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he impact of human activities
on naturd systems of all kinds
has grown to the point that we
need to engage conscioudy in
earth systems engineering and
management.
| address why this is the case,
and what | mean by such a
provocative term. In addition, |
explore what we can learn from
relevant experience, and how this
daunting task should be
approached.

FaLseE DicHOTOMY
Technology is the means by
which human cultures interact
with the physical, chemical, and
biological world. It is through
technology that a human imprint
has been made on the physics and
chemistry of every cubic meter of
air and of water. Critical dynamics
of heavy metals flows and grand
elemental cycles — nitrogen, car-
bon, sulfur, phosphorus, hydrolog-
ic — are increasingly dominated
by the (usually unintended and
sometimes unforeseen) byproducts
of the technological activities of
our species. The biosphereitself, at
levels from the genetic to the land-
scape, is increasingly a human
product. Few biological communi-
ties can be found that do not reflect
human predation, management, or
consumption. As Gallagher and
Carpenter [1, p. 485] remark in
introducing a special issue of <ci-
ence on human-dominated ecosys-
tems, the concept of a pristine

IAlthough it is a basic and well-estab-
lished principle of modern sociology that
many concepts that people regard as self-
evidently “real” are in fact cultural con-
structs, many people have trouble accept-
ing this[23]. Thisisparticularly truein the
environmental arena, where advocates,
who frequently are personally committed to
concepts such as “wilderness’” and
“nature;’ view them as purely objective
and self-evidently worth protecting as such.
That different cultures may construe these
constructs differently, or that they may be
transitory reflections of a particular stage
of Western thought as opposed to transcen-
dent verities, is accordingly not accepted
by many Western, especially American,
environmentalists [15].

ecosystem, untouched by human
activity, “is collapsing in the wake
of scientists' realization that there
are no places left on Earth that
don't fall under humanity’s shad-
ow.” Even those considered “natur-
al” amost inevitably contain inva-
sive species, frequently in
dominant roles: “The world's
ecosystems will never revert to the
pristine state they enjoyed before
humans began to routinely criss-
crosstheglobe . ... [2, p. 1836].
While it may be true that we as
individuals did not deliberately set
out to dominate the carbon or
nitrogen cycle, or to create a plan-
et of mixmastered species, our
economic, technology, energy, and
transportation systems — the
linked technological, economic,
and population growth characteris-
tic of the Industrial Revolution —
have had precisely that effect [3]-
[7]. In short, the earth has become
a human artifact. Science fiction
books have long spoken of ter-
raforming Mars; ironically, we
have all the while been terraform-
ing earth.

The increasingly tight coupling
between predominantly human
systems and predominantly natural
systems is not a sudden phenome-
non. Greenland ice deposits reflect
copper production during the Sung
Dynasty in ancient China(ca. 1000
B.C.), as well as by the ancient
Greeks and Romans; spikesin lead
concentrations in the sediments of
Swedish lakes reflect production
of that metal in ancient Athens,
Rome, and medieval Europe [8],
[9]. Contrary to popular belief,
anthropogenic carbon dioxide
buildup in the atmosphere began
not with the industrial revolution
with its reliance on fossil fuel, but
with the deforestation of Eurasia
and Africa over the past millennia
[10]. Human impacts on ecosys-
tems have similarly been going on
for centuries, from the probable
role of humans in eliminating
megafauna in Australia and North
America, to the clear role of
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human transportation systems in
supporting invasive species around
the world [2], [11], [12]. In this
sense, recent books lamenting the
“end of nature” [13] — “nature”
taken as pre-human and pristine
wilderness — obviously miss the
mark by centuries. It is not that
nonhuman “nature” has ended;
rather, what such often anguished
commentary represents is that the
gap between the reality of the
world as human artifact and the
cultural construct of “nature” has
grown so large that the fiction of
“nature as other” can no longer be
maintained.1

Thus, in a real sense there are
no “natural” systems anymore, and
the distinction between “human”
and “natural” systemsis somewhat
misleading in its superficial clarity.
Clearly there are phenomena, pri-
marily geologic — volcanoes and
plate tectonics come to mind —
that human activities do not affect.
But against this must be balanced
the reality that the dynamics of
most fundamental systems — the
nitrogen, carbon, phosphorous,
sulfur, and hydrologic cycles; the
biosphere at various scales from
genetic to regional; and the climate
and oceanic circulation systems —
are increasingly dominated by
anthropogenic  activities.  Of
course, there are degrees of influ-
ence: there are obviously systems
whose dominant dimensions are
nonanthropogenic, such as perhaps
an isolated tundra biological com-
munity, and those whose dominant
dimensions are anthropogenic,
such asindustrial or economic sys-
tems (and it isin this sensethat this
paper will refer to “natural” and
“human” systems throughout). But
the reality of tight coupling
between the two domains must
always be bornein mind. Thisis of
particular importance given the
well-known difficulty that social
scientists and physical scientists
have in communicating with each
other, and the institutional realities
of differing languages, communi-
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ties, and worldviews between the
two groups which exacerbate the
natural-human dichotomy, and
make integrated study of such sys-
tems extremely challenging.
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evolve to dominate local natura
systems and, with the deforestation
of Europe and North Africa during
the 10th to 14th centuries, began
the process of climatic change as
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Key THEMES

There are three important
themes that weave through the
evolution of the terraformed earth.
The first is the relationship of
humans to the planet. Initialy,
humans, then in a hunter-gatherer
culture, were like any other species
embedded in the biosphere, and
their activities were endogenous to
it. With the evolution of agricul-
ture, however, the species began to

2The attribution of subjectivity (inde-
pendent status as a free, rational, and
moral agent) to levels of society higher
than the individual, although it is not com-
mon in today’s individualistic culture, has
a long history in Western thought. Plato in
The Republic held the structure of the poli-
ty and the individual to be anal ogous; Kant
declared that his Categorical Imperative
imposed a moral standard not just on indi-
viduals, but on the nation-state as subject;
Hegel believed history was the coming into
consciousness of human culture as a whole
(the Geigt, trandated as “ Mind” or “ Spir-
it"); and Marx saw class, not individuals,
as the relevant subjectivity. Thisisnot sim-
ply a metaphysical issue: if subjectivity
exists at levels higher than the individual,
one can wonder what its dynamics, opera-
tional ethics, and desired outcomes are —
and, critically, whether they align with the
desires and ethics of individuals. The West-
ern tradition implicitly assumes that they
do, but it is not clear that this alignment is
necessary logically, structurally, or opera-
tionally.

well [14]. At this point, elements
of human culture grew to be
exogenous to the natural systems
they worked with, and the mental
model of stewardship evolved:
humans as caretakers for the rele-
vant aspects of nature (primarily,
as the stewardship image implies,
pastoral). Thismodel is still preva
lent today, but it has been rendered
obsolete by the industrial revolu-
tion and concomitant growth in
human population, technology,
and economic systems. Humans
are now once more endogenous to
fundamental earth systems, but in
a different relationship than origi-
nally: they now increasingly define
the dynamics and behavior of
those systems. The journey has
been from “being natural” (e.g.,
hunter/gatherer society), to oppos-
ing and controlling nature (the
Enlightenment, settlement of the
American West [15]), to absorbing
nature into the human experience.
Perhaps it is best, if somewhat
simplistically, summarized by say-
ing that human experience was
endogenous to nature; now much
of nature is endogenous to human
experience.

