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ABSTRACT

One mechanism for climate change is the collected impact of changes in land cover or land use. Such
changes are especially significant in urban areas where much of the world’s population lives. Satellite
observations provide a basis for characterizing the physical modifications that result from urbanization. In
particular, the Moderate Resolution Imaging Spectroradiometer (MODIS) instrument on the National
Aeronautics and Space Administration (NASA) Terra satellite measures surface spectral albedos, thermal
emissivities, and radiative temperatures. A better understanding of these measurements should improve our
knowledge of the climate impact of urbanization as well as our ability to specify the parameters needed by
climate models to compute the impacts of urbanization. For this purpose, it is useful to contrast urban areas
with neighboring nonurban surfaces with regard to their radiative surface temperatures, emissivities, and
albedos. Among these properties, surface temperatures have been most extensively studied previously in
the context of the “urban heat island” (UHI). Nevertheless, except for a few detailed studies, the UHI has
mostly been characterized in terms of surface air temperatures.

To provide a global analysis, the zonal average of these properties are presented here measured over
urban areas versus neighboring nonurban areas. Furthermore, individual cities are examined to illustrate
the variations of these variables with land cover under different climate conditions [e.g., in Beijing, New
York, and Phoenix (a desert city of the United States)]. Satellite-measured skin temperatures are related to
the surface air temperatures but do not necessarily have the same seasonal and diurnal variations, since they
are more coupled to surface energy exchange processes and less to the overlying atmospheric column.
Consequently, the UHI effects from skin temperature are shown to be pronounced at both daytime and
nighttime, rather than at night as previously suggested from surface air temperature measurements. In
addition, urban areas are characterized by albedos much lower than those of croplands and deciduous
forests in summer but similar to those of forests in winter. Thus, urban surfaces can be distinguished from
nonurban surfaces through use of a proposed index formed by multiplying skin temperature by albedo.
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1. Introduction

Large modifications of land surfaces occur often
through the development of urban areas. These
changes modify local climates (Landsberg 1970; Chang-
non 1978, 1992). Industrialization and population
growth have accelerated this impact through expanded
human activities and especially land use. Currently,
about 2% of the midlatitude land is covered by urban
and industrial developments (UNPFA 1999; Jin and
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Zhang 2002). The net effect of buildings and roads over
an area is to replace some of the previous natural or
managed vegetation with dry impervious surfaces that
alter the exchange of energy and moisture between sur-
face and atmosphere, and in doing so modify surface
microclimatic variables such as the temperatures, hu-
midity, and near-surface winds.

Because both nonurban and urban surfaces are quite
varied, general statements about how they differ are
not readily made. However, temperatures over urban
areas are commonly found to be higher than those of
outlying rural areas, particularly at night. This elevation
of temperatures has been referred to as the “urban heat
island” (UHI) (Oke 1982). Many of these previous
studies only examined one or a few selected urban ar-
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eas (e.g., Bornstern 1968; Karl and Williams 1987; Karl
et al. 1988; Huff and Vogel 1978; Changnon 1978; Brest
1987; Gallo et al. 1993; Hansen et al. 2001; Shepherd et
al. 2002). Since the effects of urbanization vary from
city to city as determined by factors of population den-
sity, city size, industrial level, or traffic pattern, knowl-
edge obtained from a few cities may not be valid to be
expanded to a global scale. In addition, modifications of
clouds and precipitation have also been observed over
urban landscapes (King et al. 2003; Ramanathan et al.
2001; Shepherd et al. 2002). Urbanization modifies lo-
cal climates not only through microclimatology, but
also through changes in atmospheric radiation and pre-
cipitation as initiated by anthropogenic aerosols. These
observed changes have been related to land use, build-
ing density, population density, lifestyles, seasons, and
prevailing environmental forcing (Oke 1976; 1982; Karl
et al. 1988).

Complementary to the previous urban studies are ex-
aminations of the role of urbanization on climate from
a global perspective as recommended by Houghton et
al. (2001). The present paper is intended to further ad-
vance the global perspective of urban impacts on cli-
mate. Although relatively small in their area, urban en-
vironments are distinguished by being where the bulk
of the world’s population lives, and where many of the
world’s climate records are taken. Oke (1976) showed
that even for a small town of 1000 residents, the typical
UHI effect is in the range of 2° to 2.5°C. This has re-
cently been confirmed by Torok et al. (2001), who
found that the urban-rural temperature differences
may scale with the logarithm of a region’s population.
Such changes on thermodynamics can modify meso-
scale circulations over urban areas (e.g., Wong and
Dirks 1978; Yan and Anthes 1988; Avissar and Piclke
1989; Chen and Dudhia 2001).

