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Creating Urban Data Using AVHRR Thermal-Infrared Data

Abstract

Using 1-km advanced very high resolution radiometer (AVHRR) satellite data, relative
temperature differences caused by thermal conductivity and inertia allow the separation of urban
and nonurban land covers. The goal of this research is to investigate a method of creating a global
urban data layer from recent satellite data. AHVRR data that were composited on a biweekly
basis and distributed by the U.S. Geological Survey EROS Data Center in Sioux Falls, South
Dakota, were used for the classification process. These composited images are based on the maxi-
mum normalized difference vegetation index (NDVI) of each pixel during a 2-week period. The
resultant images are nearly cloud free and reduce the need for extensive preclassification.

In areas of the Western United States, where precipitation is low, the temperature differ-
ence between urban areas and rural areas is much less than in the more humid, well-vegetated
Eastern United States. Because of this, the initial study was limited to the eastern half of the
United States. In the East, the time of maximum temperature difference between the urban sur-
faces and the vegetated nonurban areas is the peak greenness period. Composite images of the
Eastern United States for three 2-week periods were used for determining the urban areas. Two
channels of thermal data (channels 3 and 4) and a composited NDVI image were classified using
conventional image processing techniques. Although the overall accuracy is low compared with
other large-scale urban area delineations, the results indicate the intensity of urban activities
within large urban areas.



Introduction

Global mapping of the Earth’s surface on a regular basis is becoming feasible using satel-
lite sensors with moderate surface resolution and daily coverage. The advanced very high resolu-
tion radiometer (AVHRR) onboard the NOAA-11 satellite collects data in several spectral bands
that have proved valuable for collecting global vegetation data with a resolution of 1-km (table 1).

Table 1. Spectral bandwidths of AVHRR data
[From Kidwell, 1991]

Chnm | Mol
1 0.58-0.68
2 0.725-1.10
3 3.55-3.93
4 10.3-11.3
5 11.5-12.5

Data for the conterminous United States are being composited on a regular basis and distributed
by the U.S. Geological Survey (USGS) EROS Data Center (EDC) (Eidenshink, 1992). AVHRR
data are collected daily at the EDC from orbits that pass over the United States at approximately
1330 local standard time. During the growing season, biweekly scenes are produced from these
data. The pixels with the minimum cloud cover for the 2-week period are selected and merged
into a composite scene for each of the bands. Thus, one image could contain pixels from several
orbits. This process provides data for detailed land cover mapping of the United States (Loveland
and others, 1991). The vegetation is mapped using the normalized difference vegetation index
(NDVI). The NDVI tracks the progression of plant growth during the growing season. Histo-
grams of the NDVI over time for each pixel characterize the surface based on seasonally distinct
land cover regions.

The NDVI is produced through combinations of the visible and the near-infrared portions
of the electromagnetic spectrum (channels 1 and 2 respectively). Vegetation typically absorbs
incoming radiation in the visible spectrum (channel 1) and reflects in the near-infrared spectrum
(channel 2). The NDVI is useful in a variety of vegetation studies. The remaining three channels
of AVHRR data (channels 3, 4, and 5) are not used for this vegetation mapping. These channels
are the middle and far-infrared portions of the electromagnetic spectrum and allow an analyst to
distinguish between areas on the ground that possess different thermal characteristics.

Background

Thermal differences between urban and rural areas have been noted by many researchers
(Geiger, 1965; Oke, 1978; Landsberg, 1981). One of the earliest studies is a reference published
by Howard, who compared temperature readings between downtown London and the surrounding
countryside in 1820 (Landsberg, 1981). Known as the urban heat island effect, it is characterized
by differences in near-surface air temperature between urban and surrounding rural areas. This



effect is attributed to differences in the thermal properties and emissivity of land covers that exist
in these two environments (asphalt, concrete, and roofing materials vs. forest and other vegetated
rural areas). The low latent heat that is characteristic of urban areas exacerbates the differences.
The well vegetated eastern suburban and rural areas contain higher levels of moisture than cities
and, thus, can offset the potentially higher surface temperature through evaporative cooling.
Impermeable urban surfaces such as roads, buildings, and parking lots do not retain water, which
is lost as overland flow. Not only does the vegetation in rural areas contain a reserve of moisture,
but the soil also contains a higher amount of moisture. Direct heat is also generated in cities
because of heating, air conditioning, and transportation and to satisfy other needs of the people
residing there.

Although much research has been conducted using thermal satellite data for studying the
water and surface energy budgets of the Earth (see Pinker, 1990; Sellers and others, 1990), fewer
studies have used these data for explicitly studying the urban environment. One of the earliest sat-
ellite-based studies of urban and rural temperature differences used a night scene of the TIROS
(ITOS-1), which had a resolution of 7.4 km at nadir and a thermal channel that measured radiation
in the 10.2-12.5 um region (Rao, 1972). Previous to that study, the thermal data produced by the
TIROS satellite were used for cloud mapping and the study of ocean currents. In this study, large
warm areas along the east coast related directly to the large urban corridor from New York to
Washington, D.C.

Carlson and others (1977) investigated diurnal temperature variations in urban land in Los
Angeles, California, using 1-km NOAA-3 very high resolution radiometer (VHRR) data. Also, an
extensive investigation of urban and rural temperature differences in 11 metropolitan areas was
conducted using 1-km NOAA-5 VHRR data in the eastern United States (Matson and others,
1978). This study demonstrated that major urban areas can be delineated using thermal data and
that the intensity of the heat island effect was directly related to the density of urbanization. Com-
parisons to the U.S. Bureau of Census urbanized maps were noted. The differences between the
two sources indicated these data could be used for urbanized area change detection studies. The
Heat Capacity Mapping Mission satellite, with a spatial resolution of 500 m, was also used for
studying the effect in the New York-New England area (Price, 1979). A difference in satellite-
observed brightness temperatures of 10-15 °C between many larger cities and the surrounding
rural areas was calculated.

Several studies have used AVHRR data for studying the urban heat island effect (Roth and
others, 1989; Casalles and others, 1991; Gallo and others, 1993). The study by Gallo and others
demonstrated a linear relationship between the differences in urban and rural NDVI and minimum
temperatures.

To conduct an inventory of urban areas useful in global scale environmental models
requires that the data source be capable of defining major urban areas and yet be a manageable
size. As stated above, 1-km AVHRR data have been compiled for the conterminous United States
for 14-day intervals since 1990. These data are available on CD-ROM’s (U.S. Geological Survey,
1991). These data will soon be available globally. Data at this resolution is useful for depicting
regional vegetation and temperature patterns. The conterminous United States is represented by
4,587 by 2,889 pixels. Using data with such a coarse spatial resolution limits the type of informa-
tion that can be extracted for urban land cover studies. With a spatial resolution of 1-km, many
small cities that are less than 2 km? may not be detected. Many suburban areas that contain a great
deal of vegetation also may not appear as developed areas. The primary consideration of most
land and atmosphere models is the predominant land cover, so this does not present a great prob-



lem. The resolution of the regional models is generally more than 1-km, so that finer resolution
data would not be necessary. In those areas of extensive vegetation interspersed with housing, the
vegetation cover is of primary interest. The urban core area, which has a noticeable heat island
effect and is primarily covered with materials such as concrete and asphalt, is extensive enough to
be detected. This is the area that most heavily influences the local climate and regional land and
atmosphere interactions.

The 1-km AVHRR land cover characteristics data, compiled by the EDC (Loveland and
others, 1991), do not contain an urban layer. A method of extracting extensive urban areas for
inclusion into this data would be desirable. For the conterminous United States there are digital
urban data layers available such as the Digital Chart of the World (U.S. Defense Mapping
Agency, 1992), U.S. Bureau of Census urban areas (U.S. Bureau of Census, 1992) and USGS land
use and land cover data (U.S. Geological Survey, 1986). For global applications, the Digital Chart
of the World contains the most comprehensive urban layer. However, these data were compiled
from nautical charts that vary in age, may not represent the current state of global urbanization,
and do not indicate the intensity of urbanization within the broad urban boundaries. The goal of
this research is to investigate a method of creating a global urban data layer from recent satellite
data.

