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ABSTRACT: In this investigation, the polar-orbiting AVHRR thermal scanner is used to produce one-kilometre resolution
surface temperature patterns of Phoenix, Arizona. The resulting map shows realistic, high-resolution temperature
variations across the metropolitan area. The derived surface temperatures covary with incidence of residential, com
mercial, and industrial land use and indirectly covary with the vacant land cover. The AVHRR system appears to provide
the capability of significantly increasing the spatial resolution of thermal fields across an urban area. The results of the
study are being used by a local utility in their analyses of water and power consumption.

INTRODUCTION

A NALYSES OF TEMPORAL and spatial patterns of urban tem
perature structures serve a variety of theoretical and prac

tical functions (Oke, 1982; Lee, 1984; Brazel, 1987). Variations
of surface and air temperatures within an urban heat island
reveal the impact of complex landscapes upon surface energy
budgets and resulting temperature patterns. Information on the
shape of a heat island can help decision-makers in the formu
lation of policies regarding spatial differences in energy and
water demands throughout a metropolitan area. However, the
lack of sufficiently dense surface and air temperature observa
tion networks in most cities prohibits an accurate representation
of heat island patterns. Without detailed inputs on the physical
properties of the urban surface (Marotz and Coiner, 1973; Go
ward, 1981; Arnfield, 1982), existing numerical simulation models
of urban climates (e.g., Myrup, 1969; Outcalt, 1972; Terjung and
Louie, 1973; Nunez and Oke, 1980) are incapable of generating
high-resolution temperature fields over large metropolitan areas.
Alternate systems, such as the AVHRR technology, must be ap
pLied to the measurement of high-resolution temperature pat
terns in urban settings.

One heat island receiving considerable attention in the recent
literature is associated with the expanding Phoenix, Arizona
urban area (Brazel and Johnson, 1980; Cayan and Douglas, 1984;
Hsu, 1984; Brazel and Balling, 1986; Balling and Brazel, 1986a,
1986b, 1986c, 1987a, 1987b; Balling and Cerveny, 1987; Brazel et
aI., 1988). The interest in the Phoenix heat island can be attrib
uted to (a) the rapid growth of the city during recent decades,
(b) the quality of the temperature records during the period of
growth, (c) clear skies and light winds accentuating the clima
tological impacts of land-use changes, and (d) the unusual water
and power demand problems associated with the desert setting
of the city. The limited number of observation stations (ap
proximately 30 stations over the metropolitan area) has forced
broad interpolations that may not accurately depict the tem
perature patterns across the city (Balling and Brazel, 1986c).

A relatively new satellite-based thermal scanning system (op
erational since the late 1970s) called the Advanced Very High
Resolution Radiometer (AVHRR) provides a promising means of
greatly increasing the resolution of surface and near-surface
temperature fields. In this investigation, data from the AVHRR
system are used to construct surface temperature patterns in
the Phoenix area at approximately a one-kilometre resolution.
Specific objectives in this study are to evaluate the general fea
sibility of using AVHRR data to determine realistic surface tem
peratures across the city, compare variations from day to day
in the shape of the AVHRR-derived temperature field, and assess
the impact of various land-use types on the resulting surface
temperature patterns.
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THE AVHRR SYSTEM

The surface temperature data for this project were generated
by measurements made with the AVHRR sensor onboard the
NOAA-9 polar orbiting satellite. The orbital period of this satellite
is approximately 102 minutes, resulting in 14.1 orbits per day.
The ascending node of the satellite (northbound equator cross
ing) occurs at 1420 Local Solar Time (LST) and the descending
node (southbound equator crossing) occurs at 0220 LST. The
measurement resolution is approximately 1.1 krn at the nadir
point of the sensor (Dozier, 1981).

The AVRRR sensor records the "aperture radiance," rep
resenting a combination of radiant emittance from the surface,
modifications of this emittance within the atmosphere, and
thermal radiance from the atmosphere. This aperture radiance
is recorded within five selected bands of the electromagnetic
spectrum, including the Band 4 (10.3 to 11.3 ILm) data used in
this study. An apparent temperature (also known as brightness
temperature or radiant temperature) is calculated from the ra
diance data using Planck's Law. This apparent temperature is
an equivalent black-body temperature defined as the tempera
ture at which a black body would emit the same amount of
radia tion as the surface in the sensor's field of view. According
to Dozier (1981), the apparent temperature is " ...generally lower
than the true surface radiant temperature, although they can
be higher where there are warm, moist inversion layers."

