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ABSTRACT

Humans have diverse goals for their use of land: mining, water supply, aesthetic
enjoyment, recreation, transportation, housing, etc. Any individual living within an actively
developing community can look back in time and note how, perhaps slowly but nonetheless
dramatically, the total land area dedicated to human use has increased. As our society’s basic
functioning intensifies, the disappearance of “free”” open space is apparent — today, even
conservation areas are carefully designated, mapped and controlled. This transition in land use is
a result of many individual decisions that occur throughout space and time, often with little
concern for the potential impacts on the local environment. Two specific environmental
components — the microclimate and surface hydrology — are the focus of this thesis. This study, as
well as related tools and bodies of knowledge, should be used to broaden the scientific basis

behind land use management decisions.

It will be shown that development can induce predictable changes in measures of the local radiant
surface temperature and evapotranspiration fraction — as long as certain features of the
development are known. Specifically, the vegetation changes that accompany the development
must be noted, as well as the initial climatic state of the land parcel. Additionally, plots of runoff
vs. rainfall for gauged basins will be interpreted in terms of the proportion of the basin
contributing to a storm event’s runoff signal. For a particular basin, four distinct runoff responses,
separated by season and antecedent moisture conditions, will be distinguished. The response for
the non-summer months under typical antecedent moisture conditions will be shown to be the
most representative of and responsive to a basin’s land use patterns. A scheme that makes use of
satellite-derived land cover patterns and other physical attributes of the basin in order to
determine this particular runoff response will be presented. The Soil Conservation Service’s
curve number (CN) method will also be used to determine the areas of major surface runoff
generation within a basin. All of these results will be presented in a form that is compatible with
an existing urban growth model. This work thus enhances the model climatologically and
hydrologically — both from a localized grid celi and basin outlet perspective. Finally, the validity

of a new satellite-derived measure — that of impervious surface coverage — will be presented.
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Chapter 1

Introduction

H.G. Wells demonstrated an almost prophetic sense for the evolution of our cities’ forms

in his writings of 1902:

Many of our railway-begotten giants are destined to such a process of dissection
and diffusion as to amount almost to obliteration.... The social history of the
middle and later thirds of the nineteenth century...has been the history of a
gigantic rush of population into the magic radius - for most people - of four
miles, to suffer there physical and moral disaster...But new forces...may finally
be equal to the complete reduction of all our present congestions.... What will be
the forces acting upon the prosperous household? The passion for nature...and
that craving for a little private imperium are the chief centrifugal inducements.
The city will diffuse itself until it has taken many of the characteristics of what is
now country.... We may call...these coming town provinces ‘urban regions.’

(Levy, 1994)

At the beginning of the twenty-first century, the diffusion process has advanced so far that the
boundaries of older cities have begun to overlap. Today, the modern metropolis is really a vast
urban field with multiple centers (Spirn, 1984). The traditional model of a downtown core
surrounded by concentric rings of growth — as reflected in the meteorological adage, the urban
heat island — is no longer applicable. Many currently emerging cities cannot even be clearly
defined by political boundaries. These new “edge cities” represent instead the movement of jobs
out towards today’s prominent residence, the suburb, and are an obvious result of modern

transportation media: the car, the plane and the computer (Garreau, 1991).

In contrast, the canal barge, steamship and rail line of the 1800s generated early cities whose
alarming density was their defining urban characteristic. For example, a 1900 New York City
tenement building covering a mere 200 by 400 foot city block was noted to have housed 2,781
people in 441 rooms with no ventilation and 635 rooms with only narrow air shafts (Hall, 1988).

Under these conditions, such decentralizing forces as the electric streetcar and the automobile



were welcome influences. Today, however, the density issue has been pushed to the other
extreme. The ill now is seen as uncontrolled growth, “occurring sporadically, [and] spreading
without discrimination,” leaving nature as nothing more than an “irrelevant backdrop” to human
“Progress” (McHarg, 1969). Current reform efforts are directed at managed growth — a fact that

may be considered ironic by an urban dweller of the late nineteenth and early twentieth centuries.

The environmental impact of land cover change — a key argument for managed growth — forms
the basis of this thesis. Local land cover, i.e. grass, concrete, soil, water, etc., largely dictates the
energy exchanges that occur between the earth and atmosphere and thus, is one of the primary
determinants of a site’s microclimate. The idea that an architect can design a building and its
immediate surroundings in order to achieve the most livable microclimate is fairly traditional.
Much less commonly, however, is this idea extended to an entire region. Individual land use
decisions and their microclimatic effects become integrated into “meso-climatic zones” that
“mirror” the form of urban development, but rarely is the theory that a regional planner can
“control the meso-climate of broad zones of the city” put into practice (Chandler, 1976). As late
as 1996, it was stated that, despite many attempts to model the effects of urban development on
the local climate, complete models for urban planning were unavailable and there was "still a

striking gap between climate and design” (Eliasson, 1996).

Arthur (1997) took a step towards closing this gap by using the technique of multiple linear
regression to formulate equations for predicting the effect of various urban development plans on
the local surface temperature and moisture. Data for the analysis was obtained from a
combination of satellite remote sensing and surface climate modeling; the validity of the
parameters used — fractional vegetation cover, radiant surface temperature, evapotranspiration
fraction, surface moisture availability and percentage developed land — have been established in
both previous and subsequent research (Arthur et al., 2000; Carlson and Arthur, 2000; Owen et
al., 1998; Carlson et al., 1997; Gillies et al., 1997). This thesis continues with many of the ideas
in Arthur (1997) and also includes two new parameters, impervious surface coverage and
stormwater runoff, which specifically address surface hydrology. Importantly as well, this thesis
takes the additional step of “operationalizing™ both the microclimate and surface hydrology work
by coupling the results with a cellular automaton urban growth model (SLEUTH) developed by
Professor Keith Clarke at the University of California, Santa Barbara (Clarke ef al., 1996).



The resulting regional planning model enables users, for the first time, to clearly incorporate
surface microclimatic and hydrologic changes into decision-making. The SLEUTH urban growth
model is used to drive future development scenarios, while the “start-up” microclimate and
surface hydrology for the region of interest are determined from a satellite-derived land cover
map. As the SLEUTH model predicts new growth and generates changes in land cover, site-
specific climate and hydrology evolve based on the work that is presented in this thesis. The
growth prediction is thus advanced beyond a qualitative look at development patterns and
towards an environmental assessment of a region’s future. Additionally, the quantitative

information derivable from multi-spectral satellite imagery is finally presented in a form that is of

use to policy makers.



Chapter 2

Perspective: Microclimate

Through time, the original relationship that existed between people and natural
ecosystems has been fundamentally altered (Dale et al., 2000). For example, with the advent of
agriculture, hunter-gatherer societies — previously limited by the immediate distribution of plants
and animals — found themselves less dependent on the natural food web. As humans began to use
irrigation and fertilizers to augment natural rainfall and nutrients, they became more and more
detached from the immediate ecosystem. Today, with our extensive transportation networks and
food-preservation technologies, habitable areas have been extended to regions remote from
agriculture. And with our ability to create climate-controlled living situations, the specific
location of these regions is fairly open-ended. In most parts of the world, the interdependence of
ecological and human systems has been so reduced that the consequences of our land u.se

decisions are no longer immediately felt. There is no mistake though that they are still there.

The consequence for the atmospheric component of the ecosystem is the focus here; each land
use decision has the potential to alter the surface energy balance in a manner that is then
expressed through the local climate. For example, Gallo et al. (1996 and 1999) demonstrate that
the observed diurnal temperature range is usually greatest for US Historical Climatology Network
stations that are associated with predominantly rural land use, while it is least for those associated
with urban uses. They suggest that changes in the land use within the area of the weather station,
even as far out as a 10 km radius, could significantly influence that station’s climate record —a
fact that should be monitored and adjusted for, similarly to changes in instrumentation or time of
observation. Karl et al. (1988) use the same station network to develep a technique for removing
these urban effects from the record. They note that urbanization’s influence on temperature is
detectable even for small towns with a population under 10,000; the most pronounced bias being

in minimum temperatures and again, the diurnal temperature range.