A second important question

involves the level at which subjec-
tivity — independent status as a
free, rational, and moral agent —
is posited. The reason this issue
arises is because, especially when
looking at the effects of fundamen-
tal technological systemsover long
time frames, the idea that people
“engineered” the results seems
somewhat of a stretch. Thus, for
example, virtually all island ecolo-
gies have been significantly
impacted by invasive speciesin the
last few centuries [4]. These
species arrived as a result of the
expansion of Eurocentric civiliza-
tion, a cultural phenomenon,
which was made possible by a
complex evolution of technologi-
cal capabilities (especially in
transportation and navigation sys-
tems) and economic interests. If
the concept of “engineering” is
limited to the individual engineer
and a particular artifact (e.g., an
accurate timepiece), it does not
make sense to say that the global
restructuring of biota as a result of
this process was “engineered.” On
the other hand, it is apparent that,
athough  each  engineering
advance, and each voyage, may be
taken individually, taken as a
whole the processes involved were
so ubiquitous and pervasive that
they resulted in an anthropogenic
restructuring of island biota (as
well asalot of other effects). Thus,
what was not engineered at the lev-
el of the individual was arguably
engineered at the level of society
(in this case, European). Thus, the
appropriate level of subjectivity in
this case may be cultural, rather
than individual .2

The reason this matters is
because ethical responsibility vests
at the level of conscious choice. If
the scope of engineering, invention
and design is limited to individual
artifacts and projects, then it
enables refusal to take operational
and ethical responsibility for the
systems effects. Thus, for example,
it is apparent that human activities
over the past millenium have con-
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tributed significantly to climatic
change, and that shifts in climate,
especially if accompanied by
changes in oceanic circulation pat-
terns, will have dramatic effects on
biodiversity and human society
(including, quite probably, mortal-
ity rates). But limiting the concept
of human engineering only to the
individual, artifactual level means
that, despite current activity, there
is no sense in which human soci-
ety, taken as awhole, is yet being
tasked with the moral obligation to
respond rationally and construc-
tively to its clear impacts on the
carbon cycle and climate system.

It is therefore necessary to
expand the definition of engineer-
ing, design, and management to the
scale of the technological and cul-
tural systems that are, in fact, now
beginning to dominate the dynam-
ics of many natural systems. Thisis
a principal rationae for earth sys-
tems engineering and management
(ESEM), which can be seen as the
acceptance of responsibility for the
ethical and operational implications
of what the human species has
already been doing for centuries,
and is continuing to do at a rapidly
increasing rate. It is not traditional
engineering and project manage-
ment — but neither isit a new and
completely foreign concept. It is, in
asense, the denouement of the evo-
lution of applied science and tech-
nology (techne) that began in
ancient Greece and Rome, and has
been globalized by the industrial
revolution [16].

Another important theme is
complexity, but here also a certain
caution is necessary to avoid
superficiality. For example, there
has been a considerable literature
recently implicitly drawing on the
analogy between natural and eco-
logical systems, and human sys
tems. This can be useful, as the
development of the field of indus-
trial ecology demonstrates [17]-
[19]. Indeed, both human and nat-
ural systems are similar in that
they are technically complex; the

learnings from the latter can
indeed inform our understanding
of the former. But the relationship
is one of analogy. Failure to also
understand the profound differ-
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human projects, with their own
dynamics and timeframes, which
have no paralel in traditional nat-
ural systems[14], [16], [25].
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ences can lead to superficial rea-
soning or even nonsense — the
burgeoning literature that suggests
restructuring global capitalism or
transnational  corporations to
resemble gardens is ample evi-
dence of that. In particular, it is
important to understand that
human systems are of a different,
and higher, class of complexity
than natural systems. Human sys-
tems and human history are
strongly affected by unpredictable
contingency, partially as aresult of
the exercise of (bounded) free will,
and the nature of humans as rela-
tively autonomous, moral agents
[20]-[23]. Moreover, human sys-
tems are characterized by a power-
ful reflexivity: a natural system
such asasalt marsh is not changed
by what a scientist may learn about
it, but human systems, which inter-
nalize knowledge as it is devel-
oped, and thus change continually
in an accelerating process of
reflexive growth, are [24]. Addi-
tionally, the evolutionary process-
es of culture, technology, and
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CONTEXT

Thus, the context of ESEM
reguires that one comprehend not
just the scientific and technologi-
cal domains, but the socia science
domains — culture, religion, poli-
tics, institutional dynamics — as
well. The human systemsimplicat-
ed in ESEM are extraordinarily
powerful, with huge inertia and
resistance to change built into
them, and ESEM will fail as a
response to the conditions of our
modern world unless these are
respected and understood. The
evolution of eurocentric Judeo-
Christian capitalist and technology
systems has swept the globe [20],
[21], [25], [26]. Relevant implica
tions of this historical process
include commoditization of the
world, including nature, which in
developed countriesisincreasingly
purchased at stores in upscale
malls, in theme parks (reflecting
not “natural” ecological dynamics
but late 20th century ideology,
including, of course, corporate
sponsorship), and as eco-tour



packaged “experiences’ [15]. The
process of commoditization, the
globalization of culture through
movements such as, e.g., postmod-
ernism,3 and urbanization have
had several fundamental effects.

society, and of the couplings
between human and natural sys-
tems, is increasing radically. A
superficial homogeneity (e.g., pro-
liferation of U.S. fast food options
around the world) is more than

aclence fiction books have long spoken of
lerralorming Mars; tronically, we have
all 118 while been terralorming earth

First, the concepts of “nature
“wilderness,” and related terms are
fundamentally changing for many
people. Second — and contrary to
the oversimplistic and mistaken
idea that the world is, in globaliz-
ing, becoming more homogeneous
and simple — the complexity of

3Terms such as * high modernism” and
“ postmodernism” are not well defined,
even in the relevant literature. “ High mod-
ernism” approaches have tended to be elit-
ist and technocratic. Think, for example, of
Robert Moses and the way he drove his
expressways and constructions through
existing neighborhoods in New York City,
destroying them in the process; or the way
the old Soviet Union diverted the flows of
two major rivers feeding the Aral Sea, the
Amu Dar’ya and the Syr Dar’ya, resulting
in changes in climate across Asia, extinc-
tion of some 85% of the fish species in the
Sea; and a loss of 75% of the Sea’s volume
in a few short years. Postmodernismis gen-
erally atemporal and ageograpical, char-
acterized by pastiches of cultures, times,
places, and ideas; it also tends towards
consumerism. Think of Disney's Epcot
Center, with (primarily plastic) reproduc-
tions of bits and buildings from various
times and cultures, from all around the
world. A second principle characteristic of
postmodernity is its insistence on moral
and cultural relativism: if taken as sup-
portive of multiculturalism and tolerance,
this arguably informs an appropriate gov-
ernance structure for ESEM. If taken at its
extreme, of course, it is patently ridiculous.
Harvey [20] and Anderson [47] are useful
sources for exploring the nuances of mod-
ernism and post-moder nism.

overcome by the increased access
to global cultures and artifacts of
all places, kinds, and times
enabled by world transportation
and information networks (indeed,
this cultural heterogeneity — pas-
tiche — is the very foundation of
postmodernism). Finally, this
increased complexity is reflexively
affecting the governance structures
within which environmental and
technological issues have tradi-
tionally been addressed: the
absolute primacy of the nationstate
isbeing replaced by afar more flu-
id, and complex, dynamic struc-
ture involving a number of stake-
holders, including private firms,
NGOs, and communities of all
kinds.

