scientific processes, has consid-
ered:

| * whether the methods incorporated in the application at hand

I conformed sufficiently to the approved archetypal model;

+  whether the methods of the process were properly applied,
including the correct and proper operation of the devices;
and,
whether the process was conducted by qualified individuals.

Notwithstanding admissibility of the evidence and the truth of

| its content on the basis of the three aspects outlined thus far, there

is, ultimately, a requirement that the identity of the submitted

imagery or data be established. This is an especially critical con-
dition for remote sensing, because of the various manipulation tech-
niques employed in the interpretative process (e.g., image enhancement,
false-color composites, contrast stretching, and others). Thus, two

essential issues for consideration are: " . . . 1) does the image

actually portray what it purports to depict; and 2) is the image sub-
mitted in court legally equivalent to that which was initially obtain-

ed?" (1419). The court's satisfaction, respecting these two issues, is




ideally based on the extrinsic facts relating to acquisition, testi-

mony of the acquirer, and demonstration of a ''chain of custody.” The
chain of custody substantiates the images or data as original products
or outputs. "In view of the diversity of potential remote sensing
techniques and the different formats in which remote sensing informa-
tion may be introduced in court, the authentication procedures appro-
priate in any given case may range from a minimal showing of identity
to an exhaustive demonstration of the complete chain of custody" (1421).
Given a spirit of international cooperation and good faith between
nations and a common understanding of the transfrontier pollution prob-
lem, technicalities examined in this section may never be of concern.
That remote sensing outputs are potentially useful as evidence in an
international arena is demonstrated by the following:
Landsat and Skylab imagery certainly have implications in this
field . . . . An historic example is smelter smoke from the
Douglas, Arizona smelter drifting into Mexico as recorded on
Apollo 6 in 1968. The Governor of Sonora, Mexico reportedly
showed this to the Governor of Arizona and shortly thereafter
Arizona enacted some of the most stringent air pollution con-
trols in the country (1351).
That remote sensing outputs are potentially useful in furthering the
aims of both the United States and Mexico in detecting, monitoring, and
controlling transfrontier air pollution problems in the border region
remains a question of this thesis. However, no amount of demonstrated
technical capability will override non-cooperative attitudes, con-

flicting government policies, and socioeconomic differences unless

great effort is expended by both countries.



CHAPTER III

ECONOMIC CONSIDERATIONS

As noted earlier, Serwer (1972) indicated that not only geogra-
phic proximity, but also trade relations, the political and economic
systems, and the stage of development of states would likely be
important factors in determining the appropriate intergovernmental
forum for resolution of transfrontier problems. There are many ele-
ments of an international control activity capable of illiciting eco-
nomic effects. Effects on growth and development goals and trade
relations seem to be basic to state concerns. The discussion in this
chapter focuses on the inherent trade-offs that will surface when
states seek to resolve a problem such as transfrontier air pollution
and when an organization such as the United Nations seeks to strive
for global environmental enhancement. Economic considerations also
invoke the question of damage payments between states in cases where
damages are of consequence. Therefore, a brief outline of one scheme
for classifying damages is presented, which relates the nature of dam-
ages to the type of economic loss incurred. The chapter concludes
with a discussion of the role of institutions in dealing with the eco-

nomic aspects of transfrontier air pollution.

International Economic Effects

The distribution of air and water pollution is a manifestation of

the use of earth's common property resources by sovereign, economically



independent nations for the disposal of unconsumed by-products or

residuals from internal socioeconomic activity. Therefore, external
effects are experienced by all nations to some degree or another as
the pollution is dispersed through the dynamic actions of the atmos-
phere and hydrosphere, respectively. As this means " . . . that there
is an inadequate impediment to social damage and an inadequate return
to the production of social benefits," it can be assumed that the gen-
eral welfare of the world's population is not well served (William J.
Baumol, 1971). From another viewpoint, environmental enhancement
and/or prevention of environmental degradation may be considered an
external effect, if the definition of external effects is accepted to
include costs imposed on nations by way of organized influence and
power. These costs are commonly referred to be economists as exter-
nalities in both instances.

Recognition by the LDC's of an imposed cost, resulting from
influence exerted by the developed countries, is evident from the out-
come of the Stockholm conference and the Principles and recommendations
cited in Chapter I. The developed countries, experiencing the gravest
pollution problems over-all, are sufficiently affluent to effect some
degree of remedy. However, similar efforts by the LDC's are viewed
as a luxury., LDC's have inadequate resources (financial and otherwise)
to meet many of the immediate needs of their populations, such as food,
shelter, and employment, let alone expensive pollution abatement pro-
cesses. In a sense, LDC's must pursue development at any cost, although
development compatible with a clean environment would probably be

cheaper in the long term.



The complexities of understanding the characteristics of pollu-

tant dispersion may be only minor compared with the complexities asso-
ciated with international agreements for enhancement of the global
environment. A key issue in the future will concern the question of
comparative (or competitive) advantage between nations, especially
between the less developed and developed countries. As the developed
countries undertake costly efforts to reduce pollution, LDC's well
may become "pollution havens' and be able to produce cheaper goods

for the world market. Thus, they will acquire a comparative advant-
age over the developed countries. This poses a problem for interna-
tional trade balances, which will be examined shortly. Paradoxically,
this advantage is also a disadvantage for the LDC's, because, in
effect, the developed countries will have exported some pollution gen-
erating activities.

The problem of comparative advantage is not limited to a dichot-
omy of developed and underdeveloped countries. There is also a ques-
tion of geographic location. The Mediterranean Sea is a good example:
" . . . with only one outlet through the narrow Strait of Gibralter,
the Mediterranean requires much more expensive pollution controls
than those needed on wide oceans" (Business Week, 10/31/77). This
geographical aspect of pollution control is affecting both the devel-
oped and underdeveloped countries of the Mediterranean. It is affect-
ing the competitive position of the developed countries relative to
world markets (e.g., Italian Chemical giant Montedison). For the
developing countries, the imposed pollution control requirements "

are a barrier to development that the developed countries did not



have when they were at the same economic stage 20 years ago i e "

(Business Week, 10/31/77).

In addition to general questions of growth and development, many
questions have been raised respecting the alteration of international
trade relations induced by transfrontier pollution effects. Because
of the peculiar complications inherent to externalities generated by
transfrontier pollution occurrences, Baumol (1971) has suggested that
the classical subscription to a world of free-trade may lose some of
its form. By this he meant that the classical basis for free-trade
between nations may be required to take a back seat to a new philos-
ophy; a philosophy which recognizes the impact of transfrontier pol-
lution externalities on economic interaction. Whether this is true
or not remains a question. Nonetheless, three broad economic con-
cerns, specifically related to transfrontier pollution problems, deal
with 1) the balance of payments of nations, 2) the effect of unilateral
abatement actions, and 3) the manifestation of implicit or explicit
subsidies.

Each of the three concerns just noted is intricately interrelated,
and it is necessary to evaluate each relative to the other. A further
complicating aspect is that transfrontier pollution may be manifested
as a physical transfer of pollution through an environmental medium or
as a transfer of the polluting activity. This is to say, a polluting
nation can export pollution in two ways: 1) introduce pollutants into
an environmental medium that extends beyond its borders and 2) restrict,
inhibit, or prohibit entirely the emission of pollutants thereby encour-
aging emigration of polluting activities to other nations. The most

obvious result of the former is the external effects accruing to the



receiving nations. Initially apparent is the damage incurred by the

receipt of the pollutants. Significant efforts have been made to deter-
mine means for measuring damage in economic terms and establishing a
framework for accounting for and collecting damage payments. But, in
essence, the receiving nations also subsidize the source nation by
being the depository for its wastes or residuals. This subsidy, which
is an external benefit to the polluting nation, undervalues the cost
of goods produced by the polluting process. Therefore, the under-
valued goods, when exported, produce a distortion in the balance of
payments between the exporting and importing countries. In effect,
the nations receiving the pollution generated in the production of the
goods, will pay the additional cost of damages and the subsidy on top
of the price of the goods. The complexity of this situation is clear,
and considerable attention has been given to the development of eco-
nomic adjustments to these distortions produced by transfrontier pol-
lution (OECD, 1976b).

An even more complex problem involves the implications of a direct
transfer of a polluting activity to another nation. The problem can no
longer be dealt with in the form of simple cost functions. The prob-
lem requires an analysis of welfare functions and sociopolitical consid-
erations. It is often noted that " . . . the growing concern with pol-
lution problems in wealthier countries means that the poorer industrial
countries may well begin to specialize more in polluting type indus-
tries'" (Baumol, 1971). The rationale behind this concern is that pol-
luting industries will incur higher costs in wealthier countries as

stricter standards are imposed. This will result in the poorer indus-



trial countries gaining a competitive advantage, because there will

be less inclination to impose these costs and, therefore, production
costs will be lower.

This same effect can result from outright prohibition of a pol-
luting activity. Clearly, an occurrence of this type can have an
effect on the balance of trade between the wealthier countries and
the poorer industrial countries. However, it is not clear that the
transfer of polluting activities will actually occur. The reason for
doubt is that the acceptance of polluting industries amounts to
" . . . a peculiar export subsidy that conceals more effectively than
most others what the exporting country is giving away to its customers"
(Baumol, 1971). Thus, in effect, the poorer industrial countries,
while providing benefits to themselves in the way of jobs and income,
provide benefits to the countries importing their new goods by absorb-
ing the greatest burden of the pollution. It is important to note
that the transferred polluting activity will, in turn, become a source of
transfrontier pollution for the wealthier countries, which negates,
to some degree, efforts to reduce pollution.

Whether or not the short-run balance of payments and employment
benefits, derived by the poorer industrial countries by becoming pollu-
tion havens, will outweigh the longer-run consequences is in doubt. At
present, it appears that LDC's with an established industrial base will
subsidize the economic activity of the developed countries for some
time to come, either as receivers of pollution or receivers of polluting
activities. In this regard, it is apparent that an exchange of subsidies

will be occurring: LDC's will subsidize the developed countries in the



manner described above, while the developed countries will subsidize

the LDC's through contributions to the Environmental Fund and contri-
butions to independent technological research efforts, which are

directed at the development of more efficient, cleaner processes.

Environmental Damage and Economic Losses

If damage costs are to be estimated, there must first be an esti-
mate of damage effects. It is desirable to quantify the effects and
potential consequences when and where practical. Effects may require
measurement in different units, because of the physical character of
the effects or the perceived nature of the effect, which may vary with
cultural value systems. Therefore, to gain an appreciation of the
total impact, it is necessary to attach an objective measure to each
effect associated with a given pollutant. This objective measure is
usually an economic value expressed in monetary terms. An intergov-
ernmental forum or an international judicial or arbitration panel
attempts to apply this knowledge in a pollution prevention and control
program or in settlements of international claims, respectively.

There are no perfect classification schemes, but, generally, dam-
age can be classified according to the receptor suffering the damage,
the pollutant causing the damage, or the sources emitting the pollutant.
Which is more effective, relative to an international situation, is
unclear and, in fact, all may be useful. The Organisation for Economic
Co-Operation and Development (OECD) classifies damage into six broad
receptor categories. These six categories are schematically related to
the type of loss incurred (Table 1). The type of loss incurred deter-

mines the manner in which settlements will be resolved, the difficulty



Table 1.

Damage
Category

Damage Classification Scheme with Examples

Type Of Loss Incurred

Financial

Amenity

Human Health

Fauna

Flora

Natural
Resources

Materials

Climate and

Productivity losses.

Health care costs, includ-
ing increased research costs
to avoid pollution.
Premature burial costs.

Lost animal and fish
production.

Reduced crop production.
Reduced forest growth.

Lost production from
polluted water or soil.

Reduced life of a material.
Reduced utility of a
material.

Cost of producing a
material.

Extra cost of a substi-
tate,

Reduced agricultural out-

Risk Aversion.

Cost of suffering.

Cost of bereavement,

Cost of limitations imposed
upon an individual, his
family and his society.

Risk Aversion.

Reduced pleasure from fish-
ing and hunting.

Reduced wildlife popula-
tions.

Risk Aversion.

Reduced pleasure from hor-
ticultural and forestry
losses.

Risk Aversion.
Decreased recreation ben-
efits.

Risk Aversion.

Endurance of soiled or
damaged materials.

Damage to selected aesthetic
monuments and objects.

Risk Aversion.

Weather put from decreased rain- Decreased recreation ben-
fall. efits from decreased sun-
Larger lighting expenses shine or increased rainfall.
from decreased sunshine. Decreased pleasure from
reduced visibility.
Source: Adapted from OECD, 1976a.



of the computation, and the sensitivity of negotiations. Financial

losses can be determined fairly objectively, though with complications.
Generally, financial losses can be considered those " . . . changes in
the level of expenditures resulting from environmental quality changes
. . . " (OECD, 1976a). If sufficient data are avialable, then there
are apparently relatively few obstacles to estimating the monetary
value of financial losses. However, amenity losses are intangible
and somewhat subjective. Amenity losses may well invoke feelings and

sentiments deriving from cultural differences as well as social goals.

Institutional Aspects of Economic Considerations

The problem of externalities produced by environmental degradation
is relatively new to international affairs. Thus, there has developed
a need for a basic understanding of the role and purpose of institu-
tional arrangement in resolving economic issues induced by transfron-
tier pollution. Several aspects, relating to the role of institutions
in dealing with the economics of transfrontier pollution, in general,
have been examined and identified by the OECD (1976b), as noted below:

the essential role of multicountry agencies should be the
", . . production of technical, economic, and social data,"
which can be accepted by all parties without question;

the institution or agency should provide a framework for the
transfers, payments, or payments-in-kind, which will almost
certainly be an integral part of most agreements;

the institution or agency should provide a forum for formal
bargaining on levels of pollution and payments;

- where reciprocal problems exist, such as on a lake, the role



of international cooperation is not to bring about a state

which would not be achieved by independent actions, " .

but to do so more quickly, with less uncertainty, and with

greater equity'';

for each country, the best institution is one minimizing

total costs of transfrontier pollution or maximizing the

benefits of transfrontier pollution control;

the best set of institutions and policies for a combination

of two or more countries will minimize the total international

cost with consideration given to distribution of those costs;

and,

on an international basis, the best agreement whould bring

about a set of institutions minimizing the sum of all costs.

The term 'costs,'" as used by the OECD, includes all expenses or
losses resulting from abatement actions, actual damages, transportation,
agreement to conditions, and compliance with agreements. These costs
will be incurred between countries and between jurisdictions and pri-
vate actors. The economist accepts as given that ;he best institutions
or procedures will lead to a rational and equitable compromise between
two extremes: high pollution with heavy damage and low pollution with
heavy abatement costs. These two extremes are representative of the
conflict of growth and development goals between the poorer industrial
nations and the more affluent industrialized nations, as outlined
earlier. The two extremes also reflect, to some degree, the economic
relationship between the United States and Mexico.
The fact that Mexico possesses an industrial base has produced an

institutional effect of a different type, which affects the role remote



sensing will play in resolving transfrontier air pollution problems

along the border. The United States Agency for International Develop-
ment (USAID) has been restricted from assisting Mexico in capital
intensive projects by a congressional mandate (Charles K, Paul, 1978).
This mandate prevents the USAID from establishing a remote sensing
center in Mexico and assisting in the training of personnel. Thus,

it seems that institutional factors have precluded an important finan-
cial resource for Mexican development of a remote sensing program.
This denial of direct financial aid is mitigated, perhaps by a cooper-
ative research program between the National Aeronautics and Space
Administration (NASA) of the United States and the Comision Nacional
del Espacio Exterior (CNEE) of the United Mexican States, which was
effected by an exchange of notes February 27, 1965 (TIAS* 5763; 16 UTS
620). This agreement was subsequently amended and extended June 15,
1972 (TIAS 7371). Amendments added responsibilies for NASA in develop-
ing Earth Resource Technology Satellite (ERTS, later renamed Landsat)
data and training qualified Mexican personnel. Thus, through this
program, Mexico is receiving aid or a subsidy to develop the technical

expertise to utilize remote sensing information.

*Treaties and Other International Agreements Series






CHAPTER IV

TRANSFRONTIER AIR POLLUTION GEOGRAPHY :
THE UNITED STATES-MEXICO BORDER REGION

This chapter focuses on the physical and social geography of the
United States-Mexico border region, evaluating those elements deemed
prominent in the generation and distribution of pollution throughout
the region. If one assumes the definition of a region is based on
a defined area in which there are recognizable relationships between
a selected set of phenomena at a given time for a particular purpose,
then there is no "border region'" defined in the literature appropriate
to the evaluation of transfrontier air pollution. 1In the United States,
the border region has been formally identified by the Southwest Border
Region Commission (a State/Federal coordinating body supported by
Federal funds) as the counties adjoining the border and some counties
that do not, as shown in Map 1 (Wayne Gyulae, 1978). Counties are
convenient for purposes of statistical data gathering and analysis, and
they provide a viable, in place, political structure for dealing with
border associated issues. However, political units rarely reflect the
realities of spatial associations, and this instance proves no excep-
tion. In Mexico, the area often identified with reference to border
related problems and issues is the La Fontera (The Frontier); a zone
delimited by a line drawn approximately 16 km (10 mi) from the border.

This has been true especially with respect to air pollution problems
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along the border, because present transfrontier air pollution problems

of principal concern are, primarily, associated with urban centers adja-
cent the border (Howard R. Applegate and C. Richard Bath, 1974),

The need to define a border region, sensitive to the interplay of
the spatial associations of physical, political, economic, and social
factors, is apparent. To denote the land area associated with the
United States-Mexico border, many writers have employed the term
"'borderland(s)." Richard L. Nostrand (1970), for example, incorporated
"borderland" in his definition of the Hispanic-American culture region
of the United States. Nostrand narrowed Herbert Eugene Bolton's ori-
ginal use of the term "Spanish Borderlands," which Bolton regarded as
stretching broadly across the southern United States and including
part of northern Mexico. Nostrand restricted the meaning of the term
borderland to the land area north of the border. Ellwyn R. Stoddard
(1975) employed the term "borderlands" more nearly as Bolton intended in
1921. Often the term is used to refer to an intuitive recognition of
all land area having a recognizable relation to the border. For
example, most of New Mexico and Arizona, the southern halves of Texas
and California, and the six northern states of Mexico may be considered
borderlands by some writers (Map 2).

Given the dynamics of atmospheric processes and a plethora of fac-
tors modifying the lifetime and, therefore, the distribution of pollu-
tants, delimitation of a transfrontier air pollution region in associa-
tion with the United State-Mexico border is probably a moot issue. In
fact, the concept of an "air shed,'" which is an idealized region of the

atmosphere often used for evaluating air pollution problems, has been
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determined to be ineffective by the United States Environmental Pro-

tection Agency (Sabino Gomez, 1978). For purposes of evaluating envi-
ronmental problems, especially air pollution and its detection utiliz-
ing remote sensing methods and techniques, precise delimitation of a
border region is not necessary. It will become clear in the remainder
of this thesis that transfrontier air pollution problems, associated
with the border, can be manifested as local or widespread regional,
even global, problems. Thus, the term "border region," as employed

in this thesis is used to convey a focus on the borderlands: an area
essentially undefined in terms of natural processes, but recognized

as a unique geographical area of interface between the United States
and Mexico. It must be noted that this definition of the border
region is insufficient for the evaluation of specific concerns related

to pollution distribution and measurement of effects.

Physical Geography

Two elements of the physical geography of the border region are
prominent in the distributional character of air pollution: topography
and climate. Both affect the transport and diffusion of pollutants and
the transformation and removal of pollutants. Soil and vegetation
characteristics of the border region are important in the generation
of air pollution rather than modifiers of the distribution. Notwith-
standing the distribution effects of physical characteristics, the
imperative of familiarization with the physical geography derives from
the need for ''collateral information'" in the interpretation of remotely
sensed imagery. Also, climate, topography, soils, and vegetation affect

scene radiance recorded by remote sensors, which is an important con-



sideration in evaluating the usefulness of employing remote sensing

methods and techniques in the border region.

Border region topography derives from the charactertistics of five
Physiographic Provinces. However, the most characteristic topography
within the border region is the NW-SE trending valley and ridge system
of the Basin and Range Province (Map 3). The central portion of the
border region is an area of isolated mountain ranges (largely dissected
block mountains) separated by aggraded desert plains. This area is
referred to as the Mexican Highlands Secion of the Basin and Range
Province in the United States and the Mexican Plateau Province in Mexico.
The detritus-filled basins or ''bolsons' vary in elevation from 1,500 m
to 2,000 m (4,900' to 6,600') and are the most extensive and conspicuous
feature of the landscape (Robert Wauchope, 1964a). The higher mountain
ranges rise above the adjacent basins to elevations of 2,000 m to 3,000 m
(6,600" to 9,800') above sea level.

Westward from this central portion, toward the Colorado River, the
topography is typified by " . . . a series of high parallel N-S ranges
and narrow alluvium-filled basins forming a transitional area between
the Sierra Madre Occidental and . . . the low, dry western plains and
isolated ranges half buried by stream-borne alluvium" of the Sonoran
Desert Section of the Basin and Range Province (Wauchope, 1964a). About
115 km (70 mi) east of the Colorado River, the low desert plains grade
into the Salton Trough: the northward extension of the Gulf of Califor-
nia, a tectonic rift or trough. On the western margins of this low
desert are the extensive sand dune fields of the Yuma Desert in the

United States and the '"Gran Desierto' in Mexico.



Map 3. Topography of the United States-Mexico Border-
lands. Base map from D. E. Lee (1938). Physiographic
regions from Nevin M. Fenneman (1930), Wauchope (1964a),
and David Greenland and Harm J. De Blij (1977).

Physiographic Regions

Pacific Mountain System
1 - Los Angeles Range Section, Pacific Border Province
2 - Lower California Province

Intermontane Basins and Plateaus

- Salton Trough Section, Basin and Range Province

- Sonoran Desert Section, Basin and Range Province
Colorado Plateaus Province

- Mexican Highlands Section, Basin and Range Province
- Mexican Plateau Province

- Sacramento Section, Basin and Range Province

o~ U &
|

Interior Plains
9 - Edwards Plateau Section, Great Plains Province

Atlantic Plains
10 - West Gulf Coastal Plains Section, (Gulf) Coastal
Plains Province



The Salton Trough Section is an integral element of the border

region's landscape, extending westward to the Laguna Mountains-Sierra
Juarez of southern California and northern Baja California, respec-
tively. The lowest elevations of the border region are in this section.
As will be noted later, this section is also the driest area of the bor-
der region. Alluvial slopes, the delta plains of the Colorado River,
and lateral depressions, such as the Laguna Salada in northwestern

Baja California, characterize the landscape. The Laguna Mountains-
Sierra Juarez on the west are part of the Lower California Province of
the Pacific Mountain System. From elevations exceeding 2,000 m (6,000"),
the land slopes gradually from these mountains to the Pacific Ocean.

East of the Basin and Range Province, the topography is character-
ized by low hills and dissected valleys of the Edwards Plateau Section
of the Great Plains Province. The remainder of the border region east-
ward to the Gulf of Mexico is in the West Gulf Coastal Plains Section
of the (Gulf) Coastal Plains Province. The land slopes gently to the
Gulf Coast and the Rio Grande Embayment, transitioning from high plains
and low mountain escarpments to low, coastal plains. The Rio Grande
Embayment is an extensive alluvial plain, extending about 300 km (190 mi)
inland from the Gulf Coast.

The topographic characteristics of the border region affect the
potential for transfrontier pollution in three principal ways: 1) air
descending into expansive basins warms to exaggerate the general aridity
of the region; 2) up-valley and down-valley air movement occurs on a
diurnal basis; and, 3) elevation affects temperature and precipitation.

These topographical effects primarily are manifested as regional and



local variations of climate and weather and as localized surface condi-

tions, which contribute to the particulate load of the atmosphere.
Figure 1 shows the relationship of the topography of the border region
to the two principal components defining the climate of the border
region: temperature and precipitation.

Map 4 reveals the United States-Mexico border region is dominated
by two types of dry climates. Over fifty percent of the border region
is a true Desert Climate (BW), where the average annual precipitation
is- less than 300 mm (12 in) as shown in Map 5. 1In these desert areas,
mean annual temperature varies from 16°C (61°F) in the eastern portion
to greater than 22°C (72°F) in the lower elevations of the Sonoran
Desert and Salton Trough. Most of the remainder of the border region
(43%) has a Steppe or Semiarid Climate (BS), where average annual pre-
cipitation ranges from 300 mm (12 in) at lower elevations to more than
500 mm (20 in) at higher elevations and near the Gulf Coast. The Gulf
Coast area is affected by maritime influences, receiving greater than
550 mm (22 in) of precipitation per year average and having a mean
annual temperature exceeding 22°C (72°F) (Wauchope, 1964b; and Robert
H. Schmidt, Jr., Forthcoming-b).

The Pacific Coast has a Semiarid Climate most precisely described
as a ''West Coast Fog Desert" (Bn). Average annual precipitation is
200 mm to 300 mm (8 in to 12 in) and mean annual temperatures range
between 15°C and 20°C (59°F and 68°F). Higher elevations of the inte-
rior Laguna Mountains-Sierra Juarez have a Humid Mesothermal Climate
(C), receiving from 300 mm to greater than 400 mm (12 in to greater
than 16 in) of precipitation per year average. Mean annual temperature

in this region ranges between 16°C and 18°C (61°F and 65°F).
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It is not within the scope of this study to analyze the climate of

the border region in detail. Much work has been completed already in
this regard, a summary of which has been developed by Schmidt (Forth-
coming-b) for a '"Border Region Source Book.'" However, several aspects
of the climate of the border region play important roles in the trans-
port, diffusion, transformation, and removal of pollutants and, there-
fore, are critical to the transfrontier air pollution question. Three
climatological factors seem to be of primary relevance to potential
transfrontier air pollution conditions; frequency of inversions:

wind speed and direction; and, topography.

The aridity dominating the border region results from a number of
climatic factors and significantly contributes to a prominent diurnal
inversion cycle. Generally, the aridity results from dominance of much
of the region by the dry, subsiding air of the subtropical belt of
high pressure located at about 25° - 35° North Latitude. This high
pressure dominance is most pronounced in the low-sun or winter season.
Clear skies associated with high pressure dominance allow large amounts
of insolation to be received at the surface, even during the low-sun
season (Maps 6 and 7). Consequently, there is a high rate of evapo-
transpiration throughout much of the border region, during most of the
year. The interior continental location of a large portion of the bor-
der region is a cardinal reason for the generally arid conditions. The
area, quite simply, is too far removed from maritime sources of moisture.
In addition, the topography of the region acts to produce local varia-
tions in precipitation. Expansive basin areas and associated high moun-

tain ranges, characteristic of the central Mexican Highlands-Mexican
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Plateau, combine to reduce precipitation at lower elevations. As the

generally westerly air flow moves across the border region and across
the N-S trending ranges, air flowing into the basins warms adiabati-
cally. Because warming increases the capacity of the air to retain
moisture, this subsidence of the air into the basins inhibits precip-
itation at the lower basin elevations. Thus, differences of altitude
and proximity to sources of moisture are the principal factors locally
modifying the general aridity and clear skies of the border region.
The usually clear sky condition of the border region not only
allows maximum receipt of insolation at the surface, but also allows
maximum loss of daily heat input in the form of nocturnal ground rad-
iation (Richard A. Kassander, 1970). Rapid heat loss from the sur-
face (starting in the early evening) compared to less rapid heat loss
from the air aloft produces an inversion of the normal temperature
lapse, which is a decrease of temperature with an increase in altitude.
This meteorological condition generates a stable atmosphere in which
convective air movement is inhibited, because the air closest to the
ground is colder, heavier, and denser than the air aloft. Low-level
inversions of this nature are termed 'ground radiation inversions."
The border region, as a whole, has a relatively high frequency of
ground radiation inversions throughout the year (Map 8). Thus, inhib-
ited mixing and diffusion of any pollutants introduced into the air is
a fairly common occurrence. '"In essence, the dilution efficiency of
the atmosphere depends on the wind and temperature gradients, both of
which vary vertically, horizontally, and with time" (C. R. Hosler,

1961). High pressure dominance favors a clear sky condition, and,



Map 8. Annual Low-Level Inversion Frequency of the Contiguous
United States. Frequency interpreted as percent of total hours.
Adapted from Hosler (1961).



generally, clear skies (less than 3/10 cloud cover) and surface winds of

less than 11 km/hr (7 mi/hr) favor the formation of nocturnal radiation
inversions over land.

From Map 8, it can be noted that, on an annual basis, the fre-

quency of low-level inversions in the region varies from 25% to 30%
of total hours on the Gulf Coast to greater than 40% of total hours
in the interior desert areas of southern Arizona, southern California,

| and northern Sonora and northern Baja California. There is signifi-

cant temporal (or seasonal) variation to this pattern. During the
low-sun season of December, January, and February, about two-thirds
of the border region has an inversion frequency of greater than 50%
of total hours (Map 9a). This includes all of the areas west of the
Sacramento Mountains-Sierra Madre Oriental alignment, i.e., the east-
ern margins of the Basin and Range Province and the Mexican Plateau
Province, respectively. There is, in effect, a potential for the
development of an inversion every winter night in the region.

The inversion frequency for the border region, as a whole, is
lowest in the high-sun or summer season of June, July, and August

(Map 9c). The frequency increases rapidly to approximately winter fre-

| quencies, during the fall season (Map 9d). On an annual basis, there

is a lower frequency for the coastal areas (Map 8). Generally, the

Gulf Coast has neutral stability during the day and inhibited inversion
formation at night, due to air flow over adjacent warm waters. The
Pacific coastal areas have a higher frequency of inversions than the
Gulf coastal areas, particularly during daytime hours, due to the

effects of the adjacent, cool California current. With respect to the
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California coastal areas, it is significant to note that " . . . loca-

tions only a few miles inland from the coast exhibit a continental-type
frequency of low-level stability" (Hosler, 1961).

Although " . . . nearly all nocturnal inversions reportesd by inland
radiosonde stations are based below 500 feet above the surface . . . sl
inversions on the Pacific coast are often based between 150 m and 600 m
(500" and 2,000') above the ground (Hosler, 1961). This phenomenon is
associated with upper level subsidence of air on the eastern side of
the Pacific subtropical cell of high pressure. This subsidence inver-
sion aloft results in a semi-permanent stable layer throughout the
spring, summer, and fall months. Because the frequencies shown in
Maps 8 and 9 were developed on the basis of nocturnal inversions below
150 m (500"), frequencies indicated for Pacific coastal areas are pro-
bably conservative. According to Hosler, regional scale subsidence in
this portion of the border region is an important contribution to the
gross accumulation of air pollution in the coastal areas.

While vertical temperature inversions are an important factor in
the determination of the vertical component of air movement in the
region, the horizontal component, wind, is equally important in air pol-
lution conerns. "Wind affects the dispersion of pollutants in three
ways: 1) it carries the pollutants away from [the] source; 2) it di-
lutes the concentration downstream; and 3) if the wind is strong, or
the air unstable, eddy currents are established which dilutes the con-
centration vertically, as well as horizontally'" (Robert Orton, 1973).
Obviously, in local and regional transfrontier air pollution occur-

rences, the horizontal component of air movement is an important factor



to consider. Pollutants entrained in horizontal air movements will be

transported, all or in part, from one country to another depending on
seasonal, daily, and even hourly variations of wind direction.

Because of the high frequency of nocturnal ground radiation inver-
sions and associated high winds in the border region, the daytime winds
are the most significant transport mechanism. As nighttime inversions
develop. " . . . the surface of the earth cools, which in turn cools
the boundary layer of air near the surface. The air thus becomes strat-
ified with the coldest, and more dense layer of air near the ground
surface" (Orton, 1973). Due to surface friction, the colder, more dense
layer slows down, and it is at wind speeds less than 11 km/hr (7 mi/hr)
that air pollution problems are most likely to develop. This is because
pollutants are not dispersed and are accumulated near the sources.

Rapid daytime heating of the cold surface boundary layer causes the air
at the surface to rise and mix with the layer above. Generally, this
diurnal process occurs during the times of high inversion frequency in
the region. Thus, by late morning or early afternoon, stronger surface
winds develop as the cooler, faster flowing air aloft replaces the warm-
ing and rising air at the ground surface.

Orton (1973) has shown, however, that the El Paso-Cuidad Juarez
metropolitan area experiences a frequency of calm or nearly calm winds in
the afternoon that is approximately the same as in the morning, during
the month of November. Because much of the border region is climato-
logically similar to the El Paso-Cuidad Juarez area, it can be presumed
that these conditions apply to a large portion of the region. Relative

to the potential transfrontier air pollution problems of the region, now



and in the future, an important fact of air pollution must not be

ignored. Pollutants accumulated as a result of nocturnal ground radia-
tion inversions have the effect of attenuating the amount of insola-
tion received at the surface. Therefore, the amount of pollutants
accumulated will affect the rate at which inversions break down, and
it can be assumed that as border region development proceeds and the
amount of pollutants increases that the duration of inversions will
increase accordingly, notwithstanding local atmospheric conditions.

With the break down of nocturnal inversions, stronger winds carry
accumulated pollutants away from sources and/or source areas, dilut-
ing and dispersing the nighttime concentration downwind. It has been
noted that there is both a horizontal and vertical component to air
movement. These components affect the efficiency of dilution and dis-
persion and determine the area of ultimate deposition to some degree.
In the border region, downwind is 1) the United States side of the
border, 2) the Mexico side of the border, or 3) both sides of the
border. Occasionally, as noted above, the process of surface heating
does not result in sufficiently high winds to dilute and disperse pol-
lution accumulated during the night. This results in a localized
pocket of stagnated air. In some cases, such as in the El Paso-Cuidad
Juarez metropolitan area, the pollution accumulation is shared almost
equally by the populations of both countries. This condition is a
relatively common occurrence in the many topographic basins character-
izing the United States-Mexico border region.

Topographic air flow is the third important climatological aspect

of transfrontier air pollution in the border region. As noted in the



section on topography, much of the border region is characterized by

Basin and Range systems. During the day, air in the lower troposphere
literally flows over ranges and subsides into the basins. At night, a
more rapid rate of surface cooling at higher elevations (including up-
valley) results in colder, denser air flowing into the basins (and
down-valley) in the form of katabatic winds. With daytime receipt of
insolation, a more rapid warming of surface air temperatures at high
elevations produces a reversal of air flow in the basins (and valleys),
generating anabatic winds. Thus, air flow is up-valley and up-slope,
during the daytime.

During winter months especially, " . . . this back and forth cir-
culation is superimposed on a typically light wind situation" (Kassander,
1970) . The potential result is a '"sloshing back and forth" of pollu-
tion concentrations. Even when daytime break-up of a nighttime inver-
sion occurs " . . . total wind passage during the 12-hour period may
be only a few tens of miles before the inversion forms again and a
reversal of wind direction occurs" (Kassander, 1970). The potential
for Basin and Range topography to produce a build-qp of pollution in
this manner has been demonstrated for the Tucson and Phoenix, Arizona,
areas, where inversions persist in fall and winter, The strength of
inversions and the potential for build-up is influenced, also, by the
soils and vegetation of the border region, which reflect both the cli-
mate and topography.

Soils and vegetation of the border region reflect the general
aridity induced by climatological factors and topographic effects on

air movement. A detailed discussion of the soils and vegetation is



not necessary; this has been accomplished quite adequately by Wauchope

(1964c § d), Schmidt (Forthcoming-a), and others. However, the soils
and vegetation are important elements in the total transfrontier air
pollution problems of the border region. The great majority of the
vegetation is desert shrub and grassland. Although generally sparse,
vegetation density varies directly with the amount and distribution of
precipitation, which varies according to geographic location and ele-
vation. Thus, the most luxuriant vegetation is found on the coastal
plains of the Gulf of Mexico, where a deciduous forest occupies a

small area of the Rio Grande Embayment and cord grass grows along the
coastal littoral. In contrast, the interior desert area with its
expansive, nearly flat basins has a very sparse vegetal cover dominated
by creosote bush and bunch grasses. Higher elevations are forested with
pine and juniper, grading upward into a large leaved, deciduous oak
forest and small areas of fir forest at the highest elevations around
2,800 m to 3,500 m (9,200' to 11,400'),

In the Sonoran Desert and Salton Trough " . . . little of the sur-
face is actually shaded by the crowns of shrubs" (Wauchope, 1964c).
West toward the Laguna Mountains-Sierra Juarez, vegetation zones evolve
from the sparse desert xerophiles, to microphyllus shrubs and semi-
succulents, such as the Yucca, to open woodlands of pifion and juniper,
to oak forest at the highest elevations. The mountains are character-
ized by a chaparral forest interspersed with grass covered ranges and
occasional arid valleys. The dominant vegetation of the Pacific coastal
area is low microphyllus shrubs, leaf succulents, stem succulents. and

semi-succulents.



