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The Use of NOAA AVHRR Data for Assessment of the Urban Heat Island Effect

1. Introduction
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ABSTRACT

A vegetation index and a radiative surface temperature were derived from satellite data acquired at approx-
imately 1330 LST for each of 37 cities and for their respective nearby rural regions from 28 June through 8
August 1991. Urban-rural differences for the vegetation index and the surface temperatures were computed
and then compared to observed urban-rural differences in minimum air temperatures. The purpose of these
comparisons was to evaluate the use of satellite data to assess the influence of the urban environment on
observed minimum air temperatures ( the urban heat istand effect). The temporal consistency of the data, from
daily data to weekly, biweekly, and monthly intervals, was also evaluated. The satellite-derived normalized
difference (ND) vegetation-index data, sampled over urban and rural regions composed of a variety of land
surface environments, were linearly related to the difference in observed urban and rural minimum temperatures.
The relationship between the ND index and observed differences in minimum temperature was improved when
analyses were restricted by elevation differences between the sample locations and when biweekly or monthly
intervals were utilized. The difference in the ND index between urban and rural regions appears to be an
indicator of the difference in surface properties (evaporation and heat storage capacity) between the two envi-
ronments that are responsible for differences in urban and rural minimum temperatures. The urban and rural
differences in the ND index explain a greater amount of the variation observed in minimum temperature
differences than past analyses that utilized urban population data. The use of satellite data may contribute to a
globally consistent method for analysis of urban heat island bias.
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The development of temperature differences be-
tween cities and their surrounding rural regions has
been well documented (Landsberg 1981). The influ-
ence of urbanization on long-term temperature records
(the urban heat island effect) has been detected even
for cities with populations less than 10 000 (Karl et al.
1988). Urbanization within the United States has had
the greatest influence on minimum (compared to

Corresponding author address: K. P. Gallo, Global Climate Lab-
oratory, NOAA /NESDIS, National Climatic Data Center, Asheville,
NC 28801.
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maximum or mean) temperature records (Karl et al.
1988). Changnon (1992) presents a review of addi-
tional climatic modifications attributed to urbaniza-
tion.

The difference between instrument-level (approxi-
mately 1.5 m) air temperatures observed in an urban,
compared with its surrounding rural, environment de-
pends on numerous factors (Lowry 1977; Oke 1978).
Carlson et al. (1981) proposed that the heat storage
differences between the materials that are associated
with urban and rural surfaces are responsible for the
development of the observed air temperature differ-
ences. The concrete and asphalt associated with urban
areas store the heat absorbed during the day and trans-

[ This article is a U.S. government work, and is not subject to copyright in the United States.
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fer it to the atmosphere at night. The materials that
store and release heat at night within rural regions may
vary at different times of a year, and include bare soil
and vegetated or snow-covered surfaces. During the
growing season, vegetated surfaces with adequate
moisture availability redistribute much of the energy
absorbed during the day through evapotranspiration.
The heat stored and available for release at night is
thus less than that within the less vegetated urban heat
island. During the nonvegetated months, the urban and
rural temperature differences are still present (Karl et
al. 1988) due to likely storage differences and “waste
heat” lost from the internally heated structures of the
urban areas.

Efforts have been made to adjust temperature records
for the bias caused by urban buildup around weather
stations located in and near cities. One method for
evaluation and adjustment of the urban heat island
(UHI) bias of climatological temperatures requires
“pairs” of urban and rural weather stations ( Kukla et
al. 1986; Karl et al. 1988). The majority of the research
on the removal of UHI bias has occurred in the United
States because of the availability of long-term urban
and rural temperature records. A globally applicable
methodology for assessing the UHI bias is needed to
remove this bias from future temperature records in
regions where pairs of urban and rural weather stations
are not available.