Although surface air temperatures observed by the
World Meteorological Organisation (WMO) have been
widely used in the previous UHI studies, changes in
sites and instruments as well as irregular coverage (Karl
et al. 1988; Peterson 2003) complicate this usage. For
example, Peterson (2003) found little differences from
the urban-rural temperatures detected at 289 stations
and suggested that the urban impact may be at a
smaller size than available city and rural stations. Evi-
dently, surface air temperature should be supple-
mented with other observations to more accurately cap-
ture city-induced changes.

Data for skin temperature (Ty,;,) are complementary
to those for surface air temperature (7,;,; Jin et al. 1997,
Jin and Dickinson 1999, 2000, 2002; Jin 2000). Because
of its weaker coupling to the overlying atmosphere,
Tin tends to have a stronger UHI signal than 7,;.. We
see its UHI for large cities extend outward from their
centers by at least 30 km before becoming undetect-
able. Nevertheless, the UHI signal from both tempera-
tures varies on daily and seasonal time scales (Roth et
al. 1989).
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Urban constructions modify surface properties that
contribute to the UHI such as albedo and emissivity.
Dense distributions of buildings give a “canyon effect”
or “cavity effect,” where multiple internal reflections
resulting from the urban “canopy” geometry reduce
surface albedo and emissivity from that of individual
flat surfaces (Van de Griend and Owe 1993; Francois et
al. 1997; Jin and Liang 2003, manuscript submitted to
J. Climate, hereafter JL). Using a model framework to
describe the effect of the trapping of insolation by tall
buildings, Craig and Lowry (1972) found a 20% de-
crease in daily albedo.

The effects of urbanization are an example of the
land cover/use impact on the climate system. The pur-
pose of this study is to utilize the Earth Observing Sys-
tem (EOS) satellite observations to address the follow-
ing questions: How significant are the UHI effects over
different urban areas in terms of Tg;,? How do the
urban developments affect the land surface physical
properties (e.g., albedo and emissivity)? The present
study makes a first effort to analyze globally the Mod-
erate Resolution Imaging Spectroradiometer (MODIS)
land T;,, surface albedo, and emissivity.

Previously, urban effect is reported as urban-to-rural
temperature difference, namely urban heat island (Oke
1976, 1982; Landsberg 1970). In this research, instead of
studying surface temperature alone, we consider land
surface—atmosphere—biosphere as an integrated climate
system and analyze various perspectives of urban cli-
mate including land surface skin temperature, surface
albedo, land surface emissivity, land cover, clouds, and
aerosol optical depth of global urban areas. This helps
identify surface—atmosphere interactions and simulate
urban effects in a global climate model.

It has been argued that urban area, or human impact,
is not important as urban regions are only a small por-
tion of land surface. Analyzing urban regions from the
globe shows that such an argument is misleading. From
observations and from modeling, Vorosmarty et al.
(2002) suggested the anthropogenic climate change can
have the same magnitude of ENSO. Our research, via satel-
lite observations, proves that land-atmosphere-biosphere
interactions cause significant mesoscale circulation
anomalies, and these anomalies can propagate to large
scale. Global change studies showed that urban areas
have larger temperature increase trends than other ar-
eas (i.e., “urban warming” Hansen et al. 2001). There-
fore, it is essential to better understand urban physical
processes in order to better project the future changes of
urban climate (Changnon 1992; Houghton et al. 2001).

The next section describes the data sources used for
this work. Section 3 presents the evidence of the UHI
effects in terms of T, at the global scale and indi-
vidual cities, and urban impacts on the surface albedo
and emissivity. Section 4 describes a new algorithm that
is developed to facilitate the identification of urban ar-
eas from satellite observations. Discussion and conclud-
ing remarks are given in the final section.
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2. Data sources

MODIS is carried on the National Aeronautics and
Space Administration’s (NASA’s) Terra satellite
launched in May 2000, and later on the Aqua satellite
that is too recent to be used here. On Terra, it measures
the earth’s surface characteristics through seven solar
and three thermal spectral bands at 1030 LT and 2230
LT daily. Each pixel has a 1-km resolution at the nadir
(Wan and Dozier 1996) and is scaled up to a 5-km
resolution in this study. The satellite-measured Ty, is
derived from longwave bands that detect surface emis-
sions. Its value depends on surface energy budget and
so provides an observational constraint on the balance
between net surface radiation and fluxes of energy and
water (Jin et al. 1997; Jin and Dickinson 1999, 2000).
Only the measured values with quality flags attesting to
the absence of clouds are used. The MODIS spectral
emissivities are converted into broadband values using
the moderate resolution transmittance (MODTRAN)
algorithm (see JL). The MODIS provisional land cover
product with a 5-km resolution is used herein to cat-
egorize the land surface according to the International
Geosphere-Biosphere Project (IGBP) 17 land cover
types (Friedl et al. 2002), as given in Table 1.