Interpreting meaningful relationships from these apparent
temperatures is further complicated by the complex physical
interactions of the Earth's surface and atmosphere within the
sensor's field of view. Such factors may include complexity of
surface types and their associated emissivities, surface rough
ness and shading, soil moisture level, vegetation canopy char
acteristics, relative humidity, atmospheric turbulence, presence
of clouds, and absorption and emittance of thermal radiation
by aerosols, water vapor, and other gases in the atmosphere
(Artis and Carnahan, 1982; Short and Stuart, 1982; Price, 1983;
Njoku, 1985; Barton and Takashima, 1986). However, in spite
of these difficulties, many researchers believe that the use of
thermal radiance data can be of assistance in the analysis of
temperature patterns within urban areas (e.g., Outcalt, 1972;
Pease et aI., 1976; Carlson et aI., 1977; Matson et aI., 1978; Carl
son et aI., 1981; Dozier, 1981; Short and Stuart, 1982; Barton and
Takashima, 1986).

PHOENIX AVHRR IMAGES

With the aid of scientists at NOAA's National Satellite Data
Services (NSDS) in Washington, D.C., five summer days were
selected from 1986 for our analyses. These five days (5 June, 15
June, 12 July, 31 July, and 9 August) were selected based upon
(a) generally clear skies in the Phoenix area before and during
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the time of the afternoon orbital pass (ranging from 1436 to 1450
LST), (b) a near-nadir position of the Phoenix area, (c) an ap
proximate two-week spacing of the images, (d) general similar
ity in the concurrent and antecedent weather conditions (Table
1), and (e) the availability of the satellite data.

After selecting the five test dates, magnetic tapes containing
the raw AVHRR data were prepared at NSDS. The Center for
Applied Land Management Information Technologies (CALMIT)
at the University of Nebraska-Lincoln provided the necessary
processing of the raw satellite data into a more usable form.
CALMIT scientists used a series of in-house and NASA software
packages (Applied Land-Resources Remote-Sensing Group, 1986)
to calculate estimates of one-kilometre apparent temperatures
from the raw satellite images.

For each test day, satellite measurements in Band 4 were
converted into apparent temperature estimates assuming black
body emission. The apparent temperatures for one-kilometre
grid cells were estimated and geometrically rectified to a Uni
versal Transverse Mercator (VTM) projection using a nearest
neighbor resampling algorithm. These procedures resulted in
the construction of a 96- by 96-pixel matrix for each of the five
test days, representing the apparent temperatures throughout
a square centered on the Phoenix metropolitan area (Figure 1).

Each of the five 96- by 96-pixel matrices was examined to
determine the presence of local cloud cover. On several days,
isolated large temperature depressions (often by more than 20°C)
that were unrelated to elevation changes were identified as cloud
features and the values for the affected pixels were interpolated
from surrounding temperature levels. The daily mean apparent
temperature value of all cells showed substantial variation from
one test day to the next (Table 2). The standard deviations,
indicating spatial diversity in the temperatures, were more con
sistent through time, although the standard deviation on 9 Au
gust (a day with some cloud interference) was substantially higher
than on the remaining test days. The spatial correlations be
tween the five days revealed values ranging from 0.54 to 0.75;
rarely was more than half of the variance from one day shared
with the spatial variance from another day.

An additional 96- by 96-pixel matrix was constructed by av
eraging the apparent temperatures from the five test days. Map
correlations between the mean pattern and the daily tempera
ture patterns ranged from 0.52 to 0.82 (Table 2). A principal
components analysis (Rummel, 1970) was conducted on the
temperatures of the five selected test days and the mean tem
perature pattern. The matrix subjected to principal components
analysis consisted of six columns, one for each of the five test
days and one for the mean pattern, and 9,216 rows representing
the pixels from the 96- by 96-pixel grid.

This analysis revealed one component in the data accounting
for 58.6 percent of the variance in the 9,216 by 6 matrix. The
loadings for this dominant component in the apparent temper
ature fields were nearly equivalent to the correlations between

TABLE 1. PHOENIX AIRPORT 1500 LST CONDITIONS FOR FIVE 1986
TEST DATES

Variable June 5 June 15 July 12 July 31 Aug. 9

Air Temperature (C) 38.8 42.8 39.4 45.6 41.1
Relative Humidity (%) 18 11 13 7 22
Dew Point (C) 10.0 6.1 7.2 2.2 15.0
Wind Speed (m/s) 0 4.1 2.1 4.1 3.1
Wind Direction 320 240 270 260
Cloud Cover (tenths) 0 0 1 2 4
Pressure (mb) 969 968 970 969 967
Antecedent Precip.
over previous 3 days None None None None Scat-

tered

FIG. 1. Surface temperatures (average of five dates) in the Phoenix met
ropolitan area determined from the AVHRR data.

