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Assessing Intra-Urban Surface Energy Fluxes
Using Remotely Sensed ASTER Imagery and
Routine Meteorological Data: A Case Study

in Indianapolis, U.S.A.
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Abstract—The seasonal and spatial variability of surface heat
fluxes is crucial to the understanding of urban heat island phe-
nomenon and dynamics. To estimate energy fluxes, remote sensing
derived biophysical variables need to be integrated with surface
atmospheric parameters measured in meteorological stations or
in situ field measurements. In this study, based on the two-source
energy balance algorithm, we applied a method to estimate sur-
face energy fluxes by combined use of multispectral ASTER im-
ages and routine meteorological data, and applied it to the City
of Indianapolis, United States, aiming at in-depth understanding
of the spatial patterns of energy fluxes. By computing the fluxes
by land use and land cover (LULC) type, we further investigated
the spatial variability of heat fluxes. Results show that the energy
fluxes possessed a strong seasonality, with the highest net radiation
in summer, followed by spring, fall and winter. Sensible heat flux
tended to change largely with surface temperature, while latent
heat was largely modulated by the change in vegetation abundance
and vigor and the accompanying moisture condition. The fluctua-
tion in all heat fluxes tended to be high in the summer months and
low in the winter months. Sensible and latent heat fluxes showed
a stronger spatial variability than net radiation and ground heat
flux. The variations of net radiation among the land use/cover types
were mainly attributable to surface albedo and temperature, while
the within-class variability in the turbulent heat fluxes was more
associated with the changes in vegetation, water bodies, and other
surface factors.

Index Terms—Intra-urban variability, seasonality, surface en-
ergy fluxes, urban heat island, urban remote sensing.

I. INTRODUCTION

M OST previous urban heat island (UHI) studies have
been conducted at the meso-scale using an energy

budget approach, which separates the energy flow into mea-
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surable interrelated components for simulation modeling.
Numerous methods have been proposed and applied, such
as in situ field measurement, the one-source surface energy
balance algorithm (SEBAL), and the two-source energy bal-
ance (TSEB) algorithm [1]–[5]. Oke et al. [4] obtained the net
radiation, sensible, and latent heat flux densities at the roof
level by direct measurement. Bastiaanssen et al. [1] developed
the SEBAL algorithm to independently calculate heat fluxes.
Kato and Yamaguchi [2] developed a method to quantify an-
thropogenic heat discharge as the residue of the energy balance
model, and further applied the method to estimate storage heat
flux [3]. Timmermans et al. [5] compared SEBAL and TSEB,
and found that they both contained advantages and disadvan-
tages. The major difference between SEBAL and TSEB lies in
whether soil and vegetation are treated separately. For TSEB,
heat fluxes are calculated separately for soil and vegetation,
while for SEBAL, they are calculated as a composite. A large
portion of the Earth’s land surfaces are only partially vegetated.
Hence, a two-source model can generally estimate the surface
energy balance with higher accuracy than a one-source model,
especially when the two sources show very different radio-
metric behavior and atmospheric coupling [5]. The existing
literature suggests that there has been a great deal of effort in
assessing urban surface energy balance from both observations
(e.g., [6], [7]) and from modeling [8]. However, satellite-based
assessment of urban energy budgets has received the attention
of scientific community less than it deserves, in particular,
modeling energy fluxes at the intra-urban scale, in spite of the
existence of a few interesting studies (e.g., [2], [3], [9], [10]).
Because the morphological characteristics of urban areas

that modify urban climate occur at the micro-scale, it is a great
challenge to conduct field studies of energy budget and to under-
stand fully the UHI mechanism without a good understanding
of urban morphology. Numerous remote sensing techniques
have been developed in support of effective urban sensing
of morphological characteristics, detection and monitoring of
discrete land use/cover types, and estimation of biophysical
variables [11], [12]. In urban climate studies, remotely sensed
thermal infrared (TIR) imagery has been used to measure land
surface temperature (LST) and emissivity [13]. These mea-
surