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ABSTRACT

Rapidly expanding desert populations have significantly altered surface microclimatic conditions. These modifica-
tions are evident for much of the year, since desert areas are frequently affected by stable, clear, calm weather. Past
empirical analyses of urban effects for Phoenix and Tucson, Arizona, have highlighted the large magnitude of the “urban
heat island effect” with minimum temperatures in summer changing by over 5°C from the 1940s to present. Less
understood are links of the built environment to surface microclimate within the urban area. This paper presents field
data taken for a short sample period in summer in Tempe, Arizona, from an “urban canyon” environment, an asphalt lot,
and a nearby irrigated park. A Surface Heat Island Model (SHIM) compares favorably with these field data. The model
is a “force-restore” scheme to estimate post-sundown surface cooling at night — the time of most evident development
of urban heat islands. The model incorporates thermal, morphological, and geometric features of the urban area that
promote considerable change of local microclimates. A sensitivity analysis of key variables yields insights into
challenges to ameliorate heat islands. Key are use of low thermal admittance materials, considerations of building
height/width ratios, sky view factors, and judicious use of evaporative surface water cooling. For urban ecological
studies, the use of modeling together with neighborhood scale monitoring is encouraged to assist in unraveling the

intra-urban variance of microclimates and effects on ecosystem processes.

INTRODUCTION

The majority of desert cities are located in
regions of frequently stable, clear, calm weather and
typically experience wide ranges in diurnal thermal
conditions (e.g., Golany 1988, Pearlmutter and
Berliner 1998). Under this kind of climate regime,
local effects of the earth's surface and terrain are
accentuated. As a result of rapid urban growth in
many desert cities, year-to-year temperature trends
of urban weather stations are impacted by local
land-use and land-cover variations (e.g., Brazel et
al. 2000, Comrie 2000). Hansen et al. (1999), for
example, use the Phoenix, Arizona, station to illus-
trate the dramatic effects of an urban-dominated
data point even in interpolation of regional gridded
temperatures for global assessment (an interpolation
in which one “odd” urban data point affects repre-
sentation of the mapped temperatures over distances
1,000 km around the data point). They have devised
an empirical method to de-trend these data for urban
effects (Hansen et al. 1999). This is clearly neces-
sary, since the temperature trend for Phoenix, as an
example, shows a ca. 5.5°C increase in the mini-
mum temperatures from the late 1940s to present, a
large majority of which is due to urbanization
(Balling and Brazel 1987, Brazel et al. 2000). What
is less clear for any given urban-dominated weather
site are the causes of these changes within the urban
area at the neighborhood scale, and the links of
urban ecosystems to changes in surface climate.

Empirical temperature trends and analyses, per se,
do not fully reveal causes of the urban effects. What
is needed are models and integrated observational
systems to monitor the urban environment.

In the last decade, urban climatologists have
developed numerical models for investigation of
cities and their climatic environments, and special
efforts have been made to broaden the agenda for
urban environmental studies. This is indicated by
various symposia of the American Meteorological
Society's Board on Urban Environments and the
inception of two urban Long-Term Ecological
Research (LTER) monitoring locations in the U.S —
Phoenix and Baltimore (e.g., see Brazel et al.
2000). Urban ecologists, planners, climatologists,
and other scientists would greatly benefit from
making use of these models together with empirical
field studies in urban ecological investigations. The
models would assure more explanatory power for
knowledge of urban ecological systems and to
evaluate climate and planning scenarios for the
future of desert cities.

The purpose of this paper is to present a set of
field observations of typical June weather (June
2001) in Phoenix and to make use of the recently
developed urban climate model to illustrate the
controls of cooling from sundown to the
near-minimum temperature time (SHIM - Surface
Heat Island Model, reported in Voogt and Oke
2000). This phase of the diurnal cycle is critical to
study, since it is known that local effects come into
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play after daytime regional convection processes
subside near sundown, and when differential surface
cooling ensues (e.g., Kirby and Sellers, 1987,
Acevedo et al. 2001, Fernando et al. 2001). It is
well known in urban climatology that the spatial
variability of city temperatures maximizes after sun-
down to produce the heat island effect (Barton and
Oke 2000). For example, for Phoenix it has been
shown that daytime maximum temperatures
demonstrate little trend over the last 50 years,
whereas the minimum temperatures have increased
dramatically and these temperatures display consid-
erable spatial variability (Balling and Brazel 1987).