The implications of this evolu-
tion are not just of academic inter-
est, but are absolutely pivota to
understanding the challenges faced
by ESEM. Because of the increas-
ingly tight coupling between
human and natural systems, we are
now reaching a point where the
dynamics of natural systemsare no
longer governed simply by their
internal structures and dynamics,
but can only be understood in rela
tionship to the human systems
with which they are coupled. The
systems implications of this are
profound in two ways. First, it

means that, from a systems per-
spective, the contingency and
reflexivity inherent in human sys-
tems is imported into natural sys-
tems. Think, for example, of the
carbon cycle and the way it is now
being affected by the Kyoto
process, and its associated scientif-
ic, institutional and cultural ele-
ments. Trying to understand this
cycle without understanding its
human elements would be foolish.
Or consider the ecology of the
Hawaiian Islands: it smply cannot
be studied without dealing with
invasive species of all kinds— and
they, in turn, reflect the expansion
of the eurocentric Judeo-Christian
civilization, and associated tech-
nologies, especially transportation
modes. The natural history of the
Hawaiian Islands is a human histo-
ry, written into its ecology.

The “humanization” of natural
systems raises another absolutely
critical point: the pivotal role of
values in determining the structure
of the external world. Because vir-
tually all natural systems of any
consequence have already been
inescapably altered by human
activity, there can be no question
of returning to “pristing” nature (if
such a state ever existed). Whether
it is the Western U. S. or Hawaii
with invasive species, Australia
with the ancient extinction of mag-
afauna; the Great Lakes, Baltic
Sea, or Everglades; or just rebuild-
ing a river ecology severely
impacted by industrial activity —
thereisno “natural” state to return
to. First, of course, al these sys-
tems have been evolving to
respond to different conditions
over geologic time; thereis no par-
ticular “base state” With human
intervention, they have been fur-
ther modified — and any attempt
to “restore” them is, in effect, a
further modification to suit human
cultural and ideological norms.
Difficult as it is to accept — there
is no natural history anymore:
there is only human history. What
these systems will be in the future
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is a human decision, a human
choice. Having realized this, we
cannot escape the ethical responsi-
bility for that choice. But whose
values will determine that choice
— what religion, what culture,
what subgroup? The centrality of
values and ethical choice to envi-
ronmental decisionmaking around
the world is apparent.4

DEFINITION AND CASE
STUDIES

Given this context, a more pre-
cise definition of ESEM can now
be presented: ESEM isthe capabil -
ity to rationally engineer and man-
age human technology systems
and related elements of natura
systems in such a way as to pro-
vide the requisite functionality
while facilitating the active man-
agement of strongly coupled natur-
al systems. ESEM aso aims to
minimize the risk and scale of
unplanned or undesirable perturba-
tions in coupled human or natural
systems. “Technology systems” in
this sense is to be read broadly, as
the means by which human beings
interact with their environment; it
thus includes not just artifacts, but
the economic, cultural, and ideo-
logical context within which they
are used.5> As the examples below
illustrate, ESEM in many cases
will deal with large, complex,
evolving projects and technolo-
gies, with complicated gover-
nance, ethical, scientific, cultura,
and religious dimensions and
uncertainties. It does not replace
traditional disciplines such as

political science, economics, soci-
ology, engineering, or physical and
biological sciences: rather, it draws
upon and integrates them in the
context of ESEM applications, and
thus expands them as well. ESEM
augments, but does not replace,
existing fields.

In most cases, the social and
physical scientific and technical
knowledge necessary to support
ESEM approaches is weak or
nonexistent, and the evolution of
the institutional and ethical capac-
ity necessary to com-
plement ESEM is, if
anything, in an even
more primitive state.
Accordingly, ESEM
is best thought of as
acapability that must
be developed over a
period of decades,
rather than some-
thing to be imple-
mented in the short
term. It is also

111e Diosphere
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already being explored, some new-
er and less developed than others.
Inthis, itislike industrial ecology,
which is an umbrella area of study
including both applied methodolo-
gies (such aslife cycle assessment,
or LCA, and design for environ-
ment, or DFE), and research meth-
ods (such as materials flow analy-
sis, or MFA). Thus, the first case
study explores an ESEM method-
ology, “adaptive management,”
which has been developed in the
context of resource management.
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Increasingly a human product,

important to note

that ESEM is not

“new” inthat it argues that humans
as a species should now begin to
engineer the world. That is already
happening. What is new about
ESEM is the assumption of
responsibility for what we as a
species are already doing, and the
determination to develop the capa-
bility to do so more rationally and
ethically.

ESEM is a new field of study
and practice, but it does not spring
from nothingness. Rather, it builds
on practices and activities that are

Atisalso extensively ignored, for many
reasons. First, many of the stakeholders —
environmentalists, technologists, scientists,
industrialists - are naive positivists, and
don't recognize the value-laden mental
models with which they approach these
issues and conflicts. Second, most people
of any stripe are much more comfortable
speaking the “ language of science” rather
than the “ language of values,” even when it
isclearly valuesthat are at issue. Thus, dis-
cussions around the Kyoto Accord are often
framed in technical terms, when in fact
what is at issue are very different concepts
of the world [35], [48].

SAs Grubler [14, p. 21] comments,
“..technology cannot be separated from
the economic and social context out of
which it evolves, and which is responsible
for its production and its use. In turn, the
social and economic context is shaped by
the technologies that are produced and
used” Heidegger [16, p. 35] in his essay
“The Question Concerning Technology”
takes the more extreme position that “ the
essence of technology is nothing technolog-
ical in that technology reflects the
essence of being human, and cannot be
separated out from the project of human
evolution.

IEEE Technology and Society Magazine, Winter 2000/2001

The second looks at urban aress as
ESEM projects. Thereis obviously
a huge body of knowledge and
several disciplines that deal with
this subject matter — much of
which isinformative for the devel-
opment of ESEM principles. What
the ESEM approach adds in this
instance is a new envisioning of
urban centers (particularly megac-
ities, defined as over ten million
population) as nodes in energy,
material, ecological and knowl-
edge systems scaled from the local
to the global, across many time
scales, and involving many differ-
ent kinds of human systems. The
third case study looks at carbon
cycle and climate system manage-
ment efforts, an area where the
ESEM approach is aready latent
(in geoengineering proposals, for
example), but where the rational,
comprehensive,  systems-based
ESEM approach has yet to be
adopted. Finally, the last case
study involves scenarios drawn
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Invasive species, especially the
melaleuca and Australian pine, are
outcompeting native species, aided
by human disturbance (e.g., drain-
ing marshes, increasing fire fre-
guency). The nesting success of
birds, a predomi-

nant anima form

" in the Everglades,
urB has declined at
least 95% since
the  mid-1930s.
The natural cycles
that once defined
and supported the
Everglades in a
stable condition,
including rainfall
and water distribu-
tion patterns, and
nutrient  cycles,

Adaptive Management and the
Everglades

An excellent example of an
ESEM methodology where consid-
erable work has aready been doneis
“adaptive management,” defined in
one of the leading texts as providing
“ways for active adaptation and
learning in dedling with uncertainty
in the management of complex
regional ecosystems’ [27, p. iX].
Adaptive management techniques
have been developed in part in
response such challenges as reengi-
neering the Everglades, restoring the
vitality of the Baltic Sea, managing
toxics in the North American Grest
Lakes region, or establishing
longterm forestry management pro-
grams in New Brunswick and dse-
where. Although till nascent, adap-
tive management even at this initia
sage provides anumber of important
principles for the broader umbrella
concept of ESEM [27], [28].

As an example, consider the
Everglades. This unique ecosys
tem has been altered by an 1800
mile network of canals built over
the last half century to support
agricultural and settlement activi-
ty, which has diverted some 1.7
billion gallons aday of water flow.

have been pro-

foundly affected
by human settlement patterns,
agriculture, tourism, industry and
transportation systems and, impor-
tantly, the various management
regimes which have been attempt-
ed over the past 100 years. And
nothing more clearly illustrates the
coupling between “natural” and
“human” systems than the Ever-
glades, for perhaps the most
important single factor in the bio-
logical structure of the Everglades
is the sugar subsidy which sup-
ports the predominant form of
agriculture in the area [29].

In response to the imminent
danger of collapse of the Ever-
glades as a functioning ecosystem,
a $7.8 billion Everglades restora-
tion project has been proposed. Its
intent is to restore waterflow to
previous levels, while continuing
to support industrial, agricultural,
settlement, and other human activ-
ity. The process by which this evo-
[ution will be guided | take to be
“adaptive management.” Especial-
ly given the political and policy
divisions, not to mention differing
values with which people approach
this issue, it is not clear whether
this extraordinary challenge can
yet be successfully accomplished.

An ESEM approach, while
including the adaptive management
process, might be said to subtly
change the problem definition as
well. Rather than primarily react-
ing to a perceived set of perturba
tions with the goal of “restoring” a
previous state or “setting things
right,” ESEM begins by consider-
ing the Everglades — and most
similarly situated earth systems —
as products of human design.
Whether intended at thelevel of the
individual engineer or manager, or
not, human modification of the
fundamental dynamics of the Ever-
glades has already occurred. There
isno “pristine” system to return to,
and Florida will not be depopulat-
ed. Eveniif it were, the species dis-
tributions and natural cycles have
been altered by humans, and will
evolve in different ways as aresult.
The Everglades are now, and
alwayswill be, a system defined by
humans: it will never be “natural”
again. The challenge thus becomes
not one of restoration to a hypo-
thetical past state, but one of ethical
and rational choice based on pro-
jections of systems evolution over
time. In other words, where adap-
tive management has a certain fla-
vor of responding to immediate
pressures (reactive), ESEM seeks
to understand, engineer, and man-
age over time, accepting that the
evolution of the Everglades has
become a human design responsi-
bility (proactive). Note that this
does not negate the need for adap-
tive management, especialy in the
short term; rather, it suggests that
adaptive management is an impor-
tant part, but only a part, of aninte-
grated ESEM approach.

Urban Areas

Another instructive ESEM case
study is provided by major urban
areas. Great cities are, after all,
highly complex; combine human
and natural systems at al scales;
have enormous implications as
centers of material and energy
flows; are nodes of significant con-
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sumption; and are where a large
and growing human population
increasingly centers. The difficul-
ties of megacity governance, espe-
cialy in developing countries, are
well documented. The complexi-
ties of major projects within
megacities, such as the Boston
Central Artery/Tunnel construction
project, are also well known. The
challenges posed by megacities to
the environment and future human
wellbeing are also substantial: esti-
mates are that about 80 million
people a year are moving into
cities, mostly in the developing
world — that's the equivalent of
establishing 8 new megacities a
year for the foreseeable future.
Urban areas have been studied
and discussed for along time, so this
class of examples of ESEM isapar-
ticularly rich source of insights. The
most obvious one, perhaps, is an
appreciation of the depth of our
ignorance: no one has yet mapped a
large city in terms of its impacts
across both geographic and temporal
scales. What impacts does a megaci-
ty actualy have on fundamental nat-
ura systems, and at what scales?\We
just don't know; this is obvioudy a
major research target for ESEM.
Beyond that, the relevant litera
ture offers hundreds of years of dis-
cussion about the interplay between
culture and technology systems in
the urban context. Thus, for exam-
ple, the rise and fall of high mod-
ernism in urban planning and devel-
opment is instructive. High
modernism generaly is character-
ized by an imperid, dlitist, and tech-
nocratic approach with a deep con-
tempt for the “barbarism” of the
past; it ignores locd context and
culture in the interest of implement-
ing “universal, scientific’ princi-
ples, often a great human cost
(think of Faust). In urban develop-
ment and engineering, the high
modernist approach is perhaps best
personified by the work of Le Cor-
busier and Robert Moses. The for-
mer attempted to impose geometric
perfection on the urban landscape,

demanding that cities be planned
with reference only to science and
geometry [30]. Critics such as Jane
Jacobs have pointed out that this
effort to impose Platonic idealism
on acomplex, dynamic, human sys-
tem was ill-conceived, hubristic,
and doomed to failure, a critique
that has generally been accepted
[31], [32]. Moses brooked no inter-
ference from the unwashed masses,
and his grandiose constructions
across New York City, while they
have inspired some, have been held
by others to be responsible for
destroying the human vitality of sig-
nificant city spaces such as the
Bronx [31], [33]. By way of com-
parison, consider the approach tak-
en by the engineers managing the
Boston Central Artery/Tunnel
(CA/T) project. The initial phase of
their activities consisted of seeking
public input and working with local
neighborhoods and stakeholders, as
they recognized that an infrastruc-
ture project of the scale proposed,
which would change the structure of
downtown Boston significantly,
would fail unlessit met the needs of
local communities and cultures, as
well as broader regional infrastruc-
ture demands [34]. Jencks discusses
smilar examples in Great Britain
[32, pp. 104-106]. The lesson is not
that major engineering projects can-
not be done in urban settings, but
that they must be understood not
just as technocratic undertakings,
but as contributions to an evolving
cultural system that must be envi-
ronmentally sensitive, to boot.

But there are limits to the abili-
ty to simply apply systems engi-
neering, no matter how culturally
and environmentally sensitive, to
complex human/natural systems.
In this regard, it is instructive that
efforts to apply systems engineer-
ing approaches and principles to
urban redevelopment, which were
especialy popular in the 1960s,
universally failed [34, pp. 165
185]. Thus, systems engineering
and management approaches can
be applied in the context of com-
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plex megacity environments to
specific projects, but are not
sophisticated enough in them-
selves to engineer and manage
megacities as a system.

Given our analysis above, this
should be no surprise. Individua
projects that can treat cultural
dimensions as important but
bounded by project definition are
of a different dimension of com-
plexity than managing the city sys-
tem asawhole. Thelatter necessar-
ily includes human systems of
many different kinds and at many
different scales, with their inherent
contingency and unpredictability,
as endogenous.

Thus, several important conclu-
sions regarding ESEM can be
drawn from the urban case studies.
For one, even in such well-studied
areas, there arelarge gapsin knowl-
edge that become apparent when
one takes an ESEM perspective
(e.g., how do urban centersfunction
in material and energy networks?).
The urban example also makes
clear the danger of hubris (particu-
larly technological hubris) and
oversimplification: high modernism
has proven to be a dysfunctional
approach to urban issues, and even
systems engineering, alessideolog-
ica and more sophisticated dis-
course, has not been effective. And
this is perhaps the most profound
lesson to be drawn from these case
studies: cities are, to a large extent,
sdlf-organizing systems, and any
decision-maker’s ability to manipu-
late them directly is quite limited.
So it is with much of ESEM; a
proper knowledge of our limits
when working with such complex
systemsiscritical.

Glaobal Climate Change
Mitigation

A third example of nascent
ESEM is provided by the effort to
mitigate global climate change.
There are many aspects of this
process which are highly desir-
able; in general, for example, the
scientific effort and organization



(e.g., establishment of the Inter-
governmental Panel on Climate
Change) are exemplary. More-
over, there are an encouraging
number of independent initiatives
intended to identify technological
opportunities to either reduce cli-
matic change (e.g., engineering
the Earth’s albedo) or adjust to
global climate change once it
OCCUrs.

The negotiations process is less
encouraging. To begin with, it
essentially treats the earth as just
one big factory, attempting to
impose what amounts to a com-
mand-and-control,  end-of-pipe
solution on the global economy as
awhole. Moreover, the global cli-
mate system, with dynamics
extending over a period of cen-
turies, is tightly coupled to major
human technology systems —
energy, transportation, material
transformation, agriculture — yet
the technological discourse has not
been amajor component of the cli-
mate change negotiations, which
are dominated by an environmen-
tal (and to some extent an econom-
ic) discourse. Equally problematic,
fundamental cultural and ethical
issues may be the most important
part of the climate change debate,
yet they remain a peripheral ele-
ment of the negotiations, and are
frequently disguised in technologi-
cal or scientific jargon. Implicit in
these negotiations is perhaps the
most important ethical question we
as a species will have to answer
over the next decades— what kind
of world do we want to design? —
yet it is not being raised, and cer-
tainly not being addressed, in the
negotiating process.® The lack of a
comprehensive, systematic ap-
proach is apparent in this case
study. The process is far from rec-
ognizing, much less addressing,
the real challenge: to accept
responsibility for engineering and
managing the carbon cycle, and
the climate system, as a whole
[35].

An ESEM approach begins by

including all relevant considera
tions, including the technological
— in essence, drawing the right
boundaries around the problem.
Applied to this case study, it
immediately callsinto question the
fundamental lynchpin of the cur-
rent approach: limit use of fossil
fuels. Rather, one begins by recog-
nizing that many major developing
countries will be under strong
pressure to use fossil fuels, espe-
cidly coad, as the basis for their
energy systems: not to do so,
which could well consign them to
permanent underdeveloped status,
isnot likely in thereal world. This,
in turn, focuses attention on a crit-
ical technological question: Is it
possible to burn fossil fuelsin cen-
tral power plants and not con-
tribute to climatic change?

It now appears that the answer
may be yes, that carbon dioxide
resulting from fossil fuel combus-
tion in power plants can be cap-
tured and sequestered for centuries
to millenia in the ocean, deep
aquifers, geologic formations, or
other long term sinks. Although
there are some economic and ener-
gy penalties, the technologies for
accomplishing this are available
and feasible [36]. With appropriate

BA critical point implicit in many of the
global environmental discoursesiswhether
it is ethical to privilege the present. Thus,
for example, global climate change negoti-
ations seek to stabilize current climatic
conditions, which removes an important
source of variability that has affected the
evolution of life on this planet. It thus seeks
to remove an important driver of biological
evolution. Opposition to biotechnology
implicitly privileges current genetic struc-
tures over what may be evolved in the
future. This privileging of present systems,
human and biological, is a powerful ideo-
logical and ethical statement that is sur-
prisingly unconscious for most participants
in these dialogs. More generally, of course,
there is no generally accepted answer to
the question of what kind of world humans
do (or should; the two are not the same)
want, but a dialog that explores the
options, including their distributive costs,
benefits, and risks, is highly to be desired.
Not addressing such a fundamental issue
does not make it go away, but simply turns
it into a social pathology as it is expressed
dysfunctionally in other ways.

engineering and feedstock selec-
tion, the power plant can be
designed not as an emitter or as a
non-emitter, but as a variable-
release control node in a managed
carbon cycle system. Moreover,
the plant can produce a mixture of
secondary energy sources, espe-
cially hydrogen and electricity,
which can support most energy use
throughout the economy. In short,
looking at social and cultural con-
straints — the inevitability of
attempts by developing countries
to grow their economies, which
will require significantly more
energy generation capability than
they have how — combined with
technological sophistication,
immediately begins to offer a
whole set of options that to date
have not even been part of the
political process.

Although the carbon sequestra-
tion technology is critica given
highly probable energy generation
scenarios, at least over the next
half-century, many other ways to
manage the carbon cycle and,
thereby, to stabilize the climate
system, exist. Biomass plantations,
ocean fertilization, energy efficien-
cy, evolving technology mixes, dif-
ferent patterns of living and built
infrastructure — all will have
some impact: the question isreally
not whether they will, but whether
they can be blended into a system
that is rationally understood,
designed, and managed (remem-
bering the humbling lesson from
urban management al the while).
Accordingly, the ESEM fossil fuel
plant system must be taken as just
one component of the ESEM pro-
ject to engineer the carbon cycle.
But, of course, the carbon cycle
especiadly is not independent of
other natural and human cycles. It
is tightly coupled to the nitrogen
cycle, for example (aswe areliable
to find to our dismay when a mas-
sive shift to biomass as a carbon
sink and source results in yet fur-
ther perturbations to that little
understood cycle). And the carbon
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Figure 1. Earth Systems Engineering and Management: Carbon Cycle Schematic

cycle cannot be considered with-
out thinking of the biosphere,
which in turn raises questions
about genetically modified organ-
isms (GMOs), and the role of
genetic engineering in managing
the carbon cycle [3].

Throughout history, humans
have continually designed and
engineered the carbon cycle. That
is, of course, what agricultureisall
about. In this instance, however,
engineering and managing the car-
bon cycle itself is not the critical
godl; it is stabilizing the climate
system (and, concomitantly, the
oceanic systems as well). There
are additional technological means
by which this can be accom-
plished, which come under the
general idea of geoengineering.
For example, Johnson [37] has
proposed building adam acrossthe
Strait of Gibralter in an effort to
avoid  climate-change-induced
shifts in high-latitude oceanic cir-

culation systems. Similarly, a
number of proposals that would
change the reflectivity of the plan-
et have also been made (for exam-
ple, injecting a fleet of thin au-
minum balloons in space between
the earth and the sun, which would
reduce the amount of energy strik-
ing the earth’'s surface) [38], [39].
By and large, these appear to be
regarded by the primarily environ-
mentalist community negotiating
global climate change issues as
more science fiction than possible
alternatives — if they are consid-
ered at al. This begs the real ques-
tion, of course, which is the risks,
costs, and benefits of geoengineer-
ing alternatives compared to other
options. This, in turn, may in large
part depend on how well each pro-
posa meets the ESEM principles
discussed at the end of this article:
the Gibralter Dam, for example, is
neither incremental nor easily
reversible, while a test of a small
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amount of auminum balloons
might be feasible, and isreversible
since the balloons could be
designed initially to fail quickly,
thus providing test data at (possi-
bly) low risk.

The current climate change
negotiation process illustrates a
particular inflexion in human his-
tory. ESEM is clearly implicit in
the project — manage all human
activities so as to change existing
anthropogenic contributions to
certain fluxes in the carbon cycle,
with the goal of stabilizing climat-
ic and oceanic systems. Indeed,
this case study provides a useful
illustration of ESEM and its impli-
cations. Thus, Fig. 1 provides an
overview schematic (one of many
possible given the complexity of
the system) that illustrates three
conceptual levels. At the highest
level, the effort is to maintain
desired functionality of fundamen-
tal cycles (natural ones are illus-



trated; obviously, human systems
such as agriculture, forestry, and
fisheries are aso integral to this
project, but they are not listed for
simplicity’s sake). At the next lev-
el, systems and technologies per-
taining primarily to carbon cycle
management are designed and
managed, but, in sharp contrast to
existing practices, they are treated
as a portfolio of options: the effort
is to achieve desired performance
of the carbon cycle as awhole, not
just any single alternative. Finally,
it is important to remember that
underlying many of these options
are “traditional” engineered sys-
tems: ESEM supplements, but
does not replace, these activities.

AsFig. 1 makes clear, the men-
tal models, knowledge base, and
ingtitutional capacity have yet to
catch up to the redlity. With the
carbon cycle in particular, one
must engineer and manage on a
global scale. But this does not
mean centralized control, or legis-
lated universal mandates — the
globalization of command-and-
control. Rather, it means that what-
ever mechanisms are used to move
towards the desired state (which
has yet to be defined in any coher-
ent, explicit manner) must rely on
decentralized governance mecha-
nisms, disparate cultures, and
complex, ever-shifting constella-
tions of technical, economic, and
socia aliances. The importance of
information, and information
embedded in market function,
could not be more apparent. And
that introduces the last case study:
looking at the information indus-
try, and information infrastructure,
from the ESEM perspective.

ESEM and the I nternet

One way to define a complex
system conceptually is by the
amount of information required to
uniquely define it: the more infor-
mation required, the more complex
the system. Similarly, it is apparent
that an essential basis of human
existence, and the sin qua non of

cultural and technical evolution, is
information of all kinds — embed-
ded, implicit, explicit, scientific,
technological, mythological, reli-
gious. | posit that we must learn to
engineer and manageaworldthat is
rapidly evolving towards greater
complexity, and where human sys-
tems are an increasingly important
component of most fundamental
systems. | obviously imply a central
role for information and informa-
tion systems (an agglomeration
some people call the infosphere).
This case study, then, raises the
question of how the Internet might
be regarded as an ESEM case study.

Asin the case of the the carbon
cycle/climate system, it isuseful to
begin by defining different rele-
vant levels of the system. Depend-
ing on the purpose of the analysis,
there are a number of ways that
this could be done. In looking at
the Internet and its potential envi-
ronmental and social implications,
we can identify four levels relating
to infrastructure impacts. The first
level is compliance of existing
infrastructure operations with cur-
rent law and regulation (infrastruc-
ture meaning not just the platforms
supporting service, such as switch-
es, routers, and fiber, but also the
manufacturing facilities that make
them). The second is reduction of
environmental impacts associated
with infrastructure operation; in
the case of artifacts, thisisincreas-
ingly captured by practices such as
Design for Environment and prod-
uct takeback. Network energy con-
sumption and other important sup-
pliers to network operations would
also be included. The third is the
direct impacts of the services
based on the Internet and support-
ing platforms: telework, for exam-
ple. The fourth is the indirect
effects of services and the Internet
itself — or what happens when
cultural evolution accelerates dra-
matically as a result of the explo-
sive growth in knowledge and
information made possible by the
Internet.

The compliance level is con-
ceptualy trivial: it is being done
currently, both in the manufacture
of infrastructure and technology
platforms, and in their operation
by service providers. It is a fairly
well-understood activity, with rela-
tively little uncertainty and cultur-
al content. While not unimportant,
for purposes of ESEM, it may be
disregarded. The second level,
direct infrastructure impact, is
more problematic than compli-
ance, but is at least conceptually
fairly clear. It is at the third and
fourth levels, then, that complexity
and lack of knowledge become
dominant — and, conversely,
ESEM issues are most engaged.
Two scenarios, one of a direct
impact (telework) and one of an
indirect impact, can help illustrate
this point.

One familiar scenario is provid-
ed by telework, a generic term for
any situation where an employee
works away from a central office
location (telecommuting, or work-
ing from home, for example). At
many companies, telework is
increasingly recognized as an
important “triple bottom line”
technology. It benefits firms eco-
nomically, because they save on
rent and can retain valuable
employees, and because telework-
ing employees are generally more
productive. It provides social ben-
efits because employees and their
families enjoy a higher quality of
life. Moreover, traffic congestion,
a major problem in many urban
and suburban areas, is reduced,
which benefits everyone who uses
the roads. It provides environmen-
tal benefits because emissions are
reduced if unnecessary commuting
is limited; moreover, to the extent
congestion is eased, emissions
from al vehicles are reduced mar-
ginaly as well [40], [41]. In all
these cases, however, the data are
incomplete to some degree, and
the extent to which economic and
cultural patterns will change over
time in unpredictable ways must
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be considered in any comprehen-
sive cost/benefit assessment. For
example, is it likely that, in the
longer term, the availability of
Internet infrastructure, combined
with the delinking of place with
work, might [not] lead to com-
pletely different patterns of built
environment with concomitant
implications for demand for prod-
ucts (enhanced e-commerce);
transportation systems (more dis-
persed populations requiring
greater private transport); impacts
on the vitality of urban centers; or
increased gaps in quality of life
between the “haves’ (knowledge
workers that could choose where
and how to live, and pull entertain-
ment, information, and personal
connectivity from the Internet) and
“have nots?’

Another instructive service sce-
nario involves the rapidly growing
phenomenon of e-commerce [42],
[43]. In some applications, imple-
mentation of e-commerce sysems
can cut waste significantly, leading
to dematerialization of existing
industrial operations. For example,
it enables companies to shift from
offering products, to offering ser-
vices, with concomitant demateri-
alization of economic activity.
Consider Home Depot, which has
shifted from simply salling stuff to
small contractors — its most
important customer segment — to
offering a web site service. Con-
tractorslog in, enter details of their
job, and the Home Depot software
calculates what they will need and
arrangesfor just-in-time delivery to
the job site, eliminating the usual
industry practice of overestimating
materials, which then get wasted.
What is ordered gets used. Or con-
sider the new practice of printing
books on demand: each book has a
customer waiting, eliminating huge
amounts of paper and energy
which would otherwise be used to
print and distribute books which
never get sold, and end up being
returned to, and discarded by, the
publisher. Or consider the case of

Dell Computers. The usual practice
inthe computer industry isto main-
tain a 60 to 80 day average inven-
tory. Especiadly given the rapid
pace of technological evolution in
that industry, that trandates into a
lot of inventory that never gets
sold, thus becoming waste (and the
warehouse space and transporta-
tion systems that are used, as well
as the manufacturing impacts
embedded in the product, are also
wasted). Déll, on the other hand,
uses its e-commerce systems, both
upstream and downstream, to oper-
ate on about 6 days of inventory.

Well, so what? Are these dema-
terializing and energy efficiency
effects important or not? No one
honestly knows— and, in truth, no
one knows how to go about think-
ing about these issues yet. For
example, economic history asserts
that advances in productivity have
led to more, not less material con-
sumption — and, as e-commerceis
potentially arevolutionary jump in
economic and material productivi-
ty, it might have just that effect.
Dematerializing the specific, by
shifting supply and demand func-
tions throughout the economy,
might just end up enabling discon-
tinuously higher levels of con-
sumption. Which dynamic will be
the more important — and how
policy can affect those dynamicsto
achieve greater economic, environ-
mental and social efficiency —
cannot be determined at this point
and, indeed, is one of the reasons
why ESEM research in thisareais
important.

Inlooking at the indirect effects
of Internet services, consider also
the possibility that the growth of
information infrastructure may
result in a profound shift in the
technological grounding of per-
ceived persona freedom. Current-
ly, the technol ogy that most people
associate implicitly with their
sense of personal freedom is the
automobile; indeed, it is the pre-
dominant icon of individual free-
dom in the world (a major reason
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why certain regimes seeking to
oppress women restrict their abili-
ty to drive).” This is one reason
why regulating thingslike SUVsin
the U.S. or speed limits on the
autobahns in Germany is so diffi-
cult. However, it isforeseeable that
personal freedom will increasingly
be associated with access to the
Internet and information services,
a trend that broadband access to
information systems, and the aging
of populations in many countries,
would significantly reinforce.
Were this to occur, could it facili-
tate management of environmental
impacts arising from transporta-
tion? Would it make, for example,
speed limits on the autobahn more
politically feasible? Do e-com-
merce and teleworking, which
empower individuals, mark impor-
tant stages on this route?

This case study in particular
raises questions that might seem
overly daunting at this point, and
the temptation might be to just qui-
etly let them lie. But, asin the oth-
er case studies, that ignores the
important point that the dynamics
inherent in information infrastruc-
ture and the Internet are not going
to go away just because we think
they are too complex for anaysis.
Whether we want to think about
them or not, the interactions
between these human technology
systems and natural systems are
both real and, potentially, extraor-
dinarily powerful. As we continue
to introduce these technologies,
and they interact with each other,
with our cultures, and with natural

7See, eg., [18]. It is interesting, but
not surprising, that the most powerful
technological systems are those that pro-
vide significantly enhanced individual
freedom. Energy technologies, automotive
and transportation technologies, and now
information technologies — all have a
unifying characteristic of providing a
greatly enhanced sense of individual free-
dom, whether from drudgery (energy tech-
nologies) or from place, or from social
domination. Conversely, those societies
that seek to reduce human freedom limit
access to such technologies, whether it is
by forbidding women to drive, or limiting
access to the Internet.



systems at various temporal and
geographic scales, we also create
the obligation to engineer and
manage them as best we can. And
that is a start.

APPLICATION PRINCIPLES

The discussion above illustrates
severa points. First, the difficulty
and complexity of the systems
with which ESEM must deal is
obviously daunting: indeed, exist-
ing ethical and moral systems, eco-
nomic and political institutions,
and levels of scientific and techni-
cal knowledge are utterly inade-
quate to the task. But that does not
mean that we can't begin to char-
acterize ESEM by relying on
|essons from adaptive management
concepts, systems engineering,
urban planning, and the evolution
and management of complex tech-
nological systems such as the
Internet, global air transport con-
trol and safety programs, and the
like. Based on such experience,
some preliminary ESEM princi-
plescaninfact beidentified. These
can be roughly sorted into three
categories: theory, governance,
and design and engineering.

In short, the earth has
Decome a human artifact,

Theory

The theoretical underpinnings
of ESEM reflect several important
realities, particularly the scope and
scale of the systems involved, and
our current levels of (often under-
appreciated) ignorance. Accord-
ingly, perhaps the most important
principle of al is, appropriately,
precautionary:

1) Only intervene when neces-
sary, and then only to the extent

required. This principle, similar to
the medical admonition, “first, do
no harm,” is based on the same
rationale: when faced with a com-
plex, uncertain, inherently unpre-
dictable, system, minima inter-
ventions reduce the probability
and potentia scale of unanticipat-
ed undesirable system responses.
Humility, not hubris, is called for.

2) At the ESEM level, projects
and programs are not just scientif-
ic and technical in nature, but
unavoidably have powerful eco-
nomic, political, and cultural
dimensions; in many cases, ethica
and even religious considerations
will be important as well. An
ESEM approach should integrate
all these factors.

3) Unnecessary conflict sur-
rounding ESEM projects and pro-
grams can be reduced by recogniz-
ing the difference between social
engineering — efforts to change
cultures, values, or existing behav-
ior — and technical engineering.
Both need to be part of ESEM pro-
jects, but they are different disci-
plines and discourses, involving
different issues and worldviews,
and cannot be substituted for each
other.

4) It follows from the above
principles that ESEM requires a
focus on the characteristics and
dynamics of the relevant systems
as systems, rather than just as the
constituent artifacts. The artifacts
will, of course, have to be designed
in themselves as well; in this way,
ESEM augments, rather than
replaces, traditional engineering
activities.