An urban category has been obtained from MODIS
version-4 observations (Schneider et al. 2002). Previous
MODIS land cover data used the Digital Chart of the
World urban data that were originally digitized from
Operational Navigation and Jet Navigation Charts by
the U.S. Defense Mapping Agency (Danko 1992); it is
available from the U.S. Geological Survey’s National
Center for Earth Resources Observation and Science
(EROS) Data Center (EDC). Unfortunately, many of
the base maps used the urban data from the 1960s and
1970s, and they are inconsistent globally and do not
include new cities or new urban development in recent
decades (M. Fridel and A. Schneider 2004, personal

TABLE 1. Global land cover index (available online at
http://geography.bu.edu/landcover/userguidelc/consistent.htm).

Land cover index

1. Evergreen needleleaf
2. Evergreen broadleaf
3. Deciduous needleleaf
4. Deciduous broadleaf
5. Mixed forest
6. Closed shrubland
7. Open shrubland
8. Woody savanna
9. Savanna
10. Grasslands
11. Permanent wetlands
12. Cropland
13. Urban
14. Cropland/natural vegetation
15. Snow and ice
16. Barren
17. Water
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communication). In recent MODIS retrievals, such
data have been updated for recent trends in urbaniza-
tion to provide quantitative measures of urban proper-
ties that are of importance for climate studies.

We used MOD43B3 albedo product, which is derived
from the Terra MODIS instrument in 16-day, L3 global,
5-km ISIN projection (Schaaf et al. 2002). Albedo is the
ratio of upwelling to downwelling radiative flux at the
surface. Downwelling flux is the sum of two parts: the
direct part and diffuse part. Albedo in the absence of a
diffuse part is the so-called black-sky albedo (direc-
tional hemispherical reflectance), which is a function of
solar zenith angle. Albedo in the absence of a direct
part when the diffuse component is isotropic is defined
as the white-sky albedo (bihemispherical reflectance).
Black-sky and white-sky albedos are the extreme cases
of completely direct and completely diffuse situations.
Actual albedo is a value between these two as deter-
mined by atmospheric aerosol condition.

3. Results

In this section, the regional and global occurrences
of UHI are first demonstrated using the satellite-mea-
sured T, Then, surface albedo and emissivity over
urban areas are examined to clarify the reasons for the
UHI occurrences. Finally, an “urban index” is proposed
to identify urban regions using satellite-observed infor-
mation.

a. The urban heat island

This work intends to examine the urban effect in skin
temperature field. In order to reduce the natural eleva-
tion impact, we have tried to remove those surrounding
pixels far higher or lower than the urban pixel, through
the use of 1-km elevation data currently used as bound-
ary condition for the land surface model in National
Center of Atmosphere Research.

The global latitudinal distribution urban nocturnal
Tin and diurnal range are shown in Fig. 1. Cities are
concentrated between 30° and 65°N in the Northern
Hemisphere, with much fewer cities in the Tropics and
in midlatitudes in the Southern Hemisphere, where the
earth surface is mostly covered by water. Significant
longitudinal variations in urban T, are seen corre-
sponding to the north—south distribution of net radia-
tion received at the earth’s surface. In this figure, cloud
contamination is minimized through the use of clear
days. Thus, the indicated variability of T;, depends on
factors such as variation in absorption of solar radia-
tion, variation in elevation, nearness of oceanic influ-
ences, and dryness of the underlying surfaces. The larg-
est range at 30°N of more than 30°C occurs where the
largest fraction of land is covered by deserts. Similarly,
the diurnal range (Fig. 1b) over the same latitude dif-
fers significantly, largely determined by the local or re-
gional sky conditions and surrounding surface land
cover.
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FiG. 1. (a) Longitudinal variation of monthly mean nocturnal
urban T, for the month of Jul 2001. Urban areas are obtained
from the MODIS data, while T, are obtained from the MODIS
data at a 5-km resolution. (b) Similar to (a) except that this is the
diurnal range for each urban pixel. The range is calculated from

monthly daytime T, minus monthly mean nighttime 7;,,.

On average, the urban T, are 1°-5°C higher than
those over croplands, with larger differences during
nighttime in the Southern (winter) Hemisphere (Fig.
2b). By comparison, the daytime T, differences be-
tween the urban areas and adjacent croplands are small
but still detectable, especially in the ranges of 10°S—
40°N and 30°-45°S (Fig. 2a). Cities at high latitudes in
the Northern Hemisphere (e.g., 55°~60°N) are even
cooler than the rural areas during daytime. Large Ty,
differences are also notable at the desert latitudes of
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15°-25°N and 10°-20°S because Ty, in desert cities are
close to those in their surrounding deserts but higher
than those in their nearby croplands. A large drop in
urban Ty, occurs near 15°N, at which latitude few cit-
ies are located. The amplitude of diurnal T, changes
is small (<10°C) in the Tropics and Southern Hemi-
sphere where oceanic influences are most pronounced,
whereas it is large (>30°C) at middle to high latitudes
in the Northern Hemisphere.