THE SHIM MoDEL

The Surface Heat Island Model is available (in
simple computer spreadsheet form) to simulate the
cooling effects over variable urban/rural terrain as
a function of the built features and rural aspects of
any environment (e.g., materials and structure types,
height/width of buildings, internal building
temperatures, deep soil/material temperature,
weather data). One form of the model can be
accessed at: www.geog.ubc.ca/~pascal/research/
ATSC/shim, but the authors also obtained an
updated version from one of its originators, J. Voogt
(Department of Geography, University of Western
Ontario). The model acts as a mechanism to under-
stand the highly complex nature of urban effects
during nighttime (commencing at 6 pm), and is a
“force/restore” model that calculates balances of the
energy budget among the fluxes of longwave
emitted and incoming longwave radiation at night
(usually a net outward flux to space) and the
subsurface heat flux, normally to the surface from
depth at night. The model has been previously
validated (Voogt and Oke 2000). A “rural” version
of the model includes a turbulence term and
expansion to consider the entire energy budget; the
urban version as yet does not have this expanded
analysis capability. Thus, the validity of the model,
currently, is for low wind conditions — typical at any
rate during maximum urban effect conditions.

The model requires estimates of several
parameters for a given site. Critical ones are: (a)
thermal admittance—energy m™time' °K"'—a measure
of heat storage character of the surface and sub-
surface, (b) estimate of longwave incoming
radiation, (c) sky view factor (e.g., Grimmond et al
2001)—a “fish-eye lens” view of the sky, accounting
for building obstructions (ranges from 1.0 for total
unobstructed hemisphere to 0.0 for totally
obstructed), (d) estimate of sundown temperature,
(e) in the case of an urban canyon, the wall
temperatures and internal building temperatures,
and (f) an estimate of the 0.25 m (so-called deep)
depth temperature in the material making up the
surfaces and walls. Explanations of equations for

the SHIM model can be obtained from perusing a
Manual document stored at the above web site.
Space limits extensive listing here. It should be
noted that the model requires the 6 pm temperature
to be known (this may be modeled with some other
energy budget model).

THE FIELD OBSERVATIONS
AND STUDY LOCATION

A field exercise was conducted for the period
June 3-7, 2001 in Tempe, Arizona, primarily on the
Arizona State University (ASU) campus, but also
extending into the mesic residential community to
the south of the campus (Fig. 1). From these data,
comparisons of observations may be made with
estimates of SHIM. Four field sites were established
as part of an undergraduate geography field
methods course during summer school at ASU, the
purpose of which was to engage students in methods
of sampling the urban environment and to introduce
them to examples of typical field equipment used in
climatology. Sites were established over an
extensive asphalt parking lot (Lot 59 - N), between
two campus buildings (UC - example of an “urban
canyon”), over a smaller asphalt parking lot (S), and
on the edge of an extensive flood-irrigated park to
the south of campus in a predominantly mesic
residential neighborhood (Daley Park - P). The class
conducted two exercises: (a) a walking and mobile
tour using field equipment (temperature and
humidity sensors), walking through campus among
fixed sites and driving the entire length from Lot 59
to Daley Park; and (b) establishing automated
sensors at the four fixed points above (using HOBO
Onset Corp automated data loggers recording
temperature and dew point). Only the fixed-point
data from sensors installed by the authors are
analyzed in this paper and are used to compare to
SHIM. Values from these sites were monitored on
a 5-min interval during the sample period. All
sensors were pre- and post-calibrated at the Office
of Climatology at ASU. They were within <0.5°C of
each other upon calibration check.

Figure 2a and b illustrate the diurnal 5-min
temperatures and dew points at each site. The entire
period of the sample consisted of clear skies. Gener-
ally, the period was quite typical of June in Phoenix
with daytime values over 35°C and nighttime values
in the 20s°C (Schmidli 1996). Dew points ranged
from -7°C to over 5°C—again quite typical for the
dry June period in Phoenix. Overall, the period
showed a general warming from June 3-7.

Field results illustrate several common features
of microclimatic variations within a city, for exam-
ple: (a) shading at the urban canyon (UC) site
during daytime, thus inducing cooling compared to
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Figure 1. Aerial photo of the ASU campus and the
sites used in this study.

more exposed sites (in this case by ca. 3°C), (b) role
of surface moisture on both maximum and
minimum temperatures — e.g., difference between
asphalt Lot 59 site and the Daley Park site all day
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Figure 2. (a) Five-minute data of 2-m height air
temperature at the four sites, (b) dew points at the four
sites. Note large difference in dew point between park and
other cement-asphalt sites.
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(3°C cooler during day; 6°C cooler during night;
and note also the dramatically higher dew points at
Daley Park); and (c) warming at night in the urban
canyon (UC) site relative to exposed sites by ca.
2.5°C. Since Lot 59 is similar to the smaller asphalt
lot (S), we drop the smaller lot for further analysis
in modeling. It should be emphasized that
observations are at ground level in the urban canyon
layer, or what has been called the below-canopy
level (Oke 1988).

MODEL VERSUS OBSERVATIONS

We use the cooling period for the night of June
6th into the morning of June 7th to compare with
model runs for the N, UC, and P sites. This is
because we need to establish the 2-day preceding air
temperature conditions to estimate the deep
temperature at 0.25 m, as mentioned below. One of
the key inputs, the sky horizon (Fig. 3), is shown for
the most obstructed site, that of UC. From sky
horizons, an estimate of sky view factors and the
height/width ratio may be made for the canyon.
Thermal admittance estimates for asphalt (Lot 59),
moist soil (Daley Park), and brick building/cement
material (UC) were obtained from previous litera-
ture of Goward (1981), Oke (1981), Spronken-
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Figure 3. Sky horizon chart for the urban canyon site.
Sun path shown. White area is sky seen from within the
canyon.

Smith and Oke (1999), and Voogt and Oke (2000).
We assumed an internal temperature of all buildings
of 25°C and outside walls temperatures equivalent
to air temperature. We used deep temperatures of
the canyon floor equivalent to the mean daily air
temperature for the two days prior to June 6th (a
method used by Voogt and Oke 2000). We obtained
an estimate of longwave incoming radiation from an
ASU-City of Tempe evaporation/energy budget
station atop a dam at the west end of Tempe Town
Lake, in the Salt River channel just to the north of
our field sites. In our case, we only have observed
air temperatures from slightly above shelter height
at all sites (ca. 2 m). This temperature, particularly
at night, could be considerably different from
SHIM's simulated radiant surface temperature (e.g.,
Imamura 1989, Stoll and Brazel 1992, Voogt and
Oke 2000). In order to resolve this issue, we obtain-
ed hourly data from the Maricopa County Air Qual-
ity Division (B. Davis, pers. comm.). These data are
available from a site <100 m from Daley Park, and
from many urban-dominated sites in the Phoenix
area. The temperature data at certain county sites are
recorded at two levels in the atmosphere (2 m to
approximately 10 m). The temperature gradient in
this layer may be used to interpolate an estimate of
the surface temperatures, by noting the direction of
temperature increases or decreases toward the sur-
face (lapse or inversions conditions). We use the
Daley Park air quality site to correct air temperature
data taken at Daley Park, and a site in downtown
Phoenix over asphalt to obtain the temperature
gradient to make the asphalt N site correction esti-
mate. No correction is made for the UC site at this
point, since it is likely the air is more well-mixed

Q

90°

4

due to the confined space and heating from walls
and the canyon floor.

Several sources of information are used to
estimate the appropriateness of this procedure: (a)
examination of literature on airborne-derived
surface temperatures versus low level air
temperatures in previous tests of SHIM (Voogt and
Oke 2000), (b) review of detailed hourly 1.5 m air
and radiant surface temperatures from a 70-day
summer study by Stoll and Brazel (1992), and (c)
analysis of data from field work and Landsat ther-
mal data used on an NSF Human Dimensions proj-
ect reported by Lougeay et al. (1996) for Phoenix.

Voogt and Oke (2000) have compared airborne
radiant surface temperatures to mobile sampling of
below-canopy air temperatures for summer con-
ditions in Vancouver, B.C.; and have shown that in
the rural case considerable inversions exist between
the surface and air (upwards of 5°C); whereas in
urban areas, the difference is much less at night and
steep inversion layers are not as evident. Stoll and
Brazel (1992) illustrated the same effect over a
moist grass surface and commercial cement/asphalt
site (gradient ca. 6°C inversion over grass and ca.
1-2°C for asphalt, for the surface to 1.5 m layer
from a 70-day sample in summer).

Figure 4 illustrates for a clear night in June
1994 from the Lougeay et al. (1996) study, the
progression of the temperature gradient between
surface temperature and 1.5 m air temperature over
the Lot 59 locale used in this study, and over an
extensive moist acreage of turf near campus (just to
the west of campus, not shown in Fig. 1). Note the
large inversion over the grass site (in this case
irrigation by sprinklers had just occurred that partic-
ular day), and the lesser gradient over the asphalt. A
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Figure 4. Temperature difference between 1.5 m and
the surface (+ values indicate inversion, - values a
lapse) for asphalt and turf grass, June 23, 1992 (data

from the study of Lougeay et al. 1996).
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Figure 5. SHIM simulations and observed surface
temperature for asphalt and turf grass for the night of
June 23-24, 1992 in Tempe, Arizona (data from the
study of Lougeay et al. 1996).
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test of SHIM for these two sites shows very close
correspondence, in this case with actual measured in
situ surface temperatures (Fig. 5a and b).

We think it is reasonable, in the absence of
remotely sensed or observed surface temperatures,
which are rarely available in an urban area, to use
temperature gradient adjustments to estimate a
surface temperature to compare with the simulated
surface temperatures. The method of assuming a
gradient to adjust between surface and air temper-
ature is acknowledged to be less than ideal. If
possible, surface temperatures of the urban area
ought to be continually monitored. However, in the
absence of actual surface temperatures at each site
to test the model for the June 6-7, 2001 period (it
was not logistically feasible to do so at field sites),
some adjustment is necessary, since very strong
low-level surface inversions are present for some
sites between shelter-height and the true surface.
We simply acknowledge that the dilemma of air
versus surface temperature comparisons in complex,
below-canopy environments in cities indeed remains
a challenging issue (e.g., Roth et al. 1989, Voogt
and Oke 1998).

RESULTS OF SIMULATIONS

Figure 6 illustrates the simulations for the Lot
59 asphalt site (N), urban canyon (UC), and Daley
Park (P). At UC and N, final +10 hour values in the
cooling phase overnight are very close to adjusted
observational values for surface temperature, even

Surface Temperature (°C)

» -
1800 1900 2000 2100 2200 2300 0000 0100 0200 0300 0400

[

6-Jun-01 7-Jun-01
Figure 6. Comparison of SHIM surface temperatures
and observed (corrected) surface temperatures for the
three sites for June 6-7, 2001. Near midnight,
downvalley, easterly flow commenced across the sites
and perturbed the lapse rate and induced advection.

though in between sundown and +9 hours the rates
of cooling (shape of the curve) are not identically
the same. Part of the difference is that at the urban
canyon (UC) we have no way of estimating an air-
to-surface temperature correction at this point, and
at the extensive asphalt site (N) there may be extra
warm air advection unaccounted for in the model
(no turbulence term is used). At Daley Park (P)
there are considerable fluctuations between the
model and observations, although for much of the
early to mid-evening the comparison is reasonable.
However, the +10 hour end temperature is off by
5°C. A possible cause of considerable model diver-
gence from observations for much of the cooling
phase is probably the evening transition of winds
that is typical of clear, calm nights in Phoenix,
occurring on this night at P near +6 hours after
sundown, or midnight (Fernando et al. 2001, Brazel
and Selover 2001). This transition perturbs the
cooling phase and in SHIM is unaccounted for, per
se. Inspection of hourly wind records at the air
quality site near P indicated a pulse of wind from
the east accompanying a downvalley passage of
drainage wind flow at about midnight — just the time
when divergence between the model and observa-
tions becomes largest. Post this period, cold air flow
influences the site and cools the surface much more
than predicted by the SHIM force-restore model.

SAMPLE OF MODEL USE
FOR QUESTIONS OF URBAN CHANGE

With the aid of simulation modeling such as
SHIM, one can evaluate the sensitivity of heat
island processes and key variables that contribute to
rapid nighttime heat island development on the
landscape. Three examples are provided below that
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Figure 7. Simulations using SHIM for various height/width ratios of buildings
(0.1 to 3.0 range) starting at temperature of 30°C at 1800 and showing the +10

hour progression of cooling.

illustrate the effects of urban canyon dimensions,
surface material heating and cooling, and heat
retention in the urban landscape due to variable sky
view factors.

Figure 7 shows an example of cooling for +10
hours from a starting point of 30°C at 6 pm for
differing heights/widths between buildings and
streets (H/W), assuming a thermal admittance of

1000 Jm?/sec' K™ for all surfaces (close to values
for urban landscapes). Note that if buildings are tall
with narrow streets, the heat island by morning is
larger by some 5°C. The worse case is to have high
heat retentive materials with critical H/'W values
exceeding 0.5 (Oke 1981). The simulation results
imply that building distributions on the landscape
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Figure 8. Simulations using SHIM combining various
thermal admittance values (600, 1100, and 3000 1) and
at same time variations of sky view factors (0.0 to 1.0 -
0.0 a completely obstructed sky by buildings, etc; 1.0 a
completely unobstructed horizon). Values shown are for
the ending +10 hour cooling from 1800 starting point,
commencing with 30°C.

do not exacerbate heat islands by density alone, but
by spacing between buildings in combination with
heights of buildings. Recently, for example, Stone
and Rodgers (2001) allude to this point using
thermal remote sensing data for Atlanta, Georgia,
and Crewe et al. (in review) discuss this point
relative to the potentials of new urbanism landscape
implementation in Phoenix.

Figure 8 shows, again for a starting point of
30°C at 6 pm, a combination of simulating a
decreasing sky view factor (obstructing the sky
more due to canopy of buildings or even trees), and
at the same time changing the surface thermal
admittance (u=600 is virtually sand or some
equivalent rapidly heating and cooling material;
p=1100 is asphalt; u=3000 is a very high heat
retentive substance or landscape that combines an
urban canyon of heat with high heat retentive
materials). The +10 hour post-sundown values are
shown for combinations of thermal admittance and
sky view factor. By reducing ., no matter what the
sky view factor, the urban area may cool by better
than 5°C compared to heat retentive surfaces.
Although inside a house the insulation is better with
outside surfaces that do not conduct fast into the
building (high thermal admittance materials), the
outside air suffers at night due to heat retention by
these materials, and produces external heat islands.
The surface should have high reflectivity during the
day, but rapid cooling at night to avoid the intense
nighttime desert heat island. As illustrated by the
Daley Park site data, the effects of water are to
ameliorate daytime heating going into the cooling
phase. Much literature for arid areas, however,
properly focuses on low-water use species of trees
to accomplish desirable shade during day time (e.g.,
Simpson and McPherson 1989), so that structures
might start the cooling phase at lower temperatures.
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Figure 9. The relation between +10 hour temperatures
(from 30°C at hour 0) and values of p used for the
modeling of the cooling.

Figure 9 shows, starting at 30°C at 6 pm, the
+10 hours later amount of drop in temperatures at
the surface for a range of thermal admittance values
of materials. It results in a non-linear response, with
materials that are not as heat-retentive cooling the
fastest at night, more than 10°C in this example,
from those materials highly heat retentive. The large
thermal admittance materials such as asphalt,
cement, etc. (u>1000) do not cool as efficiently. The
proportion of land cover that can be kept below
equal to 1000, the better the overall cooling will be,
in the absence of extreme effects of soil moisture
cooling.