The use of urban population as a predictor of the
amount of UHI bias has been studied (Oke 1973; Oke
1982; Karl et al. 1988). Oke (1973) examined rela-
tionships between the urban and rural temperature bias
and population statistics of North American and Eu-
ropean cities and identified two different relationships
for the two continents. Other limitations to the use of
population statistics as an estimator of the UHI bias
include the lack of globally consistent statistics. Ad-
ditionally, population data given for a geographically
arbitrary boundary can be difficult to relate to the pop-
ulation in the immediate vicinity of a weather station.
Thus, population alone does not appear to be a globally
applicable method for evaluating and removing the
UHI bias.

Satellite-derived surface temperature data have been
utilized for urban climate analyses in several studies
(Rao 1972; Carlson et al. 1977; Matson et al. 1978;
Price 1979; Kidder and Wu 1987; Roth et al. 1989;
Carnahan and Larson 1990). Rao (1972) was the first
to demonstrate that urban areas could be identified
from analyses of thermal data acquired by a satellite.
Matson et al. (1978) utilized Very High Resolution
Radiometer (VHRR) thermal data (10.5-12.5 um)
acquired at night to examine urban and rural surface
temperature differences. Price (1979) utilized Heat
Capacity Mapping Mission (HCMM ) data (10.5-12.5
um) to assess the extent and intensity of urban surface
heating in the northeastern United States.

Roth et al. (1989) utilized Advanced Very High
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Resolution Radiometer (AVHRR ) thermal data (10.5-
11.5 um) to assess the urban heat island intensities of
several cities on the west coast of North America. Day-
time thermal patterns of surface temperature were as-
sociated with land use; higher surface temperatures
were observed in industrial areas than in vegetated re-
gions. Nighttime observations revealed little difference
in surface temperatures of urban and rural regions,
which suggests that the sides of buildings (rather than
roofs) and the characteristics of other urban features
may contribute to the higher minimum temperatures
observed in urban compared to rural regions.

The greatest urban and rural air temperature differ-
ences are observed at night, while the greatest differ-
ences in surface radiant temperature are observed dur-
ing midday (e.g., Roth et al. 1989). Additional land
surface properties, beyond surface temperature, may
provide more information related to the factors that
contribute to the observed UHI effect.

The reduced amount of heat stored in the soil and
surface structures in rural areas covered by transpiring
vegetation, compared to the relatively unvegetated ur-
ban areas, has been cited as a significant contributor
to the UHI effect (Carlson et al. 1981; Goward 1981).
Thus, a measure of the difference in density of urban
and rural vegetation may be an indicator of the mag-
nitude of the differences observed in the minimum air
temperatures of urban and rural areas. Vegetation in-
dices computed from remotely sensed data have been
demonstrated as useful estimators of the amount of
leaf area and related variables associated with agricul-
tural crops (Gallo and Daughtry 1987; Asrar et al. 1989;
Wiegand et al. 1990; Daughtry et al. 1992), as well as
forests (Peterson and Running 1989; Running et al.
1989; Curran et al. 1992).

The objectives of this study were to evaluate the use
of a satellite-derived vegetation index and an estimate
of surface temperature for assessment of the difference
in urban and rural air temperature due to the urban
heat island effect. The objectives included an evaluation
of the temporal consistency of the data from daily to
weekly, biweekly, and monthly intervals. Estimation
of the bias created by the urban heat island effect may
provide for potential adjustments to future temperature
records and improved evaluation of the “greenhouse
effect” on future temperature records.

2. Data analysis

Thirty-seven cities ( Table 1) were selected, one from
each square of a 5° X 5° grid over the conterminous
United States, to assure an approximately uniform
spatial distribution of the cities. The cities and their
associated rural regions included a variety of land sur-
face features (deserts, agricultural, rangeland, and for-
ests). The selected cities were also diverse in their
physical dimensions. Populations of the cities included
in the analyses ranged from less than 50 000 (Flagstaf,
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TABLE 1. The 37 cities included in analyses, and abbreviations
used in text and figures.

GALLO ET AL.

ABQE Albuquerque, New GRFL Great Falls, Montana
Mexico LBCK Lubbock, Texas
ALTN Allentown, LTRK Little Rock, Arkansas
Pennsylvania LVGS Las Vegas, Nevada
BLGS Billings, Montana MLKE Milwaukee, Wisconsin
BNGR Bangor, Maine MTGY Montgomery, Alabama
BOSE  Boise, Idaho NOLS New Orleans, Louisiana
BSMK Bismarck, North NSVL Nashville, Tennessee
Dakota OLDO Orlando, Florida
CL-M  Columbia, Missouri OMHA Omaha, Nebraska
CL-S  Columbia, South RMND Richmond, Virginia
Carolina SATO San Antonio, Texas
CNTI Cincinnati, Ohio SCTO Sacramento, California
COSP  Colorado Springs, SDGO San Diego, California
Colorado SLKC Salt Lake City, Utah
CSPR  Casper, Wyoming  SPKN  Spokane, Washington
DLAS Dallas, Texas STLE  Seattle, Washington
DLTH Duluth, Minnesota TCSN  Tucson, Arizona
EGNE Eugene, Oregon WSTR  Worcester, Massachusetts
FLSF  Flagstaff, Arizona WTCA Wichita, Kansas
FRGO Fargo, North Dakota WTLO Waterloo, Iowa

Arizona) to greater than 3 000 000 (Dallas, Texas)
(USDC 1991; Rand McNally 1992).

The daily minimum air temperatures (7,,) for
June, July, and August of 1991 were obtained for urban
and rural weather stations of the U.S. Cooperative Sta-
tion Network that were located within a 1° latitude-
longitude square centered on the selected cities. Tem-
perature data from a total of 322 stations (Fig. 1) were
used in the analyses.

Five of the stations (less than 2% of total) were lo-
cated on rooftops. These stations represented only one
of several samples used to compute the urban (or rural)

o0n8 GRFL

L4
, BL@S
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climate of the five cities (BNGR, CNTI, SCTO, SDGO,
and WSTR) in which they were located. Thus, the im-
pact of the station location on the computed urban (or
rural: BNGR ) temperature was judged to be negligible.

Thirty-nine percent (127) of the stations used the
maximum-minimum temperature system (MMTS)
thermistor sensors. Quayle et al. (1991) estimated that
during the summer months the MMTS sensors aver-
aged 0.3°C above the minimum temperature observed
with a liquid-in-glass minimum thermometer. The use
of an “adjustment factor,” however, was recommended
as appropriate for application only on a monthly, sea-
sonal, or annual basis, not for daily temperature rec-
ords. Thus, no adjustments were made to the MMTS
data used in this study.

Each weather station was manually classified based
on the environment that surrounded the station. Major
classes included urban (population greater than
50 000) and rural (population less than 10 000) sta-
tions. Stations located in cities with populations less
than 10 000, yet adjacent to urban areas, were consid-
ered urban. Subclasses included small urban (popu-
lation 10 000-49 000) and suburban (population less
than 50 000); however, these classes were used only
for analyses of individual cities.

Satellite-derived data used in this study included full
resolution (1.1 km at nadir) single date scenes acquired
by the AVHRR on board the NOAA-11 satellite during
28 June-8 August 1991, and weekly and biweekly
composite products for the same interval. The data
were acquired at approximately 1330 LST. The data
were acquired and processed, and products produced,
at the U. S. Geological Survey (USGS) Earth Resources
Observation System (EROS) Data Center (EROS

FIG. 1. Urban (closed circles) and rural (open circles) weather stations used in the analyses.
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1990). Individual AVHRR scenes were screened, based
on cloud conditions within the scene, on a daily basis
during 1991 for inclusion in the weekly and biweekly
products. The daily AVHRR scenes that were primarily
cloud-free were geometrically registered to a Lambert
azimuthal equal-area map projection. Each map cell
of the georegistered products represents 1 km?. The
normalized difference (ND) vegetation index,

_ near-IR — visible
near-IR + visible ’

(1)

was computed from visible (0.58-0.68 um) and near-
IR (0.72-1.1 um) data of the AVHRR. The visible and
near-IR data were calibrated with modified prelaunch
calibration coefficients recommended by Holben et al.
(1990). Vegetation indices, including the ND, are in-
dicators of the presence and density of green vegetation
and have been successfully used to monitor seasonal
vegetation activity (Goward et al. 1985; Malingreau
1986; Gallo and Flesch 1989). Nonvegetated sur-
faces—for example, water and clouds—have low or
negative ND values. The ND computed for the daily
AVHRR scenes was used to screen the data for each
map cell such that the “greenest” or most cloud-free
data value of each week or biweek was retained for
each map cell in the composite products.