The differences between the urban and forest regions
over subtropical and middle latitudes of the Northern
Hemisphere are about 4°C (Fig. 3) with extremes up to
12°C at around 22°N. Urban differs more from forests
during the day than it does at night.

Three examples of major cities are examined in this
study, namely, two large metropolitan cities in devel-
oped and developing countries (i.e., New York, New
York, and Beijing, China) and one city with extreme
natural (desert) conditions (i.e., Phoenix, Arizona). As
shown in Fig. 4a, the city of Beijing is surrounded
mostly by cropland, except to its west (cf. Fig. 4a and
Table 1); its northwest—southeast orientation reflects its
urban expansion to Tianjin, which is one of the most
rapidly growing coastal cities in China. High skin tem-
peratures are evident over Beijing during both the day-
time and nighttime of January and July (see Figs. 4b,c).
The MODIS data show more pronounced UHI effects
over the southern part of the city where its building
density is higher than over its northern part with its
more widely spaced buildings such as universities, re-
search institutions, and government offices, as well as
parks and lakes. The Weekly Weather & Crop Bulletin
shows for this month little rainfall across most of the
North China Plain, including the Beijing metropolitan
area. Presumably more irrigation than normal was
needed as a response, possibly amplifying the daytime
urban-rural contrast at that time and hence weakening
the day—night contrasts (cf. Figs. 4c,d). The July night-
time Ty, of Beijing was only elevated with respect to
the eastern cropland but not relative to the western
forest mountains (see Fig. 4d).

To exclude the influence of the latitudinal variation
of solar insolation at different latitudes, Fig. 5 compares
urban Ty, longitudinally to the adjacent rural areas
over a spatial scale of 200 km for the city of New York.
Its UHI effects are visible in January during both day-
time and nighttime (cf. Figs. 5a,b). New York, as an east
coast city, has relatively small diurnal changes of Ty,
as compared to Beijing, but it is warmer than the adja-
cent pixels to the west during both the daytime and
nighttime. The nocturnal T, decreases steeply going
inland in winter, for example, as much as 5°C across the
200-km range, whereas in daytime or in summer, there
is a more flat change of about 2°C.

Because the city of Phoenix, the 17th largest city of
the United States, has more vegetation than its sur-
rounding areas, its Ty, is substantially lower during
both the day and nighttime (see Figs. 6a,b). The coldest
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MODIS Global Observations, July 2001
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F1G. 2. Comparison of the monthly and zonal averaged T, between the urban surfaces
and surrounding croplands: (a) daytime and (b) nighttime, for the month of Jul 2001.

pixel to the west of the city (i.e., 314 K by day and 296
K at night) occurs over local mountains, but its UHI
effects are barely detectable in January for either day
or night.

b. Urban effects on surface albedo and emissivity

Urban construction reduces both albedo and emis-
sivity (Figs. 7a,b). Figure 7a compares the zonal aver-

aged urban albedo to the averaged cropland albedo
between 30° and 65°N, where most cities are located.
City albedo values are 2%-5% smaller than those in
the adjacent croplands, as noted earlier, for example,
by Brest (1987). The largest urban albedos are ob-
served over the desert areas around 30°N and accom-
panied by high daytime and nighttime T, (see Fig. 6).
Surface emissivity is about 1%-2% lower than that of
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MODIS Global Observations, July 2001

(a) Daytime Skin Temperature
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F1G. 3. Same as in Fig. 2, but for T;, between the urban surfaces and surrounding forests.
The forests are near (100 km) the urban regions.

nearby croplands (Fig. 7b). The spatial distributions of
albedo and emissivity for Beijing are given in Fig. 8,
which shows that the southern part of the city has al-
bedo lower than 0.12 and emissivity lower than 0.94,
that is, 3% less than the emissivity of the surrounding
regions.

Albedo is determined by MODIS as a weighted av-
erage of spectral albedos at seven different wave-
lengths. For use in climate models, they are divided into

visible and near-infrared (NIR) wavelengths. Further
insights are provided herein as to the difference be-
tween urban and nonurban areas and how it is distrib-
uted spectrally through Figs. 9, 10, and 11, using the
city of New York as an example. The longitudinal dis-
tribution of total albedo is compared in Fig. 9 with its
component visible and near-infrared broadbands,
which indicates that the urban and nonurban difference
is largely from the near-infrared differences. This dis-






