CONCLUSIONS

Urban areas have long been recognized by
urban climatologists and planners as consisting of a
myriad of neighborhood scale climate and
ecological conditions. Ecological landscapes in the
Phoenix metropolitan area have become
increasingly fragmented and more structurally
complex with time, as indicated by Jenerette and
Wu (2001) for the period 1915-1995. Reynolds and
Wu (1999), contemplating the Central Arizona—
Phoenix Long-Term Ecological Research (CAP
LTER) urban region, explain that ecological con-
siderations demand an approach typified by a hier-
archical patch dynamics paradigm. The implications
of ecological findings for the assessment of urban
climates and related planning designs are that even
in urban areas with dense observational networks of
historical weather and climate stations, key
processes that explain the urban effects at multiple
scales are not possible to fully identify with simply
an empirical data approach. Some combination of
remote sensing and modeling-assisted analysis,
together with network data, help reveal causal
mechanisms for a desert urban climate with which

careful designs for the future may be made. The
SHIM model appears to be a valuable aid to
combine with key field observations for the study of
urban ecological and climate impacts in the study of
the urban ecosystem, because key variables of the
human/natural ecosystem that induce local change
are identified.

ACKNOWLEDGMENTS

The authors wish to thank James Voogt, Department
of Geography, University of Western Ontario, London,
Ontario, Canada for the latest version of SHIM model;
Nancy Selover for assisting in observation methods and
data analysis, Barbara Trapido-Lurie for all cartography/
graphs, and students of the summer 2001 ASU field
geography class. The authors gratefully acknowledge
President Aregai Tecle for facilitating an independent
peer-review process for this article. The first author
would like to express appreciation to Nancy Grimm and
Charles Redman, Co-PIs for continued support through
the Central Arizona — Phoenix Long-Term Ecological
Research National Science Foundation grant DEB
9714833. This article is also a contribution in support of
Biocomplexity NSF grant 0216281 of the Division of
Social and Economic Sciences.

LITERATURE CITED

ACEVEDO, O. C., and D. R. FITZJARRALD. 2001.
The early evening surface-layer transition:
Temporal and spatial variability. Journal of the
Atmospheric Sciences 58:2650-2667.

BALLING, JR.,R. C., and S. W. BRAZEL. 1987. Time
and space characteristics of the Phoenix urban
heat island. Journal of the Arizona-Nevada
Academy of Science 21:75-81.

BARTON, M., and T. R. OKE. 2000. Tests of the
performance of an algorithmic scheme of the
hourly urban heat island. Pp. 80-81 in Third
Symposium on the Urban Environment, 14-18
August, 2000, Davis, CA. American
Meteorological Society.

BRAZEL, A. J., and N. J. SELOVER, 2001. The
Phoenix evening transition: A climatic
perspective. Proceedings of the 2001
International Symposium on Environmental
Hydraulics. 4 pp.

BRAZEL, A. N. SELOVER, R. VOSE, and G. HEISLER.
2000. The tale of two climates — Baltimore and
Phoenix urban LTER sites. Climate Research
15:123-135.

COMRIE, A. C. 2000. Mapping a wind-modified
urban heat island in Tucson, Arizona (with
comments on integrating research and
undergraduate learning). Bulletin of the
American Meteorological Society 81:2417-
2431.

FERNANDO, H. J. S., S. M. LEE, J. ANDERSON, M.
PRINCEVAC, E. PARDYJAK, and S.
GROSSMAN-CLARKE. 2001. Urban fluid



105 PRELIMINARY TEST OF A SURFACE HEAT ISLAND MODEL AND IMPLICATIONS ¥ BRAZEL AND CREWE

mechanics: Air circulation and contaminant
dispersion in cities. Environmental Fluid
Mechanics 1:107-164.

GOLANY, G. S. 1988. Desert housing, in arid lands
today and tomorrow. Pp. 551-559 in E. E.
Whitehead, C. F. Hutchinson, B. N.
Timmermann, and R. G. Varady, eds.
Proceedings of an International Research and
Development Conference, Tucson, AZ Oct 20-
25, 1985.

GOWARD, S. N. 1981. Thermal behavior of urban
landscapes and the urban heat island. Physical
Geography 2(1):19-33.

GRIMMOND, C. S. B., S. K. POTTER, H. N. ZUTTER,
and C. SOUCH. 2001. Rapid methods to estimate
sky-view factors applied to urban areas. Inter-
national Journal of Climatology 21:903-913.

HANSEN, J., R. RUEDY, J. GLASCOE, and M. SATO.
1999. GISS analysis of surface temperature
change. Journal of Geophysical Research
104(D24):30,997-31,022.

IMAMURA, 1. R. 1989. Air-surface temperature
correlations, Pp. 197-203 in. K. Garbesi, H.
Akbari, P. Martien, eds Controlling summer
heat islands. Proceedings of the workshop on
saving energy and reducing atmospheric
pollution by controlling summer heat islands.
Lawrence Berkeley Laboratory, Berkeley, CA.

JENERETTE, G. D., and J. WU. 2001. Analysis and
simulation of land-use change in the central
Arizona-Phoenix region, USA. Landscape
Ecology 16:611-626.

KIRBY, S. F., and W. D. SELLERS. 1987. Cold air
drainage and urban heating in Tucson, Arizona.
Journal of the Arizona-Nevada Academy of
Science 22(2):123-128.

LOUGEAY, R., A. BRAZEL, and M. HUBBLE. 1996.
Monitoring intraurban temperature patterns and
associated land cover in Phoenix, Arizona using
Landsat thermal data. Geocarto International
11(4):79-90.

OkE, T. R. 1981. Canyon geometry and the
nocturnal urban heat island: Comparison of
scale model and field observation. Journal of
Climatology 1:237-254.

OkE, T. R. 1988. The urban energy balance.
Progress in Physical Geography 12:471-508.

PEARLMUTTER, D., and P. BERLINER. 1998. Urban
microclimate in the Desert: Planning for
outdoor comfort under arid conditions, Pp.
281-289 in B. A. Portnov and A. P. Hare, eds.,
Desert regions, population, migration and
environment.

REYNOLDS, J. F., and J. WU. 1999. Do landscape
structural and functional units exist? Pp.
273-296 in J. D. Tenhunen and P. Kabat, eds.,

Integrating hydrology, ecosystem dynamics,
and biogeochemistry in complex landscapes. J.
Wiley & Sons.

RotH, M., T. R. OKE, and W. J. EMERY. 1989.
Satellite-derived urban heat islands from three
coastal cities and the utilization of such data in
urban climatology. International Journal of
Remote Sensing 10:1699-1720.

SCHMIDLI, R. 1996. Climate of Phoenix, Arizona,
NOAA Technical Memorandum NWS
WR-177, online at http://geography.asu.edu/
cerveny/phxwx.htm.

SIMPSON, J. R., and E. G. MCPHERSON. 1989. The
role of landscape vegetation in urban heat island
amelioration: Results of a scale model study.
Pp. 70-71 in K. Garbesi, H. Akbari, and P.
Martien, eds., Controlling summer heat islands.
Proceedings of the workshop on saving energy
and reducing atmospheric pollution by
controlling summer heat islands. Lawrence
Berkeley Laboratory, Berkeley, CA.

SPRONKEN-SMITH, R. A., and T. R. OKE. 1999.
Scale modeling of nocturnal cooling in urban
parks. Boundary-Layer Meteorology 93:287-
312.

STOLL, M. J., and A. J. BRAZEL. 1992. Surface-air
temperature relationships in the urban
environment of Phoenix, Arizona. Physical
Geography 13(2):160-179.

STONE, JR., B., and M. O. RODGERS. 2001. Urban
form and thermal efficiency, how the design of
cities influences the urban heat island effect.
Journal of the American Planning Association
67(2):186-198.

VOOGT, J. A.,and T. R. OKE. 1997. Complete urban
surface temperatures. Journal of Applied
Meteorology 36:1117-1132.

VOOGT, J. A., and T. R. OKE. 1998. Radiometric
temperatures of urban canyon walls obtained
from vehicle traverses. Theoretical and Applied
Climatology 60:199-217.

Vo0o0GT, J. A., and T. R. OKE. 2000. Multi-temporal
remote sensing of an urban heat island. Pp.
505-510 in R. Dear, J. Kalma, T. Oke, and A.
Auliciems, eds., Biometeorology and urban
climatology at the turn of the millennium
(selected papers from the Conferences
ICB-ICUC'99, Sydney, 8-12 November, 1999),
World Meteorological Organization
Publications Division.