Methods

Data from the biweekly composite CD-ROM’s distributed by the EDC for 1991 were used
for this study. The same method of pixel selection, based on the maximum NDVI (derived from
channels 1 and 2), was applied to the remaining thermal channels (channels 3, 4, and 5). Temper-
ature conditions on the ground can vary greatly over a 2-week period. The maximum temperature
may not relate to a maximum NDVI, and different results are possible if the compositing is based
on a maximum temperature index. Because relative temperature differences between urban and
rural areas are being investigated, thermal pixels should be extracted from the same period (Price,
1986). However, single date cloud-free images were not available. Because of the short interval
used in the compositing process (14 days) and the cloud-free nature of the resultant composites,
composited data were used for this study.

Assuming that the time of maximum vegetation cover and maximum summer heat result
in maximum differences between urban and rural areas, those scenes available during the peak of
the growing season were checked for visual quality using visualization software. Some of the
composited scenes contained noticeable linear discontinuities that appeared to be a result of adja-
cent scene merging. These scenes were removed from consideration. A number of urban regions
were extracted from the data for all 1991 periods in 256 by 256 windows, and these were viewed
using animation software to quickly evaluate scene quality. Three periods were selected for fur-
ther analysis, during the early, middle, and late parts of the growing season (March 26 - May 9,
June 21 - July 4, and August 30 - September 12). Because the peak period varies seasonally from
south to north, it is not possible to obtain one biweekly scene that represents the peak season for
all regions.

The ability to discriminate urban from rural areas using maximum vegetation information
is most appropriately applied to the well-vegetated, high-precipitation Eastern United States and
the Pacific coast region. Vegetation patterns in the dry Central Plains and arid West are very dif-
ferent, and the urban vegetation patterns are often reversed. Irrigated residential areas can contain
more vegetation than the surrounding rural areas, especially in such areas as Salt Lake City, Den-
ver, and other Western cities. These vegetation differences are primarily caused by precipitation



differences. Areas in the West that receive less than 20 inches of rain compose the less vegetated
rangelands and desert areas. This region extends from north to south at approximately 100° W.
longitude to the Pacific coast. The eastern boundary is also the approximate dividing line between
the more populated and urbanized East and the more sparsely populated and rural Great Plains
States. The range of average annual precipitation west of this line, which extends to the more
humid coastal States, descends to less than 5 inches in Nevada, Utah, and Arizona and has had a
major effect on the land cover and use within that region (Marschner, 1959).

Because of these factors, the conterminous U.S. image was subdivided at approximately
97° 30°, and only the east portion was used. The final image contains 2,889 rows and 2,288 col-
umns. Three bands of AVHRR data containing the maximum information regarding urban and
rural differences were selected for unsupervised classification using off-the-shelf commercial
image processing software. The raw data values received by the AVHRR satellite are converted to
energy units onboard the satellite (Kidwell, 1991). The energy values are converted to brightness
temperature in degrees Kelvin. These values are then converted to byte data using a scaling factor
in which 202.5 is subtracted from the brightness temperature value and the difference is multi-
plied by 2 (U.S. Geological Survey, 1991). This allows data values to fall within the range of 0-
255, thus to be represented by 8 bits.

Table 2 is a statistical summary of channels 3, 4, and 5 and the NDVI data. Thermal chan-





















“urban” in the Census data. In this study, those areas that were vegetated areas within the Census
urban areas were not identified as urban. However, urban core areas with extensive anthropogenic
change were identified as urban. Also identified were lower density urban areas that were partially
vegetated. When combined with the higher density urban core areas, these data give an indication
of the intensity of urban activity. The areas that exert the strongest influence on climate are those
more developed, highly urbanized areas. Other errors were associated with extensive agricultural
areas in which there is low precipitation.

This technique is useful for distinguishing highly urbanized areas from those less urban-
ized. The late summer period (August 30 - September 16) showed the highest percentage of urban
areas when compared with the U.S. Census urban area map. In the Middle Atlantic and Northeast-
ern States, this period ensures a maximum amount of vegetation cover and high urban surface
temperatures.
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