Calibrated thermal IR data of channels 4 (T4; 10.3-
11.3 um) and 5 (T5; 11.5-12.5 wm) on the NOAA
AVHRR were used to estimate apparent surface tem-
perature [ T.; Eq. (2)] as

T = T4 + 3.3(T4 — T3), (2)
for a surface emissivity of 1.0, as described by Price
(1990). Surface emissivity differences between urban
and rural regions, although likely, were not available
and thus not included in computation of T.. Oke
(1978) cited emissivity values for vegetation (agricul-
tural crops; deciduous and coniferous forests) that
ranged from 0.90 to 0.97, while values for urban ma-
terials (concrete, asphalt, and stone) ranged from 0.71
10 0.95. Roth et al. (1989) estimated that the suppressed
differences in Ty, due to unaccounted differences in
emissivity, could be as much as 1.5°C. The visible,
near-IR, and thermal IR data were not adjusted for
atmospheric properties because relative, rather than
absolute, differences in the vegetation index and Ty
were computed. Roth (1989) suggested, based on
Carlson (1986), that the error in relative temperature
differences due to horizontal differences in atmospheric
properties between urban and rural regions was ap-
proximately 1°C or greater.

The visible, near-IR, and thermal IR data were sam-
pled for 3-pixel X 3-pixel windows centered on each
weather station of each urban area included in the
study. Data acquired over water bodies, as defined by
USGS digital data (USGS 1991a), were excluded from
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analyses. No additional attempts, beyond the use of
composite products, were made to screen the daily data
for cloud contamination. During analysis of the com-
posite data, cities with ND or T values indicative of
the presence of clouds were excluded from further
analysis. Urban and rural differences in daily, weekly,
biweekly, and monthly values of Ty, and the ND index
were computed for each urban area and compared to
urban and rural differences in selected daily, weekly,
biweekly, and monthly means of Tpp.

3. Results and discussion

a. Temporal consistency of daily urban and rural
satellite and surface data

Satellite data for.all 37 cities were not available for
direct comparison with observed station temperatures
on a daily basis due to cloud contamination. Initial
analyses were focused on the 28 June through 4 July
1991 interval to provide a cursory evaluation of data
of single scenes (dates) compared with data of weekly
composites based on the ND index. The ND index and
T were sampled from 1, 3, and 4 July, as these dates
exhibited clear conditions for the greatest number of
the 37 UHI cities. Relationships between Tmin, Ty,
and the ND vegetation index were examined for each
single date and compared to the weekly composite data
of Ty, ND, and mean weekly Tri,. The amount of
variation in T, associated with variation in ND was
consistently greater for the weekly composite data than
for data derived from single dates (Table 2). Similar
results were obtained when T was examined, although
on one of the three dates examined (4 July) the daily
T data explained a greater amount of variation in
Tmin than did the composite Ty data (Table 2).

TABLE 2. Comparison of single date and composite relationships
between Toin, Ter, and ND index.

Tmin

Date of observation r? rmse* n

, Tsfc
1 July 1991 0.12 5.5 75
Composite 0.30 4.5 75
3 July 1991 0.50 3.0 58
Composite 0.55 2.2 58
4 July 1991 0.75 2.6 48
Composite 0.61 2.1 48

ND
1 July 1991 0.20 53 75
Composite 0.33 4.4 75
3 July 1991 0.33 35 58
Composite 0.58 2.1 58
4 July 1991 0.54 3.6 48
Composite 0.69 1.9 48

* rmse = square root of the mean-square error.
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Closer examination of the data for selected cities
revealed that elevation differences between the weather
stations appeared to limit the improvement in the re-
lationships, even with use of composite data. The use
of composite ND data for Seattle, Washington, (Fig.
2) explained 77% of the variation in mean T, (28
June—-4 July), while data of a single date (1 July) were
associated with only 53% of the variation in 7, Sin-
gle-date ND data for Salt Lake City, Utah, (1 July, Fig.
3) were associated with 8% of the variation in 7Ty,
while the composite data (28 June-4 July) were as-
sociated with 29% of the variation in mean T;,. Ele-
vation of weather stations utilized for Salt Lake City
ranged from 1287 to 2664 m, while those of Seattle
varied from 6 to 475 m. Subsequent analyses included
a subset of the cities where the difference between the
lowest and highest station elevations was less than 500
m. Those urban areas excluded from the subset of data
included ABQE, BOSE, CSPR, FLSF, LVGS, TCSN,
SCTO, SDGO, and SLKC (Table 1).

Generally, composite ND or T data were associated
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with a greater percent of the variation in 7Ty, than
were data from single dates. This result was not un-
expected as the UHI development varies with day-to-
day meteorological conditions. The establishment of a
UHI and the greatest differences between urban and
rural conditions are observed under clear and calm
conditions, while the differences dissipate when cloudy
and windy conditions are present (Landsberg 1981).

b. Temporal consistency of weekly, biweekly, and
monthly urban-rural differences

Urban-rural differences in Trin ( Tmin,_,) Were com-
puted for the weekly composite interval of 28 June-4
July and compared to urban-rural differences in ND
(ND,_,) and T ( T,_,) observed during the same in-
terval. The urban-rural differences were similar to pre-
viously observed results (Carlson et al. 1977; Matson
et al. 1978; Kidder and Wu 1987), as the T sampled
over urban areas was greater than that observed for
T+ sampled from rural regions. Generally, those cities
with the greatest difference in Ty between the urban



904

s 4 (a) SLKC

5 ABGE

4

GRFL
34
50G0
Lves TSN

2 ALT%LKE STLE
=
; BOSE o6
ER oLoo cspR R BNGR St SCTO
£ M ¥TLO cosaTGFoIE,
R — a0 B3 LTE
= s NSYL BLGS

-1 4

-l d

27 =13

FLSF
49 n=36
-S T T T T T T T T T T
-1 -6 -2 2 6 10 14
Tsfc y-r

JOURNAL OF APPLIED METEOROLOGY

s (b) SLKC
5 ABGE
4
GRFL
3 4
SDGO TCSN Uves
¥ 2 MSLTT.EE ALTN
;
3 CLETREPRN RMND B8OSE
14 BNGI oo csPR
£ EGNE WIS v
E. S
WEW sLGs €
-1
_2
S
=12
FLSF
47 n=36
-5 T T T T T T
-0.3 -0.2 -a.1 o 0.1
ND y-r

FIG. 4. Relationship between urban-rural differences in minimum
air temperature and surface temperature (a) and the ND vegetation
index (b) for all 37 urban study sites.

and rural environments also exhibited the greatest dif-
ference in minimum temperatures (Fig. 4a).

An inverse relationship, as indicated by a negative
slope, existed between urban-rural differences in min-
imum temperature and the ND vegetation index (Fig.
4b). Generally those cities with greatest negative dif-
ferences in ND values between the urban and rural
environments (i.e., ND values greater in rural com-
pared to urban sample locations) displayed the greatest
positive difference in minimum temperature (Fig. 4b).
This result indicates that those cities with the greatest
contrast in green vegetation between urban and rural
environments exhibit the greatest contrast in minimum
temperatures between the two environments. This re-
sult is consistent with the theory (Carlson et al. 1981)
that the amount of heat stored by vegetated areas ( pri-
marily located in rural environments) compared to
nonvegetated areas (primarily the urban environment)
is a major factor that contributes to the observed UHI
effect.
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When only those cities with weather stations that
exhibited less than 500-m elevation differences were
examined, the amount of variation in T, , explained
by T4, and ND,_, increased to 22% and 44%, re-
spectively (Figs. 5a and 5b).

Table 3 presents the results of the linear regression
analyses of urban-rural differences in Tpin, T, and
the ND index for the six weekly composite intervals
examined. The first weekly composite interval (28
June-4 July) was the only one that exhibited a statis-
tically significant (P < 0.1) relationship between the
urban-rural differences of 7, and Ty. The analyses
of the subset of cities with weather station elevation
differences less than 500 m (wx < 500 m) for subse-
quent weeks did not improve the significance of the
relationships between Tiin,_, and Ty, .

The amount of variation of urban-rural differences
in Ty, associated with variation in ND,,_, was statis-
tically significant (Table 3) for four of the six weeks
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FI1G. 5. Relationship between urban-rural differences in minimum
air temperature and (a) surface temperature and (b) the ND vege-
tation index for those urban study sites with weather station elevation
differences of less than 500 m.
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TABLE 3. Results of regression analyses of urban-rural differences of Ty;» (dependent variable), Ty (independent variable), and ND
(independent variable) for six one-week composite intervals. Results of the analysis of those cities with weather station elevation differences
less than 500 m (wx < 500 m) are on the second line of data associated with each interval.

Observation
interval of Tin r? rmse b, n r? rmse by
T ND
28 June-4 July 0.13 1.5 0.15 36 0.12 1.5 —6.3
(wx < 500 m) 0.22 0.8 0.11 27 0.44 0.6 —6.5
5 July-11 July 0.04ns* 1.7 0.06 37 0.04ns 1.7 —4.4
(wx < 500 m) 0.06ns 1.2 0.05 28 0.18 1.1 —6.4
12 July-18 July 0.01ns 1.7 0.03 37 0.09 1.6 -7.1
(wx < 500 m) 0.01ns 1.1 0.03 28 0.26 0.9 -8.1
19 July-25 July 0.00ns 1.6 0.02 37 0.04ns 1.6 -3.0
(wx < 500 m) 0.04ns 1.2 0.05 28 0.14 1.1 —4.6
26 July-1 August 0.07ns 1.6 0.08 32 0.10 1.6 —5.4
(wx < 500 m) 0.02ns 1.1 0.04 23 0.30 0.9 —6.0
2 August-8 August 0.05ns 1.5 0.04 37 0.08 1.5 —4.3
(wx < 500 m) 0.00ns 1.1 0.01 28 0.20 1.0 -52

* The designation ns after r* value indicates lack of significance at P < 0.1 probability level.

examined when all cities (excluding those with cloud
contamination) were included in the analyses. The
amount of variation in T nin,_, associated with variation
in ND,_, increased and was statistically significant for
all six weeks when the analyses included only the wx
< 500 m cities.

The amount of variation in Ty, associated with
variation in ND,_, ranged from 14% (composite in-
terval 19-25 July) to greater than 40% (28 June—4 July)
for the wx < 500 m cities. The slope b, of the relation-
ship of Tpin,, and ND,_, indicates the change in T,
(°C) between urban and rural regions per unit differ-
ence in ND between urban and rural samples. The
slopes ranged from —4.6 to —8.1 for the analyses of
the wx < 500 m cities. These values indicate that for
an ND,_, value of —0.1, a Tpi,,, of 0.46°-0.81°C
could be expected between the urban and rural envi-
ronments. All of the b, values for the wx < 500 m ND
data were statistically significant (P < 0.1).

Similar analyses of Trin,_,,» Tst,,, and ND,,_, were
conducted for two biweekly intervals that coincided
with biweekly intervals of the conterminous United
States AVHRR product of the USGS EROS Data Cen-
ter (USGS 1991b). The data of two weekly composites
(5-11 July and 12-18 July 1991) were composited,
based on the greatest ND values, to create a biweekly
composite (5-18 July). A second biweekly composite,
computed from two weekly composites, was processed
for the 19 July-1 August 1991 interval. Additionally,
a monthly composite was created that spanned the 5
July-1 August 1991 interval.

The biweekly differences in urban and rural values
of T4 and ND were examined prior to examination
of their respective relationships with T, . The
T, , for the 5-18 July interval was associated with
less than 40% of the variation observed in T, for the

19 July-1 August interval (Fig. 6a). The ND,,_, for the
5 July-18 July interval was associated with greater than
75% of the variation observed in ND,,_, for the 19 July-
1 August interval (Fig. 6b). The temporal consistency
was clearly greater for ND,_, compared to T, , over
a four-week interval.

The analysis of the biweekly composite data for the
interval 5-18 July (Table 4) indicates a significant (P
< 0.1) relationship between Tyin,, and Ty, , for the
wx < 500 m data. Neither of the individual weekly
composites that compose this biweekly interval dis-
played a significant relationship between Tis, , and
T, (Table 3). The second biweekly interval exam-
ined (19 July-1 August), similar to the two weekly
composites it included, did not display a significant
relationship between Ty, and T, , for either the
entire dataset or the wx < 500 m subset of the data.
The amount of variation in the monthly (5 July-1 Au-
gust) Tmin,_, associated with variation in Ty, was sig-
nificant, although less than 16% for the entire or wx
< 500 m data (Table 4).

The amount of variation in T, associated with
variation in ND,,_, was not statistically significant for
the entire dataset of the 5-18 July biweekly interval;
however, 32% of the variation was associated with
variation in ND,_, for the wx < 500 m cities (Table
4, Fig. 7a). This amount (32%) was greater than that
of either of the weekly intervals (r> = 0.18 and r?
= (.26, Table 3) that composed the biweekly data. The
amount of variation in 7 s, , associated with variation
in ND,,_, for the 19 July-1 August biweekly composite
of the wx < 500 m data (28%; Table 4, Fig. 7b) was
slightly less than that of the weekly composite data for
26 July-1 August (30%, Table 3).

The amount of variation in T, associated with
variation in ND,,_, for the 5 July—1 August monthly
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FIG. 6. Relationship between urban-rural differences in (a) surface
temperature and (b) ND index for the 5-18 July 1991 biweekly
composite interval compared to the 19 July-1 August 1991 biweekly
interval.

composite of the wx < 500 m data (37%, Fig. 7¢) was
greater than that of the weekly or biweekly composites
included in the interval. The rmse values for the bi-
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weekly and monthly composite intervals (wx < 500 m
data, Table 4) were equal to or less than the values of
any of the weekly composites (Table 3). This result,
in addition to the generally greater amount of variation
in Ty, associated with ND,_, computed from bi-
weekly or monthly composites, suggests that at a min-
imum biweekly or monthly composites should be used
to assess Trmin, ,. Similar to the weekly composite anal-
ysis results (Table 3), the variation in T, , associated
with variation in ND,_, was greater than that of
Trin,, and T, for both the biweekly and monthly
composites (Table 4).

The amount of variation in monthly T, , asso-
ciated with variation in ND,_, for the wx < 500 m
cities (37%) was greater than that associated with pop-
ulation (29%) as evaluated by Karl et al. (1988). The
analyses of Karl et al. (1988) utilized urban and rural
differences in Ty, for the summer months rather than
a single month. The ND,_, analyses, however, indicate
greater explanation of variance with increased time in-
tervals. Thus, we might expect that an even greater
explanation of variance in 7T, would occur as the
length of the ND composite is increased. The analyses
of this study were confined to a single season (sum-
mer), and analysis of other seasonal data is recom-
mended.

The slope b, of the relationships between T, , and
ND,_, of the wx < 500 m cities for the two biweekly
composites and the monthly composite (Table 4) was
greater than (more negative) or equal to those com-
puted for their associated weekly intervals (Table 3).
The urban-rural differences in 7Tp,;, and ND values
were examined for each week, two weeks, and the
monthly composite data to determine if the length of
the composite interval systematically influenced these
differences and the b, values. The Tpin, , and ND,,,
for the wx < 500 m cities were nearly constant and
thus were not responsible for the observed increases in
the b, values. Although the intercept b, values were

TABLE 4. Comparison of results of regression analyses of urban-rural differences of T,,;, (dependent variable), T, and ND (independent
variables) for two biweekly composite intervals and a monthly composite interval. Results for the analysis of those cities with weather station
elevation differences less than 500 m (wx < 500 m) are on the second line of data associated with each interval.

Observation
interval of Tpin r? rmse b, n r? rmse b,
Tsfc ND
Biweekly interval
S July-18 July 0.04ns* 1.7 0.10 37 0.06ns 1.6 -5.8
(wx < 500 m) 0.16 1.0 0.14 28 0.32 0.9 -9.1
19 July-1 August 0.03ns 1.5 0.06 37 0.09 1.4 —4.6
{(wx < 500 m) 0.04ns 1.0 0.04 28 0.28 0.9 —6.0
Monthly interval
5 July-1 August 0.12 1.5 0.13 37 0.08 1.5 —5.8
(wx < 500 m) 0.15 0.9 0.11 28 0.37 0.8 —9.1

* The designation ns indicates lack of significance at P < 0.1 probability level.
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not statistically significant for most weekly intervals
(i.e., by = 0), the values did approach a value of zero
with increased length of the composite interval and as
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the slope increased (Fig. 7). A physical explanation
for this trend has not been identified.

One possible explanation for the relatively low
amount of variation in Ty, associated with T,
might be due to the process used to produce the weekly,
biweekly, and monthly composites. The composites
were based, as mentioned earlier, on maximum values
of the ND index. Thus, the thermal data included in
the weekly (biweekly or monthly) composites were
from those individual dates (weeks) that exhibited the
greatest value of the ND index. The relationship be-
tween Ty, and T, , may be different if a composite
based on the maximum Ty values, compared with
maximum ND values, was utilized. Results of an anal-
ysis of the daily data of the 28 June-4 July interval
indicate that a weekly composite based on ND, as used
in this study, resulted in T4 ( 10.3-11.3 um) values that
were 7°C less than when the composite was based on
maximum values of T4 data. Continued analysis of
the composite process, and the effect of the use of max-
imum ND on the other data included in the composite,
is recommended. )

In addition to the limitation of the application of
this analysis to cities (urban and rural regions) with
elevation changes less than 500 m, other limitations to
its usefulness likely exist. The ND vegetation index
would not be useful during the winter months in en-
vironments where the vegetation is no longer green
and photosynthetically active. This analysis also may
not be appropriate for those cities located in arid cli-
mates where vegetation primarily exists within the ur-
ban areas and is supported by irrigation. The analyses
of the seasonal (spring and fall) urban-rural relation-
ships are planned.

4. Conclusions

The satellite-derived normalized difference vegeta-
tion-index data, sampled over urban and rural regions
composed of a variety of land surface environments,
were linearly related to the differences in observed ur-
ban and rural minimum temperatures. Relationships
between differences in the vegetation index and ob-
served differences in temperature were improved when
analyses were restricted by elevation differences be-
tween the sample locations within and around the ur-
ban areas. The relationship between urban and rural
differences in observed minimum temperature and the
vegetation index appears to be influenced by the length
of time being examined. Based on the results, biweekly
or monthly satellite composite and mean minimum
temperature intervals are the recommended time pe-
riods for urban-rural analysis. The difference in the
ND index between urban and rural regions appears to
be an indicator of the difference in surface properties
(evaporation and heat storage capacity) between the
two environments that are responsible for differences
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in urban and rural minimum temperatures (the urban
heat island effect). The urban and rural differences in
the ND index explain a greater amount of the variance
observed minimum temperature differences than past
analyses that utilized urban population data. Through
a judicious strategy for sampling urban and rural areas

" this analytic technique may provide a globally consis-
tent method for assessment of the urban heat island
effect.

Satellite-derived surface temperature data, sampled
similarly to the vegetation-index data, were minimally
related to observed differences in urban and rural min-
imum temperatures. This result may be due to the
composite process used, and further investigation is
recommended.
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