5) Boundaries around ESEM
initiatives should reflect real world
couplings and linkages through
time, rather than disciplinary or
ideological simplicity. It cannot be
overemphasized that ideology,
whether explicit or implicit,
inevitably is a (frequently inappro-
priate and dysfunctional) oversim-
plification of the systems at issue
and their dynamics, and such
approaches should be avoided to

the extent possible.

6) Magjor shifts in technologies
and technological systems should
be evaluated before, rather than
after, implementation of policies
and initiatives designed to encour-
age them. Thus, for example,
encouraging reliance on biomass
plantations as a global climate
change mitigation effort should not
become national or international
policy until predictable implica-
tions— further disruption of nitro-
gen, phosphorus, and hydrologic
cycles, for example — are
explored.

Governance

Many authors have commented
on obvious changes in the global
governance system, which is
migrating away from a model
where the nation-state is sover-
eign, to one characterized by com-
plex interactions among private
firms, NGOs, communities,
nation-states, and other interest
groups [44], [45]. These changes,
combined with the complexity of
human and natural systems, give
rise to a second category of princi-
ples involving ESEM governance.

1) ESEM initiatives by defini-
tion raise important scientific,
technical, economic, political, eth-
ical, theological, and cultural
issues in the context of an increas-
ingly complex global polity. Given
the need for consensus and long-
term commitment, the only work-
able governance model is one
which is democratic, transparent,
and accountable.

2) If any ESEM project is to
achieve public acceptance and
social legitimacy, it must at all
stages be characterized by an
inclusive dialog among all stake-
holders. Not all will agree, for a
number of reasons, but to be suc-
cessful, a project requires broad
public support. The approach must
be that of Salvucci, the leading
systems builder on the Boston
CA/T project, not that of Mosesin
New York City.
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3) ESEM governance models,
which deal with complex, unpre-
dictable systems, must accept high
levels of uncertainty as endoge-
nous to the discourse, and view
ESEM policy development and
deployment as a dialog with the
relevant systems, rather than a
definitive endpoint. ESEM gover-
nance structures should according-
ly place a premium on flexibility,
and the ability to evolve in
response to changes in system
state and dynamics, and recognize
the policymaker as part of an
evolving ESEM system, rather
than an agent outside the system
guiding or defining it.

4) Continual learning at the per-
sonal and ingtitutional level must
be built into the process, as is the
case now in “high reliability orga-
nizations’ such as aircraft carrier
operations or well-run nuclear
power plants [46]. This learning
process is messy and highly multi-
disciplinary, but it is particularly
critical with ESEM projects, which
in many cases will involve signifi-
cant experimentation and a highly
interactive relationship with the
systems at issue. It is aso prob-
lematic because the learning will
probably have to occur at an insti-
tutional, rather than personal level,
because of the complexity of the
systems involved and the inability
of any single person, no matter
how qualified, to understand them
in their entirety. Current institu-
tional and policy structures have
generaly been incapable of this
degree of openness and learning
[27], [28], so this must be regarded
asasignificant initial challenge for
ESEM.

5) There must be adequate
resources available to support both
the project, and the science and
technology research and develop-
ment which will be necessary to
ensure that the responses of the
relevant systems are understood.
Financial pressures can be particu-
larly insidious with complex engi-
neering technologies even today.

Pool [44] cites the Bhopal Union
Carbide chemical plant and the
Challenger incident as examples
where pressures generated in part
asaresult of chronic underfunding
resulted in catastrophic failure of
such systems; the rash of recent
failures of the NASA Mars mis-
sions offer a reinforcing example.

Design and Engineering

Finally, there are a set of princi-
ples that inform the design and
engineering of ESEM systems.
These may operate at different
design and implementation levels
for a given ESEM project — for
example, they may apply to pro-
jects involving ocean fertilization
with iron to encourage phyto-
plankton growth and carbon diox-
ide uptake as a globa climate
change mitigation option, but not
to globa climate mitigation as a
whole. They may also not be pos-
sible to satisfy in each instance,
particularly if rapid action is need-
ed to avoid irreversible and highly
undesirable consequences. None-
theless, taken together they do
form the basis for desirable engi-
neering practice in an ESEM envi-
ronment.

1) Know from the beginning
what the desired (and reasonably
anticipated) outcomes of any inter-
vention are, and establish quantita-
tive metrics by which progress
may be tracked. Additionally, pre-
dict potentia problematic system
responses to the extent possible,
and identify markers or metrics by
which shifts in probability of their
occurrence may be tracked.

2) Unlike simple, well-known
systems, the complex, information
dense and unpredictable systems
that are the subject of ESEM can-
not be centrally or explicitly con-
trolled. Rather than being exoge-
nous to a system, the earth systems
engineer will have to see herself or
himself as an integral component
of the system itself, closely cou-
pled with its evolution and subject
to many of its dynamics. This will
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require an entirely different psy-
chology of engineering.

3) Whenever possible, engi-
neered changes should be incre-
mental and reversible, rather than
fundamental and irreversible. In all
cases, scale-up should alow for
the fact that, especially in complex
systems, discontinuities and emer-
gent characteristics are the rule,
not the exception, as scales
change. Lock-in of inappropriate
or untested design choices as sys-
tems evolve over time should be
avoided.

4) An important goa in earth
systems engineering projects
should be to support the evolution
of resiliency, not just redundancy,
in the system. The two are differ-
ent: a redundant system may have
a backup mechanism for a particu-
lar subsystem, but still be subject
to difficult-to-predict catastrophic
failure; a resilient system will
resist degradation, and, when it
must, will degrade gracefully, even
under unanticipated assaults.
Accordingly, inherently safe sys-
tems are to be preferred to engi-
neered safe systems. An inherently
safe system, when it fails, failsin a
noncatastrophic way; an engi-
neered safe system is designed to
reduce therisk of catastrophic fail-
ure, but there is still afinite proba
bility that such afailure may occur.

ESEM AND EARTH AS
ARTIFACT

Earth systems engineering and
management may be defined as the
capability to rationally engineer
and manage human technology
systems and related elements of
natural systemsin such away asto
provide the requisite functionality
while facilitating the active man-
agement of strongly coupled natur-
a systems. The need for ESEM
arises because, as a result of the
industrial revolution and concomi-
tant changes in agriculture, popu-
lation levels, culture, and human
systems, the world has become a
human artifact. Partially because



this process has occurred over time
framesthat are longer than individ-
ual time horizons, and has
involved institutions and technolo-
gy systems rather than conscious
individual decisions, recognition
of this phenomenon, and appropri-
ate responses, have yet to occur.
Indeed, it is apparent that the sci-
ence and technology, institutional,
and ethical infrastructures neces-
sary to support such a response
have not yet been developed. The
issue is not, however, whether the
earth will be engineered by the
human species: that has been and
is already occurring. The issue is
whether humans will do so ratio-
nally, intelligently, and ethically.
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