TABLE 2. SELECTED STATISTICS FOR THE 1986 AVHRR ApPARENT

TEMPERATURE DATA

Test Std. Intercorrelations
Day Mean Dev. June 5 June 25 July 12 July 31 Aug. 9 Ave.

5 Jun 43.08 3.84 1.00 0.75 0.66 0.69 0.60 0.74
15 Jun 47.43 3.83 1.00 0.68 0.73 0.61 0.76
12 Jul 45.22 3.65 1.00 0.68 0.68 0.82
31 Jul 47.53 3.70 1.00 0.54 0.52
8 Aug 40.28 4.31 1.00 0.72

Ave. 44.71 3.21 1.00

the spatial patterns for the individual days and the average
temperature pattern (the righthand column in Table 2). The
mean of the squared loadings for the five days equalled 0.52;
these results indicate that the principal component (effectively
equivalent to the mean temperature pattern) accounts for 52
percent of all spatial variance in the apparent temperature fields;
the remaining 48 percent of the variance is related to the day
to-day fluctuations in the urban temperature pattern.

SURFACE TEMPERATURES

The data provided by the AVHRR sensing system represented
the black-body apparent temperature estimates and did not ac
count for thermal emissivity differences occurring at the sur
face. Land-use data at the one-kilometre resolution were
assembled for the study area to correct the AVHRR apparent
temperatures to a more accurate estimate of the true surface
temperature. These land-use data were supplied by the utility
funding the study (see acknowledgment) and had been deter
mined from a series of 1986 aerial photographs.

The land-use data showed the portion of each square kilo
metre covered by residential, commercial, industrial, and va
cant categories. The residential category included (a) light
residential, (b) medium residental, (c) heavy residential (apart
ment complexes), and (d) mobile home parks. The commercial
category included (a) low commercial (e.g., neighborhood food
stores and small shopping centers), (b) medium commercial (e.g.,
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strip developments), and (c) high commercial, including major
regional retail shopping facilities, downtown areas, schools,
hospitals, and churches. The industrial category included (a)
light industrial areas (fairly common high technology facilities
in Phoenix) and (b) relatively rare heavy industrial areas. The
land in anyone square kilometre area not included in residen
tial, commercial, or industrial categories was considered vacant
and included (a) vacant restricted land such as parks, lakes, and
state land or (b) undeveloped desert areas.

Estimates of the appropriate grey-body infrared emissivity
values for these four major categories were taken from Morgan
et al. (1977) and Sellers (1965) and were consistent with emis
sivities provided by Buettner and Kern (1965) and Griggs (1968).
These grey-body emissivities were specified as 0.87 for residen
tial surfaces, 0.86 for commercial and industrial land, and 0.90
for the vacant land category.

Due to (a) the coarseness of the four-category land-use data,
(b) the lack of local field measurements of emissivities in the
Band 4 portion of the spectrum (Barton and Takashima, 1986),
(c) the grey-body assumptions of the selected emissivity values,
and (d) the lack of correction functions for atmospheric effects
(e.g., Dozier and Warren, 1982; Price, 1984), the following sim
plistic procedure was used to refine the estimates of the surface
temperature values from the satellite derived apparent temper
atures. The true surface temperature, Ts' was estimated from
the apparent temperature, Ta, as

aT":, = faT:

where u is the Stefan-Boltzmann constant and E is the grey
body emissivity of the surface. Within each pixel, the Ts values
were determined for each land-use category with an assump
tion of constant radiance within the pixel. The resulting Ts val
ues were then area-averaged based upon land-use coverage to
arrive at the Ts estimate for the pixel. Errors associated with the
assumption of constant radiance with each 1 km2 were mini
mized due to the propensity of cells to be dominated by one
land-use type. Over 75 percent of the pixels had at least 90
percent coverage by one land-use type; 82 percent of the pixels
had over 80 percent coverage by only one of the land-use cat
egories.

The resulting map (Figure 1) displays the estimated surface
temperature patterns in Phoenix from the near one-kilometre
resolution data. Although no actual surface temperature data
are available for the summer of 1986, the values are generally
consistent with the field measurements described by Brazel and
Marcus (1987) and Marcus et al. (1988). The surface temperature
patterns ranged from 39°C in a mountainous area in the north
east to 61°C along the runways of several Air Force bases in the
city. Most of the many residential areas showed a surface tem
perature level in the mid-50s, while the major irrigated agri
cultural areas to the south and to the west of the downtown
revealed temperatures near or below 50°C. The mountainous
area to the northeast of the city was generally cooler than the
other portions of the study area.

A preliminary, quantitative assessment of the interrelation
ship between the land-use patterns of Phoenix and the esti
mated mean surface temperatures from the AVHRR images is
difficult because of the integration of land-use patterns into the
computation of the surface temperature estimates. Assuming
the surface temperatures to be accurate, several north-south
and east-west transects were drawn across the city and 77 one
square-kilometre grid cells were selected for analysis. For each
grid cell, the estimated surface temperature, mean elevation
above sea level, and portions of residential, commercial, indus
trial, and vacant land were determined. Given the lack of nor
mality in the data, the Spearman Rank-Order Correlation was
computed to illustrate the interrelationships within the data (Table

3). The results showed the surface temperature estimates to be
positively and significantly related to residential (r = 0.32) and
commercial coverage (r = 0.47), and negatively and significantly
related to the vacant land coverage (r= 0.38). Elevation differ
ences, which ranged from 297 to 915 m above sea level for the
77 cells, showed no relationship with the temperature values.

Average surface temperature for each land-use category was
determined by selecting only those cells where more than 80
percent of the land area fell into one of the four categories. The
results (Table 4) showed the vacant land to be much cooler than
the residential, commercial, or industrial grid cells. Residential
and commercial land appeared to have similar surface temper
atures; industrial land produced the highest temperatures. The
values within the land-use categories appeared to be consistent
with the measured surface temperatures published by Brazel
and Marcus (1987) and Marcus et al. (1988).

The mean apparent temperatures (all emissivities are as
sumed to be 1) were also determined for the pixels dominated
by one of the land-use categories. The results (Table 4) indicated
that the industrial land-use category is warmer than the resi
dential, commercial, or vacant land categories. These other cat
egories showed mean apparent temperatures to be within 0.6°C
of one another. The similarity in these apparent temperatures
for the three land-use categories indicates the importance of
accurately representing emissivities across an urban area when
attempting to use AVHRR in producing surface thermal patterns.
The coarseness of the category selection in Phoenix may be
responsible, in part, for the inability to account for more of the
spatial variance in the observed temperature structure.

CONCLUSIONS

Use of AVHRR data showed complex and realistic surface tem
perature variations at a one-kilometre resolution throughout the
Phoenix, Arizona metropolitan area. Surface temperature pat
terns were shown to be directly related to residential, commer
cial, and industrial coverage and indirectly related to the coverage
in the vacant land category. The residential and commercial area
appeared to be over 2.0°C warmer in the summer afternoon
period than the surrounding vacant land. Grid cells dominated
by the industrial category were over 5.0°C warmer than vacant
land and several degrees warmer than the residential or com
mercial parcels.

The existing AVHRR capabilities appear to hold considerable
promise in detailed urban climatological studies. Modeling and

TABLE 3. SPEARMAN RANK-ORDER CORRELATION COEFFICIENTS

T, Elev Res Com Ind Vac

Surface Temp 1.00 0.04 0.32 0.47 0.20 -0.38
Elevation 1.00 -0.01 -0.06 -0.15 0.07
Residential Land 1.00 0.68 0.20 -0.92
Commercial Land 1.00 0.28 -0.80
Industrial Land 1.00 -0.38
Vacant Land 1.00

Note: Absolute values ~ 0.22 are statistically significant at the 0.95
confidence level.

TABLE 4. MEAN SURFACE AND ApPARENT TEMPERATURES (C) BY LAND-

USE CATEGORIES

Land-Use Surface Std. Apparent Std.
Category Emissivity N Temp. Dev. Temp. Dev.

Residential 0.87 310 55.17 1.38 44.17 1.37
Commercial 0.86 10 55.70 3.43 44.00 2.98
Industrial 0.86 30 58.10 2.50 46.13 2.40
Vacant 0.90 7152 53.07 3.17 44.62 2.80
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empirical studies are presently needed to (a) better establish the
connection between thermal patterns and more detailed land
use classifications, (b) provide the transfer functions between
A~HRR t~mperature patterns and air temperatures, (c) deter
mme the mfluence of various meteorological conditions on AVHRR
patterns, (d) evaluate diurnal patterns in the thermal data, and
(e) dete.rmine t~e.feasibilityof projecting future heat island pat
terns gIven antlClpated land-use changes. Over the past eight
years, the AVHRR technology has been valuably utilized in land
use, !?eologic, oceanographic, and agricultural studies (e.g.,
SchneIder et aI., 1981; Heilman and Moore, 1982; Norwine and
Greegor, 1983; Shih and Chen, 1984; Njoku, 1985; Fung et aI.,
1987; Woodwell et aI., 1987). This study has demonstrated that
the AVHRR imagery should prove to be an equally valuable tool
In future urban climatological studies.
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