The soils of the region reflect the climate, topography, vege-

tation complex. Except for the Rio Grande Embayment, the Laguna
Mountains-Sierra Juarez, and isolated highlands of the central por-
tion of the region, the soils are Aridisols, formed through the cal-
cification process: a process dominant where evaporation exceeds
precipitation. Most are of the Orthid suborder, which exhibits
altered horizons, a hardpan, or an illuvial horizon composed of
water soluble material. The kind and strength of pedogenic proces-
ses determines the classification of soil orders. However, relative
to remote sensing and image interpretation, the Marbut System, as
presented by Donald Steila (1976), yields valuable information as to
soil color. Also, Wauchope (1964d) notes that in the cooler desert
areas, such as the higher and drier parts of the interior, soils are
primarily Gray Desert (or Sierozem), while in the warmer Chihuahua
and Sonoran deserts " . . . greater dehydration of the iron compounds
gives the soils a decidedly reddish tinge, hence the term Red Desert
soils . . . " is applied.

Except for areas of alluvial soils, soils of the border region
are sandy and exhibit moderate to severe erosion. A unique feature
of the soils is the very shallow profile and low humus content. Com-
monly, a residual surface layer of rock and gravel is produced through
the "deflation" of finer particulate matter. This residual surface is
termed ''Desert Pavement" (Steila, 1976). This peculiar aspect of
desert soils is important relative to the air quality of the region.
Deflation, and resulting dust particles, is generally recognized as an

important contributor to the particulate load of the air of the border



region. Clearly, particulates deriving from natural processes cannot

be considered pollution, per se. However, when particulates act as a
transport medium for various organic and inorganic pollutants, such as
pesticides, a transfrontier air pollution problem could be deemed to
exist. At the extreme, overgrazing, which exacerbates deflation pro-
cesses, could be considered a valid concern relating to transfrontier
air pollution.

Aside from generating particulate air pollution, the relation of
sparse vegetation and overwhelmingly bare soils of the border region
is important especially in the formation of nocturnal ground radiation
inversions. The porous, sandy soils of the arid and semiarid portions
of the region have a low heat conductivity; therefore, the daily receipt
of heat energy in the form of insolation is lost more rapidly from
these soils than from the darker soils of the coastal plains. Thus,
rapid heat loss from the soil combined with sparse vegetation compounds
the heat loss resulting from the generally clear sky condition of the
region. Rapid heat loss from soils in basin areas serves to intensify
the accumulation of cold air resulting from nighttime cold air drainage.
Thus, the intensity of nocturnal ground radiation inversions in basins

and valleys is greater than in areas of greater horizontal gxpanse.

Social Geography

The amount and type of pollution generated in the United States-
Mexico border region is a direct reflection of its social and economic
geography. Daily socioeconomic interaction in the borderlands, includ-
ing trade, tourism, and employment commuting, is high at many points

along the border. With increasing interaction has come a concentration



of population, specifically in urban areas, and with the population

has come increasing pollution. Population growth on the Mexican fron-
tier has been phenomenal in the last two decades. Industrialization
of the border region is relatively restricted to "dirty" extractive
industries. There are other industries represented, but, whether
"dirty" or "clean,'" there has been an effect on environmental quality.
A third element of the social and economic geography of the region is
agriculture. Agricultural activity is not extensive, but where it is
highly developed and concentrated, it poses significant environmental
problems related to dust particulate generation and pesticide use.

An examination of the social and economic geography of the region,
while relevant, is beyond the scope and purpose of this thesis. How-
ever, the following survey of environmental problems is developed in
the context of the social and economic geography of the border region.
The survey stresses environmental problems related to air pollution
with the understanding that transfrontier air pollution is potentially,
if not in fact, a present condition. Environmental problems reasonably
expected to engender transfrontier air pollution conditions are associ-
ated principally with 1) solid wastes, 2) open burning, 3) energy gen-
eration, 4) industrial activity, 5) agriculture and related activities,
and 6) vehicular transportation. Thus, environmental problems in the
border region stem from a growing population and activities associated
with development of the region,.

The formerly sparsely inhabited deserts and semi-deserts of the
United State-Mexico border region are fundamental to one of the most
rapidly developing international border regions in the world. Indus-

trialization, corporate farming, and urbanization are playing an active,



B e

though localized, role in changing the character and status of these

arid and semiarid environments. Employment opportunities, development
of irrigation districts, intensified tourism and trade, an infusion of
foreign capital, a "National Border Program," and influence and techno-
logy from the United States are doing likewise to the Mexican frontier.
In the region as a whole, subsistence agriculture, irrigation agricul-
ture, and cattle ranching are the dominant economic base and, of coufse,
account for the greatest amount of land use (Schmidt, Forthcoming-c),
However, extractive industries are becoming a significant element in
the economic base. The trend in the economy is heavier dependence on
the interchange of commercial transactions, tourism, and transfrontier
employment (Howard R, Applegate, Forthcoming) .

The relationship between population growth, socioeconomic devel-
opment, and environmnetal problems is complex. Unfortunately, for
many problems, the greater the population, the greater the problems,
and the greater the difficulties in solving the problems. Respecting
the border region, population growth seems to be an inescapable fact,
especially in the Mexican frontier area. Table 2 shows the projected
population growth for border counties of the United States from 1970
to the year 2000. In all states, except California, the border county
population is expected to more than double by the year 2000. However,
Table 2 does not indicate that the population is highly concentrated.

The combined population of the fifty-two border counties and mun-
icipios (Mexico) was approximately 5.8 million people in 1970. Of this
population, slightly more than half (50.4% or 2.92 million people) was

in the border municipios of Mexico, and, within these municipios, Cuidad



Table 2. Projected Population of Border Counties in the United States.

Year % Change
State 1970 1980 1990 2000 1970-2000
Texas 1,066,589 1,243,860 1,448,530 1,500,530 41
New Mexico 149,340 251,000 312,500 413,800 177
Arizona 488,400 695,000 878,900 1,030,400 111
California 1,891,420 2,474,800 2,589,000 2,800,000 48

Source: Applegate, Forthcoming.

Juarez, Mexicali, and Tijuana accounted for 40% of the population

(Map 10). Ensenada, Matamoros, Nuevo Laredo, and Reynosa accounted for
another 40%. Thus, seven urbanized municipios accounted for 80% of
Mexico's frontier population,

The distribution of population along the border in the United
States in 1970 was even more concentrated. Approximately 72% of the
frontier population was in the urbanized counties of San Diego, Pima
(principally in Tucson and Nogales), and El Paso. "Nearly a third of
the entire border population lived in the county of San Diego and the
municipio of Tijuana'" (Schmidt, Forthcoming-c). As of 1976, Mexico's
frontier population was estimated at 3.5 million people by the Secre-
tario de Industriary Comercio (1978), which was an increase of close
to 20% in six years. If the past provides any indication of the
future, most of the growth in population in the border region will
occur in Mexico and in urban areas. This is reflected in Table 3.

The rapidly growing population generates a large quantity of solid

wastes, and disposal is a concern with respect to general health and
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Table 3. Percent Population Change for Selected Border Cities:
1540-1970.

United States Mexico
Brownsville, Texas 137% Matamoros, Tamaulipas 1086%
Mc Allen, Texas 216% Reynosa, Tamaulipas 1502%
Laredo, Texas 75% Nuevo Laredo, Nuevo Leon 424%
Eagle Pass, Texas 137% Piedras Negras, Coahuila 198%
El Paso, Texas 232% Cuidad Juarez, Chihuahua 767%
Nogales, Arizona 74% Nogales, Sonora 285%
Calexico, California 69% Mexicali, Baja California 2011%

Tijuana, Baja California  1965%

Source: Ellwyn R. Stoddard, 1974.

transfrontier air pollution. There is an important difference in solid
waste handling and disposal between the United States and Mexico: bur-
ial in the United States (with some recycling) and open burning in Mex-
ico (with some collection by municipios). Calculations by Applegate
(Forthcoming), using Texas State Department of Health data, indicate
that solid waste in the United States frontier will increase from 8,270
metric tons per day in 1970 to 25,270 metric tons per day in the year
2000. Most of this waste will end up in muncipal landfills, which, it
is suggested, may become future resources, because the aridity of the
region inhibits decomposition.

However, landfills are potential polluters of ground water aqui-

fers, a critical resource in the arid border region. Respecting, trans-



frontier air pollution, there are several critical concerns. An

extremely critical issue is the current debate concerning the burial
of low-level radioactive wastes in the vicinity of Carlsbad, New
Mexico. While this area of the border region is not in a county
recognized by the Southwest Border Region Commission, it is no fur-
ther away from the border than the northern end of Yuma County, Ariz-
ona, which is recognized. No conclusions can be drawn regarding this
proposal; however, the potential entrainment and transport of radio-
active materials into Mexico does exist and probably should be consid-
ered. Any burial operations, but especially landfills, are ready
sources of loose earth, debris, and bacteria. Transfrontier movement
of these by-products of landfill operations in high winds is clearly
possible. 1In addition, landfills sometimes catch fire, a condition
which has the potential of releasing an unknown quantity and type of
organic and inorganic pollutants into the atmosphere (Applegate,
Forthcoming) .,

"A 1969 study of the twenty-one Mexican [border] cities showed
that the total garbage collected in all of these cities was 1,240
[metric] tons per day, or 384,400 [metric] tonms per year'" (Joaquin
Telloz, 1973). Clearly, solid waste generation in the border munici-
pios of Mexico is considerably less than in the United States border
counties. However, a large portion of the solid waste is elimiﬁated
through a practice of sporadic open burning (with some regular control
in only three cities). Compared to controlled incineration, open
burning causes ten times more pollution and creates a significant air

pollution problem, at least locally. According to Telloz (1973) parti-



culate matter constitutes thirty percent of the total pollution pro-

duced in the burning process; "odors and gases offensive to the senses
are released; a great variety of unsaturated hydrocarbons, some of
which may be carcinogens for animals and man, may be released; and mul-
tiple generations over a relatively large area makes monitoring and
control of emissions almost impossible." An important aspect of the
open burning question concerns the use of almost any material to heat
homes in the poorer areas of the Mexican frontier cities. This fac-
tor of open burning is apparently ubiquitous and, clearly, will not

be resolved in the near future.

One cannot assume that the quantity of solid wastes in the United
States will triple and the quantity of solid wastes in Mexico remain
constant. Assuming a direct relation between population growth and
solid waste generation, Table 3 can be used as the basis for estimat-
int future solid waste generation in Mexico's frontier cities. The
data in Table 3 reveal that there was an average of 10 times more peo-
ple in Mexico's frontier cities in 1970 compared to 1940. If it is
assumed that this growth rate will continue (and there seems to be
evidence that it might), then the solid waste generation of those
same cities surveyed in 1969 could average 10 times more or 12,400
metric tons per day. This is still far less than the 25,270 metric
tons per day in the United States border counties, but there are three
important qualifications: 1) the multiplier effects of increased
affluence in Mexico have not been taken into account, assuming, of
course, that development efforts will succeed in the face of phenomenal

population growth; 2) the ability or desire of the government of Mexico



to deal with the problem has not been considered; and, 3) the amount

of solid wastes in the United States border counties, which is esti-
mated to increase only 3 times, has already become a matter of seri-
ous concern.

A second environmental concern associated with the United States-
Mexico border region and transfrontier air pollution is power genera-
tion. In point of fact, a potential pollution problem exists "
whenever there is a boiler fed by basic fuels, whether gaseous, liquid,
or solid" (Telloz, 1973). Imperfect combustion results in the release
of sulfur and nitrogen oxides, unburned hydrocarbons, and particulate
matter. In the border region, there are at least four power genera-
tion plants: one in Cuidad Juarez, Chihuahua; a second just north of
El Paso, Texas; a third in Rio Bravo, Tamaulipas; and a fourth (and
the largest) in Rosarito, Baja California, just south of Tijuana, Prin-
cipal air pollutants produced by natural gas and coal fired generating
plants, as identified by Hal B. H. Cooper (1974), are listed below in
order of importance.

Natural Gas - Nitrogen Oxides (Nitric Oxides & Nitrogen Dioxide)
Hydrocarbons
Particulate Matter
Sulfur Oxides and Carbon Monoxide

Coal - Sulfur Oxides
Nitrogen Oxides (See Above)
Particulate Matter
Carbon Monoxide
Hydrocarbons
Trace Metals, such as Lead, Zinc, Selenium,

Beryllium, and Mercury.
Some of the power generated in the border region is consumed by

industrial activities, which contribute to environmental problems (espe-

cially air pollution) through both process and fuel combustion losses.



Jim M. Shoults (1973) estimated '""point source process loss emissions"

for the border counties of the United States. Shoult's summary of
emissions is presented in Table 4. A very significant facet of the
economic geography of the United States frontier is revealed by the
very low emissions of sulfur oxides (SOX) in California. While the
greatest tonnage for any of the five pollutants is sulfur oxide,
"most of the sulfur oxide emission occurs within a 600 kilometer or
360 mile linear distance of the border extending from El Paso, Texas,
to Ajo, Arizona' (Shoults, 1973). Smelters are, the major contribu-
tors of sulfur oxides. At the time of Shoult's study, 18.56% of the
total emissions of sulfur oxides in the United States originated in
the border region (Table 5).

Particulates rank second among the pollutants in total quantity,
originating from " ., . . rock, gravel, and sand quarrying, concrete
batching, asphaltic batching, and cement processing" (Shoults, 19%5.
In quantity, carbon monoxide (CO) is the third greatest contributor
to environmental air pollution deriving from industrial sources. Pe-
troleum refining, petrochemical, and chemical process industries are
the most notable sources of carbon monoxide. A surprising statistic
is the contribution of the border region to the total nitrogen oxide
(NO,) emissions of the United States. Both industrial and electric
power generating plants are sources, accounting for 37.77% of the
nationwide emission of NO,. Chemical process industries and petro-
leum refining are principal sources of emissions of hydrocarbons. The
23,590 metric tons per year generated by sources in Texas, reflect the

importance of these industries in the economy of Texas border counties.



Table 4. Summary of United States Point Source Emissions: United
States-Mexico Border.*

Point Source Pollutant (Metric Tons Per Year)

Location Particulates SO NOx HE= CO
Texas 38,286 256,187 34,147 23,590 112,247
New Mexico 37,583 224,623 8,145 2,399 3,899
Arizona 35,294 525,345 6,215 642 4,033
California 59,568 7,649 19,503 5,838 SioOSTF

TOTAL 170,731 1,013,804 68,010 32,459 123,216

*Border counties of the United States.
**[lydrocarbons.

Source: Shoults, 1973.

Table 5. Comparison: United States Nationwide Emissions vs. United
States Border Counties.

Point Source Pollutant (106 Metric Tons Per Year)
Location Particulates SOy NOy HC* CO
U.S. Nationwide 12.07 5.44 0.18 4.99 10.34
U.S. Border Counties 0.17 1,01 0.068 0.033 0.13

% of U.S. Emissions
Nationwide 1.41% 18.56% 37.77% 0.66% 1.25%
*Hydrocarbons.

Source: Shoults, 1973.



Unfortunately, similar measurements are not available for the petroleum

refining industry of the Mexican border municipios, which is concentrated
around Monterrey and along the border near Reynosa. In fact, recent
activities in Mexico, including a natural gas pipeline terminating 75
miles south of Reynosa, indicate that this sector of the Mexican eco-
nomy will become even more important in the future (Business Week,
1/15/79).

In addition to the five principal pollutants studied by Shoults,
other industrial pollutants are present in the border region, but they
have not been adequately evaluated. These pollutants are lead, cadmium,
and arsenic. Lead is significantly associated with smelting operations
and, in fact, has been the subject of a law suit involving a large cop-
per smelter located in El Paso (John C. Ross, 1973). One study of lead
levels in the blood of 1 to 4 year old children, conducted in 1976 in
El Paso, revealed a concentration of high levels directly northeast of
the discharge stack of this smelter (Applegate, 1978).

Telloz (1973) stated that, in Mexico, "industrial pollution con-
trol developments in the thrity-six border cities are generally null
and incipient.'" This was in contrast to the rather stringent controls
imposed on industry and border cities in the United States by the Clean
Air Act of 1970 (as amended 1977, Pub. L. 95-95). In specific areas,
industrial activity in the Mexico frontier is estimated to be responsi-
ble for thirty percent or more of the air pollution problem. In gen-
eral, however, there is not a great amount of large scale industrial
activity in the Mexico frontier compared to the United States frontier.

There is a considerable industrial complex at Reynosa-Rio Bravo, Tamaul-



ipas, which includes a petroleum refinery and a pulp and paper mill.

The metallurgical industry is well represented at Piedras Negras, Coa-
huila-Eagle Pass, Texas, and at Cuidad Juarez, Chihuahua-El Paso, Texas.
Copper smelter operations are prominent at Ajo, Arizona; Douglas, Ari-
zona; Agua Zarca, Sonora; El Paso, Texas; and southwestern Hidlago
County, New Mexico. A survey of the types of pollutants produced by
industrial operations in the states of California, Arizona, New Mexico,
and Texas has been developed by Cooper (1974). A summary of Cooper's
findings is presented in Appendix A.

Appendix A also presents the pollutant types associated with agri-
culture and agriculturally related activities of the border region.
Cooper (1974) reports that "agricultural operations constitute probably
the most significant category of air pollution in Mexico along the U.S.
border in the general categories of agricultural field production, pro-
duct processing, and chemicals manufacture." Environmental problems
developing from field production result from land management methods.
Overgrazing in some areas of the border region has bared the soil to
wind erosion, which contributes particulate matter to the pollution load
of the atmosphere. Also, some wind erosion is induced by field agri-
cultural activities. With the increase in irrigation districts in the
Mexico frontier, this problem could become more serious. Stephan J.
Mech and Neil P, Woodruff (1967) studied the importance of wind erosion
in irrigated lands and developed an equation to estimate average annual
erosion potential, which might be applied in the border region.

""Because of the physical nature of the soil and conditions under

which it is used, bare ground can cause dusty whirlwinds with strong



winds. This situation occasionally occurs, especially in the Mexicali

Valley of Baja California' (Nicolas Sanchez Duron, 1974). The Mexi-
cali Valley is the Imperial Valley of Mexico, and the border certainly
does not cause a differentiation of surface wind and pressure phenom-
ena, such as whirlwinds. Therefore, it must be presumed that similar
situations arise in the Imperial Valley of California. Although the
precise magnitude of dust contributed to the atmosphere of the border
region from naturally arid conditions compared to soil disturbances
resulting from agricultural field activities is not known, dust is
recognized as a major contributor to the particulate load of the air.
The often brilliant sunsets in the arid and semiarid environments of
the border region is sensible evidence of a large particulate load in
the lower troposphere. In agricultural areas, there is a greater pro-
bability that dust is acting as a medium for the transport of organic
and inorganic pollutants.

The open burning of fields, of vegetation along irrigation ditches,
and of trash resulting from the ginning of cotton is another source of
air pollution related to agricultural activities (C. Wayne Hanselka,
1974). Open burning of a different form is a major contributor to air
pollution in the frontier of the State of Chihuahua: diesel fueled
heaters to prevent late frost damage in fruit-growing areas. ''This is
an air pollutant of considerable importance for people living nearby,
and under certain circumstances, a nuisance to distant areas as well"
(Hanselka, 1974). Because burners are used in the periods in which
the inversion frequency is highest, pollutants are added during the

night in the fruit-growing areas in contrast to urban areas where the



pollutants begin building up with morning activities. Incomplete com-

bustion of diesel fuel used in the burners is the principal problem,
endangering people, animals, and pollination of the fruit blossoms
being protected. Currently, different protection methods, such as
individual heaters with chimneys, diesel fuel burned under pressure,
more efficient gas heaters, and spray irrigation, are being evaluated.
However, the burners presently employed are the most economical.
Although open burning for various purposes is an important environ-
mental concern and visibly conspicuous, there is greater concern with
respect to the release of fungicides, herbicides, and pestcides into
the air, during and after field spraying operations. Stringent require-
ments are attached to the use and application of agricultural chemicals
in the United States; however, organochlorine insecticides are still
employed under little, if any, control in Mexico. "In 1978 human adi-
pose tissue from [persons of] Cuidad Juarez were found to contain very
high concentrations of these compounds," specifically DDT, Aldrin, and
Heptachlor (Applegate, Forthcoming). In another investigation of the
agricultural chemicals problem, DDT residues in alfalfa fields of south-
ern Arizona were found to have increased between 1964 and 1967, a per-
iod in which the fields were not sprayed with DDT. This is prima facia
evidence that 'the source of the compounds had to either drift from
nearby fields [in Mexico], during spraying, or from wind blown dust
from sprayed fields after spraying" (Applegate, Forthcoming). There
is some debate on this issue and Duron (1974) asserts that pesticide
use in Mexico may be a nuisance to villages surrounded by fields treated,

but "in most cases the pesticides sprayed do not represent an air pol-



lution factor affecting the urban population along the border.'" One

important aspect of DDT is its very long lifetime in the environment.
Thus, windblown DDT residues from spraying of several years ago must
be considered in any conclusions as to source.

Within the border region, more total land is devoted to range
cattle than any other single enterprise. The cattle on the range sel-
dom cause environmental problems, due to the low density of the cattle
population. Although overgrazing and wide area accumulations of bac-
teria cannot be overlooked as significant concerns, the prime concern
respecting cattle and livestock, in general, is with feedlot operations
and associated odors, insects, and disease carrying bacteria in con-
centrated areas. "There are five major cattle crossings in Arizona,
one in California, two in New Mexico, and six in Texas" (Applegate,
Forthcoming). Each crossing has feedlot operations immediately proxi-
mate to the border on both sides; therefore, solid wastes and insect-
icides used for dipping cattle are especially critical environmental
concerns of a local nature. Wind borne transport of solid waste parti-
culate matter and bacteria are critical transfrontier air pollution
concerns of a regional nature. In addition to cattle feedlot opera-
tions, the odors, insects, and disease associated with dairy operations,
poultry, swine, and sheep must also be noted. Border crossings are
also a principal focus of the environmental problems related to vehic-
ular transportation in the border region.

The internal combustion engines of automobiles and trucks have
been established to be responsible for fifty percent of the pollution

problems of Mexico's frontier. Telloz (1974) reports that typical pol-



lutants resulting from internal combustion processes are: ' . . . car-

bon monoxide; carbon dioxide; simple hydrocarbons; oxygenated and poly-
nuclear hydrocarbons; nitrogen of oxide and sulphur [sic]; aldehydes;
phenols; lead salts; and volatile particulates.' Emission data is
sketchy, at best, for the border region, unavailable for Mexico and
very general for the United States. Table 6 is an emissions inventory
of San Diego County, California, which reveals that " . . . mobile
sources are the greatest contributor to air pollution . . , " (Apple-
gate, Forthcoming). However, it must be noted that this is the case
principally in urban areas and may not be so in rural and agricultural
areas of the border region.

There are three principal concerns associated with vehicular trans-
portation in the border region. The first of these concerns relates to
the frequency, magnitude, and nature of border crossings. "“Of all the
international borders in the world it is said that the United States-
Mexico border registers the most intense transit. In gross figures the
number of people that cross the border per year is about 130 million,
one fourth from the El Paso-Cuidad Juarez area (Guillermo H. Davila,
1973). At border crossing points, the average wait to cross in a vehi-
cle is 20 minutes, according to Applegate (Forthcoming). Thus, idling
vehicles at border crossings are something unique to the border region,
especially in urban areas.

A second concern is that 'the average age of vehicles in Mexico is
considerably higher than the average age of American automobiles' (Woody
Russel, 1974). Thus, many, if not most, vehicles operated in the Mexico

frontier lack air pollution control devices. The result is that old age
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and long idling time combine to create a very real air pollution prob-

lem at crossing points, because automobiles emit a greater amount of
various pollutants during slow, erratic operation. Cooper (1974) cites
a study, conducted in 1973 by Hughes, Boyce, and Welling, which con-

tained recommendations for "major corrective changes in the ventilation

system . . . " at the border Customs Inspection Station at Laredo,
Texas, because of " . . . occupational exposures to excessive levels of
carbon monoxide to inspectors from motor vehicles." Clearly, the

larger the number of automobiles and trucks involved and the greater
the frequency of border crossings, the worse will be the air pollution
problem.

Another aspect of the age question is the great number of Mexican
vehicles lacking pollution control equipment, which operate in the
United States on a daily basis. These vehicles contribute to the over-
all pollutant levels of the United States border cities: a prime
example of transnational pollution rather than transfrontier pollution.
Apparently, it generally has been agreed that this transnational pollu-
tion occurrence combines with excessive vehicle emissions in Mexico to
elevate ambient concentrations of hydrocarbons, nitrogen oxides, and
carbon monoxide in the cities of El Paso, Texas-Cuidad Juarez, Chihua-
hua, and other locations along the border (Russel, 1974; and Ing. Luis
H. Barojas Weber, 1974). C. Richard Bath (1977) refers to an interna-
tional meeting called by the city attorney of El Paso in an apparent
attempt " . . . to use the failure of the resolution of air pollution
at the international level as justification for El1 Paso not conforming

with national ambient standards of the United States." Obviously,



without clear and convincing evidence, the elevated levels of pollutants

of El Paso cannot be attributed wholly to Cuidad Juarez. However, this
example serves to reveal only one complication a transfrontier air pollu-
tion problem can raise.

A third concern related to vehicular transportation is the actual
area of movement. Many miles of dirt roads exist in the border region.
In rural or thinly populated areas, dust problems may be insignificant,
although the over-all addition of particulate matter to the air of the
border region cannot be ignored. Dirt roads become a critical problem
in need of direct and maybe urgent attention in urban areas, such as
Cuidad Juarez. The phenomenal (767%) population growth of Cuidad
Juarez (Refer to Table 3) has resulted in the extensive and intensive
development of the hill sides west and south of the original city. This
area is serviced by miles of dirt roads so prominent as to show up in
satellite photography. While dirt roads are a problem, this concern is
clearly a sensitive matter, reflecting the over-all population pressures

within Mexico and the generally underdeveloped economic resources.

Political Associations

Socioeconomic activity generates pollution, and the geographic dis-
tribution of that activity affects the distribution of pollution sources
and source areas. The physical geography of the border region also has
played, and will continue to play, a role in the distribution of both
socioeconomic activity and pollution itself. In addition, physical pro-
cesses in the region act to modify the distribution of pollution gener-
ated from socioeconomic activities. There are, however, political fac-

tors also acting to affect pollution distribution and/or its concentra-



tion. The relations between the two countries at the national,

regional, and local levels have the potential to foster or inhibit

1) growth in the border region and 2) specific development patterns.

Growth and development, in turn, affects the distribution and/or con-
centration of pollution and, ultimately, the nature and magnitude of

transfrontier air pollution.

Norris C. Clement (1978) has provided a clear and succinct dis-
cussion of many of the aspects of binational coordination and planning
efforts associated with the border region, specifically the California-
Baja California area. Political institutions identified and described
by Clement are slowly becoming an integral part of the decisionmaking
structure of the region. However, the effectiveness of these insitu-
tions seems dependent on a variety of political, cultural, and eco-
nomic factors, both within the United States and Mexico and between
the two countries. This complex of political, cultural, and economic
relationships is nowhere more evident than in the associations estab-
lished and abandoned over the past few years between El Paso, Texas,
and Cuidad Juarez, Chihuahua, respecting air pollution. In 1972, a
cooperative program was implemented between the air pollution control
officials of the two cities. Air quality monitoring stations were
established in both cities, and there began an exchange of data and
technology. In addition, training in air quality monitoring was pro-
vided to Mexican nationals by the United States. However, a truly
cooperative association prevailed little more than one year, and, in
1973, active participation by personnel of Cuidad Juarez began to ebb

(Sabino Gomez, 1978).



Reduction of the cooperative nature of the monitoring program

was apparently the result of a general increase in tension between the
two cities, which also manifested conflict over the operations of an
international bus system (Thomas J. Price, 1977). Although the joint
monitoring effort suffered after 1973, data continued to be gathered
in both cities until 1977 by air pollution control personnel from the
Texas Air Control Board. 1In 1977, the air quality monitoring effort
ceased in Mexico, because the city government of El Paso acted to
prohibit city vehicles from entering Mexico, ostensibly because of
insurance restrictions. However, this prohibition apparently was in
retaliation to an official ban on mosquito control activities of the
City of El Paso in Cuidad Juarez. The root cause of both bans may
well have developed from a change of the national government of Mex-
ico. An extensive discussion of the tenuous political associations
between the City of El Paso and Cuidad Juarez with respect to air
pollution control efforts has been prepared by Bath (1977).

Between 1972 and 1977, several actions were taken by both cities
to reduce air pollution, principally because of new authority provided
by the respective national governments (Bath, 1977; and Bill Enriquez,
1973) . However, the actions taken essentially were independent of any
formal cooperative arrangements. As of 1977, Mexican officials asserted
their independent capability to meet the needs of the monitoring pro-
gram, but data exchange with the Texas Air Control Board has been
untimely and of doubtful accuracy (Gomez, 1978). An informal liaison
is maintained, however, between the local air pollution control offi-

cials of the two cities.



The difficulties of resolving the air pollution problems of the

El Paso-Cuidad Juarez international metropolitan complex, considered
an "epidemiological unity" by Davila (1973), derives largely from the
external influences of national politics. Also, there are constitu-
tional limitations on the degree of cooperation that can develop at
this local level. While the United States constitution allows '"sub-
governments," such as states and cities, to participate in joint quasi-
governmental associations, the Mexican constitution does not (H. Mar-
shall Carter, 1977). Thus, formal local associations and cooperative
efforts, necessary to resolution of the El Paso-Cuidad Juarez air pol-
lution problem, are inhibited not only by national political (and eco-
nomic) interests, but also by constitutional restrictions. However,
this has not completely eliminated efforts to develop informal, joint
programs, nor has it eliminated cooperative ventures in the border
region as noted by Clement (1978) and Michael Becker, et. al, (1976,
In the case of E1 Paso-Cuidad Juarez, an inter-university pact,
including the four universities in the two cities, was formed in Jan-
uary, 1976, to conduct joint research on environmental problems (See
Appendix B). Although this effort apparently is encumbered with less
than enthusiastic cooperation among the participant institutions, it
reveals the continuing realization by some persons that a shared prob-
lem must be solved by all parties affected. In addition, the unoffi-
cial liaison maintained by the air pollution control officials has
probably been more important than might seem on the surface. Clearly,
efforts toward ultimate resolution of environmental problems, such as

posed by transfrontier air pollution, must be sanctioned by the national



governments. Bath (1977), in his discussion of dependence, interde-

pendence, or detachment in the relations of the United States and Mex-
ico respecting air pollution control actions, concluded that " . . .
both are following detached, separate policies.'" While there is a per-
ception of interdependence between the two countries, stemming from
the recognition that air pollution control is a joint problem requir-
ing joint action, there is also an apparent stigma associated with the
past dependence of Mexico on the United States for assistance. Thus,

a "detached" relationship has developed, the ramifications of which
were recognized by the City Attorney of El Paso.

Whether real or apparent, the El Paso City Attorney's threat of
suit to exempt the city from the national ambient air quality standards
may have provided the impetus for the signing of a '"Memorandum of Under-
standing" in June, 1978, between the Subsecretariat for Environmental
Improvement of Mexico and the Environmental Protection Agency of the
United States (See Appnedix C). The Memorandum formalizes a procedure
for coordinating environmental enhancement efforts by both countries,
but does not establish a definite program for pollution control. It is
important to recognize, however, that the Memorandum of Understanding
is perhaps only the first step in a long-term, politically and economi-
cally sensitive process, which will encompass more than local border
problems. There likely will be involved a delicate weighing of each
country's political, economic, and social goals and objectives, relative
to the border region and international responsibility. While the pol-
lution problems of some of the border cities in both countries should

receive direct and immediate attention in the minds of some persons,



this type of international coordination, cooperation, and evaluation

must evolve before programs to resolve local problems can be effec-
tively implemented. Without such an effort, the benefits of techno-
logical applications and objective problem evaluation will remain
beyond the grasp of local officials. It is, after all, necessary for
the problem to be perceived before action will be taken, and there are
extraordinary problems in the border region that may or may not sub-
ordinate transfrontier air pollution in the hierarchy of priorities

for international concern.



CHAPTER V

REMOTE SENSING AS A TOOL FOR EVALUATING TRANSFRONTIER
AIR POLLUTION PROBLEMS
The local, regional, and potentially global scale of transfrontier
air pollution problems in the United States-Mexico border region is
amenable to evaluation through remote sensing operations. Whereas,
local, in situ monitoring would be warranted in certain circumstances,
detection and monitoring of transfrontier air pollution in the region
as a whole should be enhanced by the aerial, sub-orbital, and orbital
perspective associated with certain remote sensing applications. In
the geographic context, the problem is to identify the flow patterns
of various pollutants, the areal extent of identifiable pellutant
effects, the intensity of concentrations, and the area of ultimate
deposition (even when effects are not readily apparent). In order to
evaluate the usefulness of remote sensing applications to detect and
monitor transfrontier air pollution, it is helpful to have an under-
standing of the fundamental factors or determinants of pollution dis-
tribution dynamics. The distributional dynamics of air pollution are
integral to the inherent geographical nature of transfrontier air pol-
lution problems and, therefore, integral to the evaluation of the over-
all usefulness of remotely sensed imagery. Also, it is beneficial to

understand the basic framework within which remote sensing, as a sci-

ence and a technology, may be employed as an analytical tool.




Fundamental Aspects of Air Pollution Distribution

There are four principal factors affecting the distribution and
concentration of pollutants discharged into the atmosphere: quantity
of emissions; transport and diffusion mechanisms; transformation and
removal processes; and pollutant lifetime (Paul S. Muther, et. al.,
1973) . Conclusions as to the usefulness of remote sensing to detect
and monitor transfrontier air pollution must be sensitive to these
factors. The primary conclusion respecting the quantity of emissions
in the international milieu is that the more '"advanced" the civiliza-
tion, the more pollution per capita will be generated and discharged
into the environment. It follows that the developed countries are
the major contributors of air pollutants. The relation of the socio-
economic activity and total emissions in the United States frontier
compared to the Mexico frontier supports this conclusion. A second
conclusion is that the quantity of emissions, which can be released
without doing harm to the receiving medium's environmental service
function, is determined by the other three factors. Thus, while
quantity of emissions is important to the ultimate effects of pollu-
tion, transport and diffusion mechanisms, transformation and removal
processes, and pollutant lifetime are critical to the geographic dis-
tribution of air pollution and those effects.

There are several components associated with the transport and
diffusion of discharged pollutants. Pollutants are transported with
the movement of the air, and dilution of concentrations result from
mixing. Mixing or diffusion occurs both vertically and horizontally.

Horizontal mixing is a function of wind speed and direction, while



vertical mixing is a function of 1) the adiabatic lapse rate of temper-

ature and 2) air mass characteristics. Thus, the geographic variation
of transport and diffusion components can be directly associated with
the seasonal variation of temperature and pressure patterns, given the
location and physical characteristics of a particular region. Selec-
tive and controlled remote sensing observations, therefore, have the
potential for providing seasonal information for determining transport
and diffusion mechanisms.

Selective and controlled monitoring also should aid in evaluating
transformation and removal processes. True removal processes carry the
pollutants out of the atmosphere, while transformation changes the ori-
ginal pollutant through chemical and/or physical processes. A trans-
formed pollutant remains in the atmosphere to be removed. The removal
process can occur through dry fall-out, impactién or reaction with sur-
face features, and/or "rain-out" or "wash-out." The type of removal
process characteristic in a region will be related to the transport and
diffusion mechanisms and, therefore, should be roughly predictable. For
example, arid lands and drought periods in semiarid lands, such as char-
acterize much of the United States-Mexico border region, would experience
a predominance of dry fall-out. Transformation poses extreme complica-
tions, due to the need to trace the transport and diffusion patterns of
pollutants after they have been transformed. The transformation process,
in fact, may occur several times in the lifetime of a pollutant, and very
little currently is known respecting the transformtion processes associ-
ated with known pollutants. In addition, the lifetime of pollutants is

altered when transformation processes occur.



Ultimately, determination of transfrontier air pollution effects

must establish where the pollutant is removed. Because the lifetime
of pollutants is a function of the first three factors (including pol-
lutant type), it is clear that no unique lifetime exists for any given
pollutant. The fact that no unique lifetime exists can present tremen-
dous logistical and technological problems in identifying the fact of
a transfrontier air pollution occurence in a particular instance for
a particular pollutant. This is true especially of the more "exotic'
pollutants, such as lead, cadmium, and others, Ultimate removal of
pollutants and the processes by which pollutants are generated and dis-
charged, therefore, may be the most important considerations relative
to remote sensing operations. That is to say, detection of sources and
source areas or pollutant effects on surface features may be more feasi-
ble than attempts to detect pollutants in any one of a variety of states.
Although the emphasis of this thesis is directed at air pollution,
it is beneficial to understand certain relationships between air pollu-
tion and water pollution, respecting distributive characteristics. Gen-
erally, factors controlling the concentration and dispersion of pollu-
tants in the air are applicable to pollutants discharged into the water.
There are, however, important differences between air pollution and
water pollution regarding the nature of the problems posed once distribu-
tion has begun. For example, water pollution " . . . can be controlled
after the pollutants have entered the water," while the "control of air
pollution must take place before the pollutants enter the air, and this
means that control action must be taken at each separate pollution source'

(J. Clarence Davies, III, 1970). Thus, a centralized body can actually



provide the means for water pollution control through such means as

treatment facilities or low-flow augmentation actions. In contrast, air
pollution control allows a centralized body to act only as a regulator
of the source's discharge; no control of the atmosphere is possible.
Another important difference between air and water pollution is that
the geographic distribution of pollutants in the air differs from that
in the water. Whereas, pollutants entering water are confined to rela-
tively defined limits of a river, bay, or lake, pollutants entering the
atmosphere may well be distributed over a widely varying geographic area,
given daily and even hourly variations of atmospheric conditions. It
seems apparent that control approaches must account for these differ-
ences. It is apparent also that the usefulness of remote sensing as
an aid in monitoring and control must be evaluated in the context of
the unique control requirements associated with air pollution. In the
case of transfrontier air pollution, these requirements are compounded

by the requirement for international cooperation.

Framework for Detection and Measurement

Basically, there are two inherent approaches to the utilization of
remote sensing as an analytical tool. The first approach monitors the
concentration of pollutants in an environmental medium, determining the
"ambient'" quality. There are at least three classes of measurement of

the ambient quality. As noted in The Remote Measurement of Pollution,

which was published by the NASA Langley Research Center (1971), these
three classes are:

1. Those that identify a given species of pollutant or
confirm its existence in the atmosphere or the oceans;



2. Those that measure the total amount of a pollutant
over a given area, i.e., the total burden; and,

i
-

Those that measure the distribution or pollutants
along some axis, such as the vertical or line-of-
sight.
The second approach is to monitor the effects of the polluted medium
upon some material contacted by the medium, such as the effects of lead
emissions on vegetation near highways. Either of these approaches may
be used independently depending on the information desired. For exam-
ple, an agronomist may be interested in the effect of air pollution on
the health of crops or on crop yield and have no particular interest
in the ambient quality of the atmosphere. However, the principal
remote sensing approach applied to air quality monitoring is that which
is concerned with the ambient quality or concentration of pollutants.
Because of the scale of transfrontier air pollution problems, large
area, synoptic observations will be necessary to analyze pollution trans-
port and diffusion. As such, "orbital air quality surveys are difficult
to duplicate using aerial observations, which are sufficiently local in
nature to be insignificant in the study of region-scale phenomena" (Frank
S. Wobber, 1969). However, as indicated by the information presented
thus far, many conditions of transfrontier air pollution in the United
States-Mexico border region are localized and may be discrete occurrences.
Thus, 'region-scale" surveys of the ambient air quality may fail to pro-
vide an adequate basis for decisionmaking analysis. In fact, in order
to affirm the presence and degree of concentration and dispersion, low
altitude aerial observations may be necessary. Orbital air quality sur-

veys should not be neglected, however, because of the synoptic view pro-

vided.



As indicated earlier, the acceptance of data relating to pollutant

types, concentrations, and distribution in the global environment is a

critical issue. Inherent political, economic, and cultural differences

between nations are linked to varying national goals and objectives. It

was indicated also that "procedures" to be examined, in light of the

Principles of the Declaration On The Human Environment, should include

an investigation of remote sensing techniques. It is useful to outline

the several attributes of remote sensing in this context.

-

Environmental Impact: Remote sensing techniques are compatible
with the objective of understanding, measuring, and preventing
environmental pollution, because of the minimal effects on the
environmental medium monitored.

Repetition: Remote sensing operations, especially those con-
ducted from orbital platforms, can be conducted on a regular
basis at predetermined intervals. This yields a consistant data
set or, in the case of photography, a regular pictorial history
of a particular area. Clearly, repetitive ability is an import-
ant attribute for monitoring.

Access To Isolated Areas: Remote sensing operations can provide
regular access to areas where on site ("in situ') investigations
would be costly and laborious tasks. For transfrontier air pol-
lution problems, this is important, because 1) many frontier
areas are inaccessible and 2) the need for joint (international)
field teams could be minimized.

Objectivity: Although "interpretation" of remote sensing pro-

ducts implies subjective judgements will be incorporated, the



logical and mathematical basis of the science of remote sens-

ing strives for objective results.

Consistency: Consistency in the remote sensing of phenomena or
areas of interest over time is an extremely important attribute.
Field or "in situ" investigations can easily result in instru-
ment calibration or reading errors. Weather anomalies also can
generate errors in the results obtained. Remote sensing instru-
ments need fewer calibration adjustments over a given period of
time and, in fact, can be automatically calibrated at regular
intervals in some cases. Also, "known error factors' can be
employed to correct the information once obtained. Consistency
in remote sensing by photography can be maintained through the
control of film and filters employed and control of processing
and processing environments. Again, known error factors can

be employed, based on known parameters associated with the cam-
era, film, development process, and acquisition environment.
Synoptic View: The synoptic view provided by orbital platforms
and, to a lesser degree, aerial observation platforms yield
broad-scale information concerning a variety of phenomena. Imag-
ing devices, such as multiband cameras and multispectral scan-
ners, can provide information for analyzing large areas affected
by pollution with respect to several natural phenomena, e.g.,
vegetation, soils, water resources, landforms.

Operational Economics: Satellite remote sensing provides the
opportunity to obtain relatively inexpensive synoptic views on a

global basis at regular intervals. "A principal reason for the



importance of remote sensing is the need for the collection of

data on a scale and with a coverage either prohibitively expen-
sive or virtually impossible by conventional or direct means
. " (Conrad F. Heine and F. Douglas Johnson, Undated). Real
data reproduction also can be easily accomplished, allowing
joint examination of the same data and eliminating separate col-
lection activities. This attribute is particularly desirable
with respect to transfrontier air pollution monitoring in the
United States-Mexico border region.
It should be pointed out that many remote sensing techniques, such as
""Side-Looking Airborne Radar" (SLAR) and "Multispectral Scanners" (MSS),
can yield '"real" images. However, photography has the distinct attri-
bute of providing positive, direct images familar to persons unacquainted
with the scientific basis of remote sensing and image acquisition. For
example, in many cases, little or no "interpretation" is required to

identify a discharge or emissions plume associated with industrial oper-

ations.






CHAPTER VI

LITERATURE REVIEW

Review of the literature yielded significant information regard-
ing the attributes of various remote sensing methods and products.
However, in reviewing the literature, it was found that very few pub-
lished works were concerned with the remote sensing of transfrontier
air pollution, per se. Considerable information on the state of the
art in detecting air pollution was gleaned from the literature,
although many of the works reviewed concentrated more on global prob-
lems and global measurement of pollutants than on regional or local
conditions. Because transfrontier air pollution is inherently a ques-
tion of origin, transport, and deposition, studies relating with these
particular aspects of air pollution detection and measurement were con-
sidered relevant. Studies concerned with pollution damage associated
with broad area dispersion of pollutants also were considered rele-
vant. The following discussion attempts to synthesize a large amount
of information, derived from numerous sources, in order to provide a
workable technical framework applicable to the nature of the trans-
frontier air pollution problems apparent in the United States-Mexico
border region.

Because the detectability and, therefore, usefulness of photographic
images varies with respect to the platform employed, it is important to

note the essential characteristics of images obtained at orbital alti-



tudes and sub-orbital or aerial altitudes. With orbital photography,

concentrations of undispersed pollutants or plumes can be detected. In
fact, "air pollution plumes may be of such major proportions or so sub-
tle in total that they cannot be detected without the large area over-
view and synthesis . . . " provided by orbital coverage (Wobber, 1969).
Photography is effective in the visible region of the electromagnetic
spectrum; however, very few molecular absorption or emission bands
exist in this region for gaseous air pollutants. "The only colored

gas that is a common pollutant is NO [Nitrogen Dioxide], the gas that
causes the so-called brown smog" (NASA Langley Research genter, 1971).
Detection of NOp in the troposphere has been demonstrated, and total
vertical resolution between the ground and the camera has been obtained.
Detection of NOz in the stratosphere is feasible with a vertical resol-
ution of a few kilometers. Although direct detection of specific gas-
eous pollutants with photography is limited, mega-scale phenomena, such
as cloud drift, is detectable. Cloud drift reveals variations in the
air wind structure. Because orbital photographs sometimes can detect
pollution plumes, knowledge of air wind structure is beneficial to
inferences as to transport and ultimate deposition of plume constitu-
ents when known,

The literature reveals that the geographical distribution and
movement of certain types of pollutants, primarily particulates, can be
monitored with orbital photography. "Orbital photograhs have been suc-
cessfully used to define the scale of dust movement, which, like many
man-made pollutants, probably could not have been detected using air-

craft' (Wobber, 1969). William E. Shenk and Robert J. Curran (1974)



reported that the visible reflected energy recorded by the Image Dis-

sector Camera System (IDCS) on Nimbus 4 revealed a bright spot over

the Atlantic Ocean west of Africa, which most likely resulted " .

from the transport of the smaller particles [of a dust storm] over the
water a maximum distance of about 200 kilometers offshore.' Also,
Frances C. Parmenter (1971) reported that "a large area of smoke,
emanating from slash burning operations in Central America, was observed
on Applications Technology Satellite 3 (ATS 3) photographs." The smoke
was visible clearly for a 25-day period and the anticyclonic flow of

the Gulf region carried the smoke " . . . northward and eastward as far
as Tampa, Fla.,"

Thus, orbital photography and imaging systems operating in the
visible region of the electromagnetic spectrum (which produce photo-
graphic-like images) can be useful in tracking particulate matter. In
fact, particulate matter can be tracked over long distances through
regular, repeated surveys at orbital altitudes, if surrounding atmos-
pheric conditions provide sufficient contrast. A significant portion
of the pollution load generated by natural processes and industry is
particulate matter. Therefore, orbital photography provides a high
potential use in monitoring occurrences of transfrontier air pollution
in the United States-Mexico border region.

Generally, aerial photography provides the same potential detect-
ability as orbital photography. However, the scale and detail of aerial
photographs is vastly different. In addition to scale differences, com-
pared with orbital photography, there is a large decrease in the mass of

the atmosphere through which visible radiation is transmitted to aerial



cameras. Thus, there is a considerable difference in spatial and spec-

tral resolution between aerial and orbital photographs obtained in an
identical manner. This does not imply that one method is better than
the other. 1In fact, in an interstate pollution case between Vermont
and New York, both orbital and aerial images were introduced as evi-
dence and accepted by the court.

A good example of the use of aerial photography in detecting part-
iculate pollution is a study conducted in the Kansas City-Topeka cor-
ridor. The study of air quality in this area was based on the assump-
tion that monitoring of particulate matter could be conducted on the
principles associated with the phenomenon of scattering (B. G. Barr,
et. al., 1972). Utilizing multiband photography, Barr and his asso-
ciates assumed that the intensity and polarization of scattered light
could be recorded and density measurements employed to determine an
optical extinction coefficient of particulate concentrations. The cal-
culation of the optical extinction coefficients was accomplished; how-
ever, it was concluded that coefficients could not be relied upon as a
sole indicator of atmospheric aerosol mass concentration. Additional
information was deemed necessary, respecting: 1) the amount of water
vapor in the air compared to the amount of water vapor emitted at the
source; 2) the process producing the particulates; 3) the air tempera-
ture, which affects water vapor condensation on particulates; and,

4) the background aerosol level and emission of gases, which affects
total aerial visibility. It was noted by the researchers that these
factors also may be important to the dispersion characteristics of

plumes.



A principal difficulty in the detection and measurement of pol-

lution with aerial photography and calculation of an extinction coef-
ficient relates to the lifetime of the particles according to size.

All of the above factors will affect lifetime and the rate at which
deposition occurs. Therefore, the change in optical extinction, pro-
gressively away from the source, must be measured. Clearly, the infor-
mation derived from photography will not yield perfect knowledge about
the phenomenon or phenomena under investigation. While the bulk of a
pollutant concentration or the bulk of a pollutant's effects may be
readily apparent, even to the untrained eye in some cases, the full
extent of pollutant dispersion patterns and ultimate deposition tends
to remain somewhat enigmatic. Factors, such as cloud cover, particu-
late scattering, absorption, solar angle, film quality, spectral
response, photographic background, photographic medium, and the pollu-
tant itself, act in concert to prohibit simple methods of identifying
and measuring air pollution. Thus, it is imperative that the interpret-
ation of photographic images must involve various logical methods, such
as photo-interpretation keys, in conjunction with other remote sensing
methods and ground based data gathering activities.

Thus far, there has been mention only of the detection and measure-
ment of air pollutants: the utilization of photography to evaluate the
ambient air quality. The second analytical approach to air quality mon-
itoring, that of evaluating the effects of the polluted medium on mater-
ial it contacts, has been demonstrated in, at least, two studies. In
one study, aerial color photographs were obtained of national forest

lands near Los Angeles (Steven L. West, et. al., 1970). Five different



scales and four different film types were employed in a test to deter-

mine the usefulness of aerial photographic interpretation techniques

in detecting and evaluating air pollution damage. The resulting inter-
pretations of the photographs were verified by ground-based inspection
of the forested lands photographed. The interpretation accuracy was
considered acceptable as was the ground truth correlation. The study
concluded that "aerial photography can be used to detect and evaluate
affected trees within an acceptable limit of accuracy' (West, et. al.,
1970) .

In controlled, experimental photography of vegetation in the Kan-
sas City-Topeka corridor, 'vegetation stress" was determined to be
possibly, if not likely, a direct result of air pollution (Barr, et. al
1972) . Although other factors, such as soil content, soil moisture, and
slopes, were possible causes in most cases, the experimental tests indi-
cated reason for continued investigation of the potential for photo-
graphy to reveal vegetation stress. Tests clearly indicated that vege-
tation near the pollution source (e.g., roadway) was noticeably less
vigorous. Relative to stress created by ambient air quality for the
large metropolitan corridor, the less vigorous vegetation was noticed
where concentrations were highest. Thus, the photography provided evi-
dence of a correlation between pollution and vegetation stress, but Barr
and his associates were unable to state without qualification that the
stress was caused by the pollution. If soil and slope factors could be
neutralized or held constant in a controlled manner, then the strength
of this correlation may be better determined.

Clearly, orbital and aerial (or sub-orbital) photography can contri-

bute significantly to the monitoring and evaluation of certain aspects



of the air pollution problem. However, photography, as a remote sens-

ing system, is limited to the narrow, visible portion of the electromag-
netic spectrum, which is roughly between 100 nm and 1500 nm (1.5 micro-

meters). Non-photographic remote sensing systems operate over a larger

et

portion of the spectrum between the ultraviolet (290 nm) and the micro-
wave (20 m). Many non-photographic systems directly sense reflected or
emitted electromagnetic radiation. Some devices compare the spectral
qualities of an environmental sample with that of a known sample pol-
Iutant. Also, there are a great variety of products or outputs pro-
duced by non-photographic remote sensing systems. Some generate images
and some do not. Due to the different spectral, spatial, and temporal
aspects of the various ''remote sensors," each system possesses inherent
advantages and disadvantages with regard to monitoring pollutant flow
and burden in environmental media.

The greatest ability of aircraft and satellite borne remote sen-
sors in the lower atmosphere is in the determination of the "total" bur-
den of a gaseous pollutant above a point on the surface. At the present
state of the art, there are limitations on the measurement of concentra-
tions at some point or the distribution of gaseous pollutants as a func-
tion of height. However, these limitations can be mitigated through the
supplementary use of " . . . data on wind velocities and wind structure
to quantitatively determine [sic] the total amount of pollutants present
in a given region and to monitor the dissipation of each pollutant and
its mass transfer between one region and another" (NASA Langley Research
Center, 1971). Also, supplementing aircraft and satellite borne remote

sensor data with concurrent ground-based measurements of meteorological



conditions appears useful in making inferences on the vertical struc-

ture of pollution. In the upper atmosphere, limb scanning techniques,
which scan the horizon plane, can independently measure vertical dis-
tribution with good height resolution.

The degree of accuracy appropriate for studying gaseous pollu-
tants has been considered by the scientific community, and levels of
desired accuracy have been established. Tables 7 and 8 are reproduced
to provide a summary of the types of gaseous pollutants causing con-
cern, the associated problems, and the level of accuracy considered to
be appropriate. The tables display measurement requirements at both
the global and regional scales. '"Regional," in the context of this
information, was taken as being an area of about 106 square kilometers
or 384,400 square miles. If the United States-Mexico border region or
the "borderlands' is assumed to incorporate an area roughly 160 kilo-
meters (100 miles) on both sides of the border, then the border region
would encompass approximately 826,000 square kilometers or 320,000
square miles. Clearly, the border region is a typical '"regional" area
defined by NASA. Although spatial and temporal factors were not directly
considered in the formulation of the tables, it was generally held that
a ground resolution of 100 square kilometers (38.4 square miles) was
desirable. The tables are useful for general guidance, but for problems
of localized transfrontier air pollution, a ground resolution of greater
than 1 square kilometer will prove inadequate.

Airborne particulate measurement depends on an understanding of
interactions resulting from scattering, rather than alteration of the

"nmormal' or clean atmosphere, per se. Therefore, the prime determinants
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examined are the " . ., . conductivity and size compared to the radiation

wavelength" (NASA Langley Research Center, 1971). The principal concern
is the size parameter (q), defined as the ratio of the circumference of
the particles divided by the wavelength of radiation. Utilizing laser
radar (LIDAR), the presence of particulate matter can be determined by
deviations in echos that might be expected from a pollution free atmos-
phere. "Typical range resolution with presently available laser radar
systems are of the order of 100 m" (NASA Langley Research Center, 1971).
This resolution seems appropriate for transfrontier air pollution prob-
lems; however, a finer resolution may be desirable. ''The ability to
collimate the high intensity light source and the very narrow spectral
line widths makes the laser very attractive for pollution measurements'
(NASA Langley Research Center, 1971). It must be noted, however, that
maintenance of collimation is a principal limitation of LIDAR systems,
especially in the infrared portion of the spectrum, which is the ""signa-
ture region." Also, LIDAR systems require an energy source, making

them expensive to operate.

When passive systems are employed, the "'signature" of a pollutant
in the atmosphere usually arises due to molecular absorption. In active
systems, such as LIDAR and RADAR, the '"signature" may also arise due to
scattering processes. Thus, the choice of a spectral interval will be
dictated by " . . . the presence of a measurable molecular absorption
coefficient in the interval or by the existence of a sensible spectrally
dependent molecular scattering coefficient in the region" (NASA Langley
Research Center, 1971). These coefficients are an indication of the

pollutant's signature as a function of the signature of a "clean" atmos-



phere. However, the difficulties of data interpretation and the avail-

ability and sensitivity of instruments and detectors must be considered
in any monitoring effort.

Spectroscopic techniques, whether in emission or absorption mode,
offer the means for the direct and continuous detection of pollutants
in the gas phase. The absorption or emission characteristics can
serve to identify a pollutant and to measure its ambient concentra-
tions. Furthermore, spectroscopy offers the means for direct obser-
vation of pollutants at a point or over an extended path without the
need for any intervening sampling apparatus.

Specific techniques, methods, and systems, demonstrated to be use-
ful in non-photographic remote sensing of air pollution, are summarized
in the following paragraphs. In addition, Appendix D summarizes speci-
fic experiments conducted to evaluate the usefulness of Landsat MSS
imagery in detecting air pollution. Landsat MSS imagery is readily
accessible at a comparatively reasonable cost.

* The Non-Dispersive Infrared Spectrometer (NDIR), using a dual
isotope fluorescence principle, senses Carbon Monoxide (CO) in
the atmosphere to a sensitivity of 0.1 parts per million (ppm).
Since its original incorporation in Skylab and subsequent com-
mercialization, the technique has been greatly improved.

A dispersive polychromator radiometer, used in conjunction with
the Satellite Infrared Spectrometer (SIRS) on Tiros and Nimbus,
yields reliable measurements that can be converted into a verti-
cal temperature profile of the atmosphere. However, the instru-

ment complex is not effective when cloud cover is present,



The Vertical Temperature Profile Radiometer (VTPR) can obtain

information when partly cloudy conditions prevail. The VTPR
takes advantage of the spectral properties of ubiquitous Car-
bon Dioxide (CO3).

Densitometer scans of Landsat imagery have provided qualita-
tive information on the character of aerosol plumes in the
atmosphere. 'By correlating ERTS [Landsat] imagery with known
stack locations, actual emission data, and meteorological con-
ditions, atmospheric diffusion coefficients can be computed
and a model developed to predict surface emission concentra-
tions'" (Heine and Johnson, Undated). It also may be possible
to determine stack emission rates using ERTS imagery in this
manner,

The Correlation Interferometer has been developed to a point
where it can measure CO concentrations in the atmosphere with
good sensitivity and specificity. Three sensors in the Nimbus
6 interferometer measure ozone, water vapor, nitric acid, meth-
ane, nitrous oxide, and nitrogen dioxide in the stratosphere,
while a second remote sensor measures carbon monoxide, sulfur
dioxide, ammonia, and methane in the troposphere. Also on
board is a visible polarimeter that measures the composition,
size, and distribution of particles in the atmsophere.
Correlation spectrometers have been shown to be effective in
determining sulfur dioxide (S05) and NO2 profiles via airborne
platforms. The instrument can be pointed up, down, or obliquely,

enabling profile data to be obtained over an entire region,



depending on the flight path. Basically, the correlation spec-

trometer can be used to obtain measurements of "total" pollutant
burden and pollutant mass flow. Measurement of burden can be
obtained with the instrument pointed vertically upward, which
results in values specified in parts per million meters. The
measurement of mass flow can be obtained by combining burden
with wind speed and direction, assuming the pollutant is trans-
ported by wind. Mass flow measurements are estimated only,
unless the speed of the platform is taken into account. The
resultant flow in grams per second can be converted into metric
tons per day with this approach. Use of the correlation spec-
trometer requires knowledge of the mixing depth of the atmos-
phere and, therefore, the vertical temperature profile must be
known. Vapor content of the atmosphere also is important in
interpreting profiles obtained with the correlation spectrometer.
The Kansas City-Topeka corridor study demonstrated the effect

of atmospheric lapse rates on plume dispersion, utilizing a cor-
relation spectromter (Barr, et. al., 1972). Plume dispersion

(or dispersion of any pollutant released into the atmosphere) is
affected by the meteorological conditions prevailing in the area.
Pollution, in turn, affects these atmospheric conditions. Thus,
as pointed out by Barr and his associates, factors, such as

" . . . condition of release, wind speed, turbulence, stack
height, and many other factors associated with terrain and aero-
dynamics . . . " must be considered.

The application of active (radar) and passive (radiometer) micro-

wave remote sensing systems to measure vegetative stress associ-



ated with air pollution also was investigated in the Kansas

City-Topeka corridor study (Barr, et. al., 1972). The use of
fine-resolution synthetic aperature radar (SAR) was reported

to be promising.

The use of radiometers for monitoring pollution in the atmos-
phere has provided measures of ozone and water vapor concentra-
tions.

With a spectral scanning capability and when used in the
absorption mode, radiometers have been shown useful in con-
touring particulate atmospheric constituents and determining

the distribution of molecules along the line of sight,

The Visible and Infrared Spin-Scan Radiometer (VISSR) on the
Synchronous Meteorological Satellite (SMS-1) has been shown

to be useful in detecting ground radiation fog and low stra-

tus clouds (John A. Ernst, 1975). The VISSR also has been

shown useful in detecting large scale dust movement in the
southern portion of the United States (Henry W. Brandli, et. al.,
1977} .

The Temperature Humidity Infrared Radiometer (THIR) on Nimbus 4
proved useful in interpreting storm conditions and the over-all
dimensions of an area of the western Sahara Desert in which a
dust storm occurred between 20 and 23 April, 1970 (Shenk and
Curran, 1974). The THIR was employed on the premise that there
would be a detectable thermal contrast between areas where mate-
rial is and is not being lifted. The thermal data obtained from
the THIR was used in conjunction with the Image Dissector Camera

System (IDCS) also on Nimbus 4,



Two ESSA 8 photographs, analyzed by Tillmann Mohr (1971), were

found useful in detecting " . . . areas of critical pollution
potential (i.e., areas with existing low-level inversions)'" in
an area of western and central Europe.

Much work has been completed and continues in the development and
use of photographic and non-photographic remote sensing for air pollu-
tion detection and monitoring. In addition to the specific examples
cited above, a summary of NASA findings is presented in Table 9. Thus
far, most systems employed are not strictly applicable to air pollution
problems. This means, simply, that further work need only be oriented
to experimentation with currently available instruments, in order to
gain better understanding of interpretative techniques. Thus, this
study is directed toward evaluating whether remote sensing applications
and interpretation of outputs can be employed to produce meaningful
inputs for global, national, regional, and local decisionmakers dealing
with transfrontier air pollution concerns. Ultimately, the science of
remote sensing, its theories, its instruments, and its interpretations
must be oriented to enhance decisionmaking processes.

At present, the efforts of the science seem to be spread thinly
over numerous areas of interest or concern. The focus of this study
and the evaluations of imagery to follow are concerned with the poten-
tial contribution of the science to the problems of transfrontier air
pollution. It should be noted that there was considerable difficulty
encountered in determining the proper terminology for instruments, which
should be established, if for no other reason than to allow understand-

able communication respecting techniques, methods, and applications. The
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use of the terms radiometer and spectrometer interchangeably in the

literature is unjustified, because there are inherent differences
between these two types of devices. In fact, the lack of definition of
many terms freely used in the literature and a general lack of standard-
ization of terminology reveals the immaturity of the science.

Relative to the questions of transfrontier air pollution problems,
it is apparent that remote sensing can provide significant information
concerning CO, COp, NO2, SO2, and other pollutants. Additionally, remote
sensing can provide valuable supplementary data necessary to the inter-
pretation of pollutant species effects, especially temperature profiles,
and/or variance of air and water temperature, circulation of water, air
mass dynamics, water vapor content of the atmosphere, and oxygen content
of water bodies. It appears that both spatial and spectral resolution
can be attained appropriate to the scale of transfrontier air pollution
problems. The remaining evaluations of specific imagery are aimed at

determining the validity of this general conclusion.



! CHAPTER VII

IMAGE SELECTION AND EVALUATION METHODOLOGY

Evaluating the contribution which remote sensing methods and pro-
ducts, specifically photographic and non-photographic images, can make
to resolving transfrontier air pollution problems (and other environ-
mental problems) involved 1) a determination of the potential useful-
ness of photographic and non-photographic systems to detect pollutants
and 2) an examination of selected products and analytical techniques
relative to images generated by those systems. Products were selected
with respect to the United States-Mexico border region within the broad
definition noted in Chapter IV. The determination of potential useful-
ness relied on the review of the literature in Chapter VI, evaluation
of the nature and character of environmental problems in the border
region as presented in Part Two, and a search and screening of acces-
sible product files, such as microform and computer listings, maintained
by public agencies (Dick Kroeck, 1976). The latter effort will be dis-

cussed more fully in later paragraphs.

Examination of selected products included fundamental interpreta-
tion techniques applied to a variety of images. Visual interpretation
techniques, including stereoscopy, were employed initially. The spectral
sensitivity and spatial resolution provided by the images was evaluated,
Image enhancement techniques were then applied to some of the products

to determine the usefulness of such methods in contributing to the eval-




uation of transfrontier air pollution occurrences. Finally, findings

and conclusions, derived from evaluation of the selected images, were
schematized. The scheme relates the type of image and image scale to
potential use in evaluating transfrontier air pollution concerns of
the border region. The findings and conclusions will be discussed in
Part Four.

Image selection was intended to yield the greatest variety of
images, based on spectral, spatial (or scale), and temporal differences.
However, limitations were imposed on both the selection of products
and the evaluation of analysis techniques, because financial resources
were lacking, the most sophisticated analysis techniques were inacces-
sable, and a controlled program of observation and ground truth collec-
tion was impossible. These limitations are not considered fatal to the
study, because an important premise is that the products be suitable
for use by the United States and Mexico. Thus, the products should be
1) readily accessable, 2) amenable to fairly direct interpretation and
analysis, and 3) reasonably inexpensive. The premise is based on the
belief that accessability, analysis, and costs would be critical con-
cerns in the establishment of joint efforts between the two countries.
Considering the disparity of wealth and technological achievement between
the two countries, this does not seem to be an unreasonable basis upon
which to structure the study. Therefore, despite the limitations noted,
it is believed that the methodology employed has served to 1) establish
a firm basis for preliminary conclusions respecting the utility of remote
sensing in transfrontier pollution monitoring in the border region,

2) provide adequate knowledge for initial attempts to integrate remote



sensing methods and products into an international monitoring program,

and 3) provide sufficient information to formulate directions for future
study.

Remote sensing imagery readily accessible for a study of this
nature include: Landsat images generated by the Multispectral Scanner
(MSS) and Return Beam Vidicon (RBV) camera; photographs obtained by
the Skylab Multiband Camera (S190A); photographs obtained by the Skylab
Earth Terrain Camera (S190B); Apollo/Gemini photographs; NASA aircraft
photographs; and visual and infrared images generated by the Synchronous
Meteorological Satellite (SMS) and the Geostationary Operational Environ-
mental Satellite (GOES) over the Pacific and Atlantic Oceans, respec-
tively. All the products noted are in the public domain and can be
obtained at a nominal cost for reproduction. The Landsat, Skylab,
Apollo/Gemini, and NASA products are available directly from any one
of several agencies established to provide the products to the public.
Kroeck (1976) has prepared a comprehensive listing of sources of imagery,
including a concise summary of image characteristics, platforms employed,
and sensor features. SMS and GOES imagery is relatively easy to procure
at principal United States Weather Service offices. In addition, an
unknown number of local aerial photographic surveys have been conducted,
but most of these are not in the public domain and, therefore, not cata-
logued nor as easily procured.

Prior to selecting remote sensing products for evaluation in this
study of transfrontier air pollution, an attempt was made to determine
the potential usefulness of the various products noted above. Therefore,

listings of available photographs and imagery with cloud cover of 10% or



less were requested for the United States-Mexico border region. Because

of the large land area of this region (826,000 square kilometers or
320,000 square miles), an enormous amount of images have been obtained
in recent years through a variety of means. Only the Landsat listing
proved manageable with regard to a basic selection process. Even an
analysis of Landsat usefulness had to be restricted: 1,349 accessions
were listed for the paths and rows crossing the border. Therefore,
imagery of the international metropolitan complex of El Paso-Cuidad
Juarez was selected for evaluation. This international urban center
exhibited most of the environmental problems contributing to trans-
frontier air pollution, meteorological information was easy to procure,
it has been the subject of considerable debate already with respect to
transfrontier air pollution problems, and the two cities were accessable
to the author for purposes of field investigations and interviews with
persons in the area,

The potential usefulness of Landsat images was evaluated on the
assumption that the images had to be free of clouds (10% of less) to
enable detection of air pollution. Analysis of the listing of Landsat
images of the El Paso-Cuidad Juarez area revealed that there were poten-
tially 168 images generated, during the period 09/06/72 and 08/06/78.
Of these, 114 or 67.9% were characterized as having 10% or less cloud
cover. Clearly, a high percentage of cloud free or nearly cloud free
images would be expected for the arid climate. The listing indicated
50 out of 114 images (almost 30% of the total for the period) were high
quality and 24 images (slightly over 14%) were high quality with 00%

cloud cover. Thus, the gross protential for using Landsat images was



apparently high, especially in the aird (and probably semiarid) portions

of the border region. By way of comparison, only one image was reported
to have 00% cloud cover for the Gulf Coast area and the Rio Grande Embay-
ment, during the period 01/21/73 to 07/12/78.

The listing of Landsat images also was useful in determining the
time of year cloud free images would be most probable. For the the El
Paso-Cuidad Juarez area, it was expected that the time of year with the
highest number of cloud free images would correspond to the time of the
year with the highest frequency of inversions: late fall, winter, and
early spring. Should this be true, there would be a high potential for
any particular image generated during this time to reveal air pollution.
Thus, the selection of images could be guided to the times of the year
when the potential for detecting specific pollution sources or the total
pollution burden would be highest. The fact that Landsat MSS images
are generated at approximately 9:30 A.M. local time was added reason to
believe that specific images might be useful. Generally, nocturnal
inversions do not 'break-down" until midday. Analysis of the listing
revealed that October and May accounted for the greatest number of
images having 10% or less cloud cover. In addition, 45.5% of the Octo-
ber images and 34.4% of the May images were listed as cloud free. The
higher percentage for October correlates will with the higher inversion
frequency at that time of the year compared with May.

In order to determine the usefulness of available non-Landsat
images, the microform library at the regional office of the National
Cartographic Information Center in Denver, Colorado, was searched. Dur-

ing a 4 day period, hundreds of photographic images (including Landsat



images) were previewed for examples of air pollution in the border

region. This search was directed at areas in the border region where
industrial activities and other pollution sources (or source areas)
were known to exist (e.g., Douglas, Arizona; Ajo, Arizona; El Paso,
Texas; Cuidad Juarez, Chihuahua; and Rosarito, Baja California). The
search was not based initially on temporal or spectral considerations.
These considerations were fundamental, however, to the actual selection
of products for evaluation.

A total of 54 separate images, generated by Landsat, Skylab,
Apollo/Gemini, and NASA aircraft operations, were selected for detailed
examination and evaluation, employing the following criteria.

The image exhibits a readily apparent air pollution occurrence,
such as a stack emissions plume, dust, or agricultural burning.
The image exhibits an area in close proximity to the border or
the area reasonably can be considered an integral part of the
border region.

The image was generated during the low-sun season when the
inversion frequency is highest.

The image adds to the variety of media and film type necessary
for comparative analysis.

It is possible to use stereoscopic techniques, because the sub-
ject of interest appears ona sequential series of images.

The image differs in scale from a similar image of the same area.
The image was generated at a different time of the year from a
similar image of the same area.

In addition, SMS and GOES images for the month of January, 1979,

were obtained without regard to the above criteria. The general utility



of meteorological satellite images was evaluated, respecting the mon-

itoring of atmospheric dynamics associated with the border region, espe-
cially wind patterns. A special example of air pollution was recorded
by the SMS VISSR during the course of this study and has been incorpor-
ated in the general evaluation. A list of all images selected, identi-
fying image type and time of year obtained, is provided in Appendix E.
An evaluation of the selected products is presented in Chapter VIII.

A remote sensing device readily available, but as yet unmentioned,
is the hand-held, land-based camera. In areas where pollution sources
are in such proximity to the border that transfrontier air pollution is
an immanent occurrence at any time, hand-held photography could be use-
ful in documenting and even studying the occurrence. It was believed
that the use of a polarizing filter, as suggested by Barr and his asso-
ciates (1972), might aid in revealing some characteristics of plume
dispersion. In order to test this remote sensing technique, the El
Paso-Cuidad Juarez metropolitan area was observed and photographed over
a three day period (November 8-10,1978). Several of the slides from
this phase of the study have been incorporated into the general eval-
uations of the usefulness of remote sensing to detect and monitor trans-

frontier air pollution presented in the next chapter.



CHAPTER VIII

EVALUATION OF IMAGES

Selected remote sensing products, specifically photographic and
non-photographic images, were evaluated by employing three interpreta-
tion techniques: visual evaluation of apparent information; inter-
pretation and mensuration of stereo models; and image enhancement. The
usefulness of the various selected images to detect transfrontier air
pollution was determined on the basis of the evaluations presented in
this chapter. All plates and slides referenced in the discussion are

grouped at the end of the chapter.

Visual Evaluation of Apparent Information

Generally, photographs provided direct evidence of air pollution
occurrences in the border region without any special interpretive aids.
This was true at both orbital and aircraft (or sub-orbital) altitudes.
Plates 1, 2, and 3 show the large open pit copper mine and Stargo Plant
between Clifton and Morenci, Arizona. Plate 1 is a Skylab photograph

obtained February 1, 1974, which exhibits a readily apparent plume with

an east-southeast directional component. In contrast, Plate 2, obtained
the previous summer (August 11, 1973) on a previous Skylab mission,
exhibits no coherent plume. In fact, a very diffuse discharge is appar-
ent over a very large area southwest of the plant site. Plate 3 was

obtained November 21, 1972, by a high altitude NASA aircraft. The stack




discharge is fairly concentrated near the plant site and has a direc-

tional component to the northeast.

These photographs, obtained at three different times of the year
over a two year period, indicate the capricious nature of stack dis-
charges. They also indicate that monitoring a point source, such as
the Stargo Plant, is reasonable over a long period of time. With a
knowledge of the quality and quantity of stack emissions and local
atmospheric conditions, continuous monitoring with photography should
prove useful in developing a model for predicting the probable area
of ultimate deposition, given a selected set of variables. This con-
clusion applies only to normal black and white and color photographs,
because the dispersed pattern so apparent in Plate 2 was not readily
discernible in a color infrared (CIR) photograph taken simultaneously
by the Skylab Multispectral Camera (S190A). Color infrared photo-
graphs of the New Cornelia Mine at Ajo, Arizona, also were deficient
in revealing stack emissions. This probably results from the greater
penetration of aerosol formations, such as plumes, by devices operat-
ing in the near infrared portion of the electromagnetic spectrum (700
nm to 1100 nm).

However, stack emissions or discharges were evident in both CIR
photographs. Thus, it is reasonable to conclude that comparison may
be useful, because infrared would be more sensitive to slightly larger
particulate matter. The comparison of infrared photographs of stack
emissions with photographs filtered for sensitivity to the shorter
visible wavelengths might aid in developing information concerning the

relative abundance of gases, aerosols, and particulates in stack emis-



sions. The general principles of scattering should apply, which is

supported by the studies of Barr and his associates (1972).

Visual analysis of a color infrared photographic series of the
El Paso-Cuidad Juarez international metropolitan area revealed no
atmospheric pollution. However, the detail of cultural features pro-
vided by this type of product should prove useful in identifying and
evaluating some of the principal sources and source areas of pollu-
tion, such as bare soil, highway corridors, agricultural areas, and
industrial areas (Plate 4). In fact, Norman J. W. Thrower (1970) indi-
cated that several studies have attested to " . . . the use of infra-
red (CIR) film for delimiting socioeconomic areas in cities." This
type of information should be helpful in assessing the total pollution
potential for the metropolitan complex. Especially notable in Plate 4
is the large area of dirt roads flanking Cuidad Juarez on the west and
south. Also, principal industrial areas are apparent as are the exten-
sive agricultural areas of the Rio Grande Valley.

Visual analysis of Landsat MSS images yielded mixed results. It
is clear from the literature that the detection of air pollution is pos-
sible with Landsat imagery. Color composites proved useful for identify-
ing large scale industrial operations (Slide 2), assessing the areal
extent of agricultural activity (Slides 1, 3, and 4), and evaluating
natural landscape characteristics (Slides 1 - 4). However, the usefulness
of Landsat imagery for visual confirmation of air pollution is limited,
at best. The hypothesis that Landsat images would be useful at specific
times of the year, when natural or man-made events are conducive to air

pollution concentrations is invalid relative to the images selected.



This does not mean the hypothesis itself is invalid; there is insuffi-

cient information to prove or disprove it. A principal reason for an
invalid result could be the climate of the United States-Mexico border
region. The detection of air pollution, utilizing Landsat imagery, as
reported in the literature, was associated with the considerably more
humid northeast and east central portions of the United States. The
aridity of the border region inhibits not only the magnitude of aero-
sol concentrations, but also the duration of existence.

Bands 4, 5, and 7 of the Landsat MSS were evaluated. The three
bands were selected from March, June, and November scenes of the El Paso-
Cuidad Juarez area. There was no discernible air pollution in any of
the images. Data from Continuous Air Monitoring Stations (CAMS) in El
Paso indicate that the wind speed was less than 7 mph at the time the
November images were generated (Table 10). The CAMS data also indicate
higher levels of all measured constituents (except ozone) in November
compared with March and June. The November images (Plates 5, 6, and 7)
reveal an essentially cloud free condition. Thus, given the low wind
speed, the slightly elevated pollutant levels, and the clear sky, it can
be concluded on the basis of Hosler's (1961) analysis that a low-level
ground radiation inversion was probably in effect when the scene was
recorded. While Band 4 (500 nm to 600 nm) is definitely darker than
Bands 5 and 7, this is not conclusive evidence that the inversion is
detected. Band 4 is especially sensitive to attentuation effects of
the total atmosphere, which reduces the surface radiance received and
recorded by the sensors of the MSS. Thus, Band 4 is the darker image

for the March and June scenes also. 'Darker" is really only a visual
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interpretation; Band 4 simply does not possess the scene contrast (or

spectral response) of Bands 5 and 7. This is evident also in images of
the San Diego-Tijuana area on the Pacific coast (Plates 8, 9, and 10).

The lack of natural contrasts in the predominantly arid and semi-
arid environments of the border region reduces the usefulness of Landsat
imagery in the high-sun season. On an annual basis, images generated
in November offered the best scene contrast. A lower solar elevation,
greater soil moisture, more vigorous vegetation, and other factors pro-
bably contributed toa better spectral response. The reflectance of the
nearly barren desert environment within which El Paso-Cuidad Juarez are
situated has a definite effect on image quality. The high reflectance
saturates the detectors of the sensor, which leads to a condition ana-
logous to '"overexposure" in photography. This is not as true for the
areas of the border region with greater vegetal cover. Thus, the Band 7
image of San Diego in late summer showed good scene contrast, whereas the
Band 7 image of El Paso did not. Solar elevation varied only 3 degrees
between the two images.

Landsat RBV images of the El Paso-Cuidad Juarez area did not reveal
any apparent air pollution. The same holds true for RBV images of the
Douglas-Agua Prieta area. Attempts to compare differences of RBV images
on a seasonal basis failed because of poor image quality. It was assumed
that the high-sun effect would also be associated with the RBV images.
That is to say, a high solar elevation would saturate the RBV camera and
result in an overexposed image being generated. The May image of El
Paso-Cuidad Juarez had little scene contrast compared with the October

image, which was generated when the solar elevation was several degrees



lower. The images of the Douglas-Agua Prieta area were generated in

April and August with solar elevation differing by only one degree. The
April image had very poor scene contrast. Thus, it was concluded ini-
tially that the better spectral response of the August and October
images was a result of increased vegetal cover, soil moisture, or some
other factor(s). However, closer examination of the image generation
data revealed that the April and May scenes were exposed for 4.0 ms
(milliseconds) compared with 2.4 ms, which was the exposure of the
August and October scenes. While a more thorough analysis of this mat-
ter would be desirable (using many more images), it seems apparent that
the shorter exposure time will be necessary for good quality images of
the arid and semiarid regions of the border region.

The SMS and GOES imagery for the month of January, 1979, did not
reveal transfrontier air pollution in the border region. However, mete-
orological satellite imagery has proven useful in evaluating regional
and seasonal air flow. The GOES imagery shown as Plates 11 and 12
reveals air flow across central Mexico northward and eastward toward
the Florida panhandle. This air flow is similar to that revealed in
the May, 1971, images generated by the Applications Technology Satellite
used by Parmenter (1973) to study smoke movement from Central America.
Plate 11 is a '"visible" image generated at 3:01 P.M. MST and Plate 12
is a computer enhanced "infrared" image generated at 3:32 P.M. MST.

Both images are useful in determining the areal extent of cloud cover,
cloud height, and air circulation patterns.

Recent visible imagery from both the SMS and GOES has demonstrated

the feasibility of detecting and monitoring regional scale air pollution



movement. Brandli and his associates (1977) cited the detection by GOES

sensors of dust movement from Texas to Florida. On several occasions,
steamship plumes have been detected and recorded by satellite sensors.
Plate 13 shows the most recent example of this detection capability.
The detection of steamship plumes raises the question regarding the 200
nautical mile "exclusive economic zone," It is conceivable that point
source air pollution standards may be enforced in the zone. However,
legal enforcability would be less of a question than the political and
economic ramifications of enforcement. Because the SMS and GOES images
are generated every one-half hour and several ''enhancement curves' are
already developed, the usefulness of these images for continuous moni-
toring for transfrontier air pollution merits further and more detailed
appraisal,

Experimentation with hand-held photography also appears warranted.
During the month of November, 1978, photographs of the El Paso-Cuidad
Juarez metropolitan area were taken by the author (Slides 5 - 11). In
this experiment, there was an attempt to evaluate the use of a polariz-
ing filter to enhance the definition of pollution concentrations. The
tests were less than conclusive, because exposure setting apparently was
a critical modifier of the images. The experiment did demonstrate, how-
ever, that hand-held photography is practical for documenting air pollu-
tion concentrations. There also is justification for believing that a
polarizing filter will be beneficial in monitoring activites, if more
sophisticated camera equipment is employed by trained personnel.

Good visual evidence of air pollution concentrations, resulting

from inversion conditions, is exhibited in Slides 5 - 9. The top of a



ground radiation inversion is faintly visible in Slide 5. Slide 6

reveals a ground radiation fog (or haze) forming before 5:30 P.M. over
the two cities and extending northward into the Tularosa Valley. It
was found that a panoramic series was useful in gaining insight into
the full effects of the inversion process and pollution concentrations
that develop. Slides 7, 8, and 9 form a panoramic series of the two
cities, which was generated with a normal lens the morning after the
evening Slide 6 was generated. The trapped pollutants are readily
apparent as a haze with definite vertical limitations. Although the
haze appears to be concentrated mostly over Cuidad Juarez, this may

be an effect rather than a fact. Many photographs from many different
angles would be necessary to substantiate this conclusion.

The polarizing filter seemed to prove more beneficial when photo-
graphing a specific target. Slide 10 shows the plume from the ASARCO
smelter taken with a normal lens. Slide 11 shows the same plume taken
with a polarizing filter. As already noted, exposure settings are cri-
tical to this type of remote sensing. However, these two photographs
support the belief that a polarizing filter would be useful in gaining
a better definition of plume dispersion characteristics. According to
the Aeronautical Sectional Chart for the El Paso region (NOAA, 1979),
the top of the taller stack is 825 feet above ground level. Comparing
the plume behavior shown in Slide 11 with Figure 2 on page 142, it can
be concluded that there is probably a weak lapse condition at this
height above the ground with an inversion below, i.e., a combination of
(b) and (d). Although not a substitute for actual atmospheric data,

Figure Z is a good reference for evaluating plume behavior. For example,
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Plate 14 shows the plume from the smelter in Douglas, Arizona, crossing

the border into Mexico. This, in fact, is the photograph shown to the
Governor of Arizona by the Governor of Sonora, referred to earlier (See
page 30). Visually, the movement of the plume seems to reflect a weak
lapse condition (b in Figure 2) with a strong south-southwest wind com-
ponent. The plume fromthe Stargo Plant (Plate 1) indicates a weak lapse
condition (b) and, possibly, an inversion aloft, producing the "fanning"
effect (¢). Plate 2, also showing a plume from the Stargo Plant, indi-
cates either the "fumigation'' (e) or "trapping'" (f) of the stack emis-

sions by an inversion aloft.

Stereo Model Interpretation and Mensuration

Several photographic series were obtained, which exhibited air pol-
lution in the form of stack emissions. Plates 1, 4, 14, and 15 are
images from three different series generated at orbital altitudes. Two
photographic series were obtained, which were generated at a sub-orbital
altitude (Plate 3). Each series yielded a stereo model, which was eval-
uated to determine the feasibility and practicality of utilizing stereo
models to define and describe plume profiles and behavior. Four mensur-
ation techniques were employed in attempts to develop quantitative
descriptions of the plumes visible in the selected images: 1) direct
measurement of parallax and measurement of parallax using the Michigan
Parallax Wedge; 2) measurements using a measuring magnifier with 0.1 mm
accuracy; 3) area measurements using random samples from an area grid;
and 4) definition of vertical and horizontal dispersion of the plumes

using a Form Line Grid in conjunction with a hand stereoscope.



Generally, stereo models of images generated at orbital altitudes

are impractical for developing vertical profiles, due to the small scale
and relative lack of depth of the model (Plate 1). Parallax measurements
are not feasible, either through direct measurement or using the Michi-
gan Parallax Wedge. The use of a Form Line Grid to develop a contour

of plume dispersion is not practical either, due to lack of model depth.
The stereo models did reveal the vertical displacement and directional
components of the plumes examined, which was beneficial in understanding
atmospheric conditions (Plate 15). It is possible that more sophisti-
cated equipment and techniques, such as employed by W. Z. Sadeh and J.
F. Ruff (1973), could yield accurate measurements of vertical displace-
ment. However, Sadeh and Ruff employed aerial photographs from low-
altitude, and it is not known whether any principles employed by them
would be applicable to the problems of stereo models from images gener-
ated at orbital or even sub-orbital altitudes. Indications are that
such models are generally not useful for detailed mensuration efforts
(Robert G. Reeves, 1975).

Individual photographs generated at orbital altitudes, however, were
useful in developing quantitative measurements of horizontal dispersion.
A measuring magnifier was adequate to develop reasonable dimensions of
the horizontal dispersion of plumes. It is important to note that hori-
zontal dispersion measurements must relate to plume height, because the
height of the plume is the actual plane of measurement for horizontal
dispersion relative to the imaging system. Thus, while careful measure-
ments can provide a horizontal dispersion profile, the magnitude of dis-

persion will be underestimated, if plume height is ignored. Therefore,



in order to gain an accurate estimate of horizontal plume dispersion,

the plume height must be determined. As plume height can not be deter-
mined from the stereo models formed from orbital photographs, some
other method will be necessary to determine the required scale adjust-
ment.

Sub-orbital photographs proved to be considerably more useful in
determining the total plume profile (Plate 3). Although even the lar-
ger scale of sub-orbital photographs did not produce a stereo model
with adequate depth for measurements of parallax with the Michigan
Parallax Wedge and a hand stereoscope, precision instruments may be
able to produce good estimates. Horizontal dispersion measurements
were relatively easy to make; however, the limits of the plumes were
not able to be defined accurately, due to diffusion at the margins.
Measurement of the area covered by a dispersed plume was conducted and
reasonable results obtained. Again, determining the limits of the
dispersed plume was a critical factor, which was not totally resolved.
A description of all plume measurements attempted and conclusions dev-
eloped respecting the reliability and/or practicality of those attempts

is presented in Appendix F.

Image Enhancement

A relatively inexpensive and direct process for the enhancement of
photographic and non-photographic images is density slicing. The pro-
cess employs a vidicon camera to scan an image placed on a light table.
Analog techniques are incorporated to translate the amount of light

transmitted through the image into values on a gray scale. Values of



the gray scale can be read as the percentage of light transmitted

through the image. Thus, black would be 00% transmittance and white
would be 100% transmittance. The density slicer employed produced
output in three forms: 1) a color enhanced image linked with a set
of "crosshairs" for determining the transmittance percentage at any
particular point on the image and producing a graph of percentage
values across the width or length of the image; 2) a black and white
image linked to contrast adjustments; and, 3) a three dimensional
image translator, which generated a contoured image revealing the
across the image light transmittance graph for each line scan of the
vidicon camera.

Density slicing techniques applied to photographs were helpful
in verifying the visual interpretations of plume dispersion patterns.
Density slicing also proved useful in adding to the knowledge of the
patterns. For example, Plate 1 shows the plume of the Stargo Plant
oriented downwind toward the southwest face of the Big Lue Mountains
on the border between Arizona and New Mexico. It is unclear from the
photograph what occurs at the face of the mountains. There seems to
be a piling-up of emissions and then extreme diffusion along the face
of the mountains to the southeast.

Utilizing the density slicer to analyze the plume despersion pat-
tern of the plume visible in Plate 1, the image shown as Slide 12 was
generated. This "enhanced" image indicates that there apparently is
a piling-up of emissions against the mountains. However, the presence
of clouds directly north of this point makes a positive conclusion some-

what tenuous. It is possible that a cloud formation process not readily



apparent in the photograph is accentuating the total whitness at this

point in the plume dispersion pattern. Slide 13 shows a magnification
of the area of the plume in question and tends to verify that the con-
dition is produced through a piling-up of emissions rather than cloud
formation processes. The path of movement of the plume and a distinc-
tion in form and color from the clouds to the north leads to this con-
clusion. Further evidence is provided by Slides 14 and 15, which pro-
vides a three dimensional visual separation of the apparent plume ter-
minus and the clouds. An attempt to analyze the more dispersed emis-
sions pattern of the August photograph of the Stargo Plant (Plate 2)
was unsuccessful. The images generated by the density slicer provided
little additional information regarding the extent of the dispersion.
In fact, there was no distinction between the dispersed plume, the mine
itself, and the apparent bare soils of the Gila River Valley to the
west.

Slides 16 and 17 are enhanced images of the plume emanating from
the smelter at Douglas, Arizona (Plate 14). Because of a strong con-
trast between the plume and the surrounding landscape, a strong, dis-
crete image of the plume was generated by the density slicer. This
experiment indicated that the density slicer may have utility in defin-
ing the limits of an emissions plume, a factor noted as critical in mea-
surements of horizontal dispersion. Each slide reveals the percentage
transmittance graph superimposed on the enhanced image. The location of
the horizontal line determines the values of the graph. Thus, Slide 16
shows the line directly over the source and Slide 17 shows the line at

the apparent terminus of the plume. Transmittance registered 80.9% to



81.1% over the source, which is reflected by the graph peaking at the

- -0

top of the image. Transmittance registered about 33% at the apparent
visual terminus of the plume.

The utility of analysis with the density slicer is debatable. It
should be useful in defining the limits of a plume where there is sharp
contrast between the plume and the surrounding background (or landscape),
such as exhibited by Plate 14. A series of measurements of percentage
transmittance along the length of the plume should reveal a sharp drop
in transmittance values around its perimeter. In effect, the recording
of these values produces a densitometric analysis and can yield a series
of graphs (Reeves, 1975). However, there is no precise method for
resolving these measurements with the original image being analyzed.
That is to say, the process by which a point on the enhanced image is
geometrically correlated with the actual point on the image is complex
and subject to error. Estimations are feasible and should be useful in
determining the limits of plume dispersion.

Density slicing may prove valuable in gaining knowledge of plume
dispersion dynamics. The recording and plotting of values along and
across the plume (or any pollutant concentration) could serve to aid in
evaluating diffusion rates under varying atmospheric conditions and
discharge rates. For example, Slide 18 shows the contoured transmittance
values through the length of the Douglas plume: the higher the contour
from the base, the greater the light transmittance and the whiter the
image. From this image, there is evidence of a break in what has the
appearence of being a coherent plume. This break is near the middle of

the plume with respect to its length, and it is manifested as a reduc-



tion of "whiteness.'" In fact, Plate 14 and Slides 16 and 17 also exhi-

bit this break in the downwind coherency of the plume. The cause is
unknown, but some form of wind shear could be acting to affect the lin-
ear dispersion pattern.

Because density slicing is an analog process, the images generated
by the Landsat MSS are considered more amenable to analysis. Band 4
of the Landsat MSS is the "green" band with a spectral range or band-
width of 500 nm to 600 nm. This band would be sensitive to the '"brown
smog' (or "smust'" in arid and semiarid regions: smoke and dust) pro-
duced by high concentrations of NOy and particulates. Also, it is the
band most sensitive to Mie scattering by aerosols and particulates hav-
ing diameters ranging from 0.1 times the wavelength of radiation to 25
times the wavelength of radiation. Mie scattering is restricted, gen-
erally, to the lower troposphere, below 4,500 m (15,000'). Examples
of particulates that could produce Mie scattering in the El Paso-Cui-
dad Juarez area are: sulfur and lead from the copper smelter; dust
from bare soils and dirt roads; particulates from home fireplaces often
burning bulk wastes; and organic and inorganic agricultural residuals,
Measurements by F. L. Ludwig and Elmer Robinson (1968) indicated that the
mass median equivalent diameter of sulfur compound particulates in the
San Francisco area was approximately 350 nm with an approximate range
of 100 nm to 1,000 nm (1 micrometer). A substantially higher mass med-
ian diameter was recorded during periods of high humidity. Due to the
generally arid conditions of the border region, it would be expected
that the mass median diameter of sulfur compound particulates would be

nearly always toward the smaller diameters.



The density slicer was employed to analyze the difference between

transparencies of Bands 4, 5, and 7 for the El Paso-Cuidad Juarez area
generated November 23, 1976. CAMS data from the Texas Air Control Board
(Table 10, page 137) reveal that inversion conditions were probable for
this date: wind speed was less than 7 mph and there was less than 3/10
cloud cover, as verified by the imaged scene. Therefore, it was antici-
pated that the Band 4 transparency would have much lower light trans-
mittance values than Band 5, which is the '"red" band (600 nm to 700 nm),
and Band 7, which is a near-infrared band (800 nm to 1,100 nm). Lower
light transmittance values would result from sensor response to the
high reflectance of the generally bare soils of the area, sparse vege-
tation, and possibly, increased reflectance and scattering induced by
the inversion "smust."

In order to test for the presence of the inversion and associated
"smust," it was presumed that pollution concentrations would be highest
in the Tularosa Valley-Hueco Basin, wherein the City of El Paso and
Cuidad Juarez are located. Also, during the winter months winds are
generally from the north and northwest, which would keep air pollutants
confined to the east side of the mountains (even a light wind). A
third factor is the nocturnal down valley air flow of the Rio Grande
Valley, which would also tend to confine air pollutants to the east side
of the mountains. Seven sample points were selected as indicated by
Plate 16, and light transmittance values were recorded at each sample
point for each band, using the crosshairs referred to earlier. The
recorded values shown in Table 11 seem to support the expectation that

total reflectance in the '"green' band is higher in the valley-basin



Table 11. Percent Transmittance of Light

Density Slicer Values*

Sample Point Band 4 Band 5 Band 7
1 28.5 40.9 43,2
2 34.2 54.3 57.4
3 27.1 28.4 29.1
4 25.5 28.0 33.9
5 32.9 39.4 40.8
6 33.0 44.7 39.2
7 28.4 43.0 44.5

*All values plus or minus 0.1.

area compared to areas west of the mountains and the Rio Grande. Evi-
dent from the table of values is a relatively large difference in mag-
nitude between Band 4 and Bands 5 and 7, except for points 3 and 4
located in the built-up portions of El Paso. These two points corres-
pond roughly to the location of CAMS 6 (Downtown) and CAMS 12 (East),
respectively, identified in Table 10 (page 137). Generally, it is
recognized that Band 7 provides the best penetration of atmospheric
haze. Thus, the strength or intensity of the probable effects of the
haze associated with an inversion could be analyzed by comparing the
discriminatory power of Band 7 with that of Band 4. Thus, Table 12
shows the relation of the eastern and metropolitan sample points to
sample point 2 on the west for Bands 4 and 7. The conclusion drawn

from Table 12 is that Band 4 has little discriminatory power, although



Table 12. Comparison of Sample Point Values by Band

Percent of Sample Point 2

Sample Point Band 4 Band 5 Band 7
1 83.3 7523 T8 3
3 79.2 32 .8 50.7
4 74.2 51.6 59.1
5 96.2 72.6 7 gl |
7 83.0 79.2 TI o

there are apparent and obvious differences between the sample point
areas (Plate 16). Band 7, in contrast, strongly discriminates the
densely developed downtown area and provides somewhat better discri-
mination of outlying areas,

Unfortunately, this test comparison of the MSS bands cannot be
considered conclusive evidence of exaggerated reflectance produced
by an inversion. However, it represents an approach that may yield
a better understanding of the varying quality of the atmosphere through-
out the year and under differing atmsopheric conditions. Controlled
analysis of MSS digital data, using a greater number of sample points,
a greater number of images, and better knowledge of the physical char-
acter of the area (e.g., soils, vegetation, slope, etc.) would be neces-
sary. It would be expected that variations in air quality would cause
variations in the relationships found in this sample analysis. The
gap between bands would vary and the discriminatory ability of Band 4

would vary (See Experiments 7A PR135 and 7A PR173, Appendix D).



Image enhancement of the three bands revealed considerable simi-

larity of patterns west of the two cities (Plates 17, 18, and 19). . 'How=-
ever, the eastern sector is entirely different in Band 4 compared with
Bands 5 and 7, except in the lower right quadrant. Sample point 5 in
this quadrant had a light transmittance value of 32.9% for Band 4. When
compared with sample point 2 (34.2%) and sample point 6 (33.0%), there
is an indication that sample point 5 is similar, and this is verified by
the enhanced image. Thus, it could be concluded that the pollution
build-up is more concentrated east and northeast of the two cities. "1t
must be stressed that this is a tenuous conclusion also, and many more
samples of many more images are necessary.

Relative to the equipment used in this test, it must be noted that
there was no function to insure the same sample point was precisely
located on the different transparencies. The value of each point was
measured by placing the ''crosshairs" over the sample point with refer-
ence to image features. Thus, errors of unknown magnitude are contained
in the Tables 11 and 12. Sample point 6 exemplifies the unreliability
of sample point location. While all other sample points show an increase
in light transmittance from Band 4 to Band 5 to Band 7, sample point 6
does not. Therefore, location of sample point 6 was incorrect for
either Band 5 or Band 7 or both. However, because of the consistency
of the pattern of increasing values among all other sample points, it

is presumed that some degree of accuracy was obtained.
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Plate 2. Skylab 3 Color Photograph, Stargo Plant, Clifton-
Morenci, Arizona. Plant and mine are located in the lower right cor-
ner of the photograph. Plume is dispersed over the ridges and valleys
between the plant site and the Gila River Valley where Safford, Arizona
is located. The San Carlos Reservoir is visible in the upper left cen-
ter of the photograph. Directly above the reservoir on the edge of the
photograph is Globe, Arizona, another large mining center. Directly to
the left of the reservoir (in the next valley) is Hayden and Winkleman,
another area of mining activity. No visible emissions were discernible
in these two mining areas. Scale, 1=1., 431 D528
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Plate 4. NASA Aircraft Color Infrared Photograph of El Paso,
Texas, and Cuidad Juarez, Chihuahua. Cultural patterns and promi-
nent cultural features are readily identifiable. Large areas of bare
soil are evident, especially to the west (left) of the mountains and
circumscribing the more densely developed center of Cuidad Juarez.
The prominent dark area at the left center of the photograph is the
site of a copper smelter. Just to the north are a cement plant and
a power generating plant. High lead levels in the blood of children
1 to 4 years of age were recorded by Applegate (1978) in a 1976
study and were attributed to the smelter. Highest levels were
recorded in the residential area directly to the east of the smelter
at the base of the Franklin Mountains. This photograph is one in a

series of the greater metropolitan area of these two cities. Scale,
1:196,358.




Plate S.

Plate 6.

Landsat 2 MSS, Band 4, El1 Paso-Cuidad Juarez, 11/23/76.

Landsat 2 MSS, Band 5, El1 Paso-Cuidad Juarez, 11/23/76.



Plate 7.

Landsat 2 MSS, Band 7, El Paso-Cuidad Juarez, 11/23/76.

Plate 8. Landsat 2 MSS, Band 4, San Diego-Tijuana, 9/2/76.



Plate 9. Landsat 2 MSS, Band 5, San Diego-Tijuana, 9/2/76.

Plate 10. Landsat 2 MSS, Band 7, San Diego-Tijuana, 9/2/76.



Plate 11. GOES "Visible'" Image of Southern U.S. and Mexico,
1/10/79. Image Generated at 2201Z (3:01 P.M., MST). Enhancement Code
14A-1. TImage ID 02441 12902 KB4. Nominal resolution is 1 nautical
mile. Spectral resolution is 0.5 nm in a range of 550 nm to 700 nm.
Scale, 1:17,800,000 at the Arizona/New Mexico border.



Plate 12. GOES "Enhanced Infrared" Image of Southern U.S. and
Mexico, 1/10/79. Image generated at 22327 (3:32 P.M., MST). Enhance-
ment Code 14E-1MB. 1Image ID 02441 12902 KB4. Nominal resolution is
1 nautical mile. Spectral resolution is 4.85 nm in a range of 10.5

to 12.6 micrometers. Scale, 1:17,800,000 at the Arizona/New Mexico
border.



Plate 13. SMS 'Visible" Image of Western U.S. and Northwestern
Mexico, 4/3/79. Image generated at 1545Z (8:45 A.M., MST). Enhance-
ment Code 35A-2. TImage ID 01232 25221 KB7. Nominal resolution is 2
nautical miles. Spectral resolution is 0.5 nm in a range of 550 nm
to 700 nm. Dashed line approximates the limit of the 200 nautical

mile "exclusive economic zone.'" Scale, 1:17,800,000 at the Arizona/
New Mexico border.
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Plate 15. Apollo 6 Color Photograph, Copper Mine, Hurley, New
Mexico. The mine and stack plume are visible in the upper left corner.
Other discernible environmental concerns are: extensive areas of bare
i soil; urban/rural development patterns (Deming, New Mexico, is at the
left center of the photograph); and extractive industrial activities
indicated by triangles. Interstate 10 is the linear element apparent
across the center of the photograph. Scale, 1:1,565,481.




Plate 16. Location of Sample Points Employed in Evaluating Band
Density Differences. Point 3 is the approximate location of CAMS 6,
Downtown, and Point 4 is the approximate location of CAMS 12, East.
Band 4 had little discriminatory power relative to Band 7, which here
reveals clear differences between the points selected. Compare Plates
5, 6, and 7. Scale, 1:2,983,872.



Plate 17. Image Enhancements of MSS Band 4, El Paso-Cuidad Juarez.
Color enhancement (a) reveals darkest tone where light transmittance is
greatest, e.g., black areas at the bottom left of the image are nearly
white sand dunes. Three dimensional image (b) shows peaks at dune loca-
tions and little variance of light transmittance elsewhere.




Plate 18. Image Enhancements of MSS Band 5, El Paso-Cuidad Juarez.
Color enhancement (a) shows a very dark region east of the Rio Grande in
contrast to Band 4 (Plate 17). This is an area of sparse vegetation and
generally bare soil as to the west. Three dimensional image (b) shows
greater discrimination of surface radiance when compared to Band 4.




Plate 19. Image Enhancements of MSS Band 7, El1 Paso-Cuidad Juarez.
Little variance from Band 5 (Plate 18) can be noted. There is a slight
improvement of discrimination where surface radiance differences may be
subtle (a). The three dimensional image (b) reveals a general, but
slight, increase in light transmittance and, therefore, image brightness.






SLIDE INDEX

Landsat MSS Color Composite, December 12, 1972. California-Baja
California. From left corner diagonally: Coachella Valley,
Salton Sea, Imperial Valley, Borderline, Mexicali Valley,
Laguna Salada. San Diego-Tijuana visible in the lower left
corner. Note the difference in the landscape east and west of
the snow-capped mountains. Dense, vigorous vegetation is red.

Landsat MSS Color Composite, September 6, 1973. Arizona-Sonora.
Yuma Desert at top, Gran Desierto at center, Gulf of Califor-
nia at bottom. New Cornelia Minme is visible in the upper
right corner. Dense, vigorous vegetation is red.

Landsat MSS Color Composite, June 23, 1973. Arizona/New Mexico-
Sonora/Chihuahua. Image Shows the Wilcox Playa and South
Alkali Flat west and east of the Chiricahua Mountains, respec-
tively. Agriculture of Sulphur Spring Valley, south of Wilcox
Playa, and Animas Valley, south of South Alkali Flat, is vis-
ible. Note the ability to identify the borderline, due to
differences in land use and land use practices. Dense, vig-
orous vegetation is red.

Landsat MSS Color Composite, June 21, 1973. Texas/New Mexico-
Chihuahua. El1 Paso-Cuidad Juarez international metropolitan
complex is in center of image. Agriculture of the Rio Grande
Valley is readily apparent. Large landforms, such as the
sand dunes in Chihuahua, are easy to identify. Dense, vig-
orous vegetation is red.

5. El Paso-Cuidad Juarez Morning Inversion, 11/9/78. Early morning
(8:30 A.M.) photograph looking west at El Paso-Cuidad Juarez
from approximately 25 miles east along Highway 62/180 [£/4-5.6,
1/125, w/polarizing filter and 2x telephoto converter]. Inver-
sion haze is apparent and obscures the northern end of the
Juarez Mountains and southern end of the Franklin Mountains.

6. El Paso-Cuidad Juarez Evening Inversion, 11/9/78. Early evening
(5:30 P.M.) photograph looking west at Cuidad Juarez and Juarez
Mountains from I-10 at Horizon Blvd., 12 miles southeast of
the city [f/1.4, 1/60, w/normal lens and 2x telephoto conver-
ter]. Ground radiation fog or haze is shown developing as a
result of rapid heat loss from the ground surfaces.

~

El Paso-Cuidad Juarez Morning Inversion, 11/10/78. Early morning
(8:30 A.M.) photograph looking south southeast at eastern El
Paso-Cuidad Juarez and Rio Grande Valley [£f/11-16, 1/125, w/
normal lens]. Inversion haze is readily apparent. Extinction
of the haze seems to occur near the left side of the image; how-
ever, this could be an effect rather than a fact. Easterly
drift seems to be evident. See Slides 8 and 9.




15.

16.

17.

18.

El Paso-Cuidad Juarez Morning Inversion, 11/10/78. Same as above,
but looking south. Concentration of haze seems apparent on
the east side of the Juarez Mountains. See Slides 7 and 9.

El Paso-Cuidad Juarez Morning Inversion, 11/10/78. Same as above,
but looking south-southwest. Easterly drift seems more evi-
dent in this image. See Slides 7 and 8.

Photograph of ASARCO Stack and Plume w/Normal Lens. Afternoon
(4:00 P.M.) photograph looking north-northwest at stack and
plume from Rio Grande [f/8, 1/250, w/normal lens].

Photograph of ASARCO Stack and Plume w/Polarizing Filter. Same
as above [£/5.6, 1/250, w/polarizing filter]. Compared with
Slide 10 the plume is far more distinquishable, although
Slide 10 may have been slightly overexposed.

Image Enhancement of Skylab 4 Photograph of Stargo Plant (Plate 1).
Two dark spots on the right are clouds. To the left of the
clouds, the plume from the Stargo Plant is revealed as a linear
element oriented to the bottom right corner of the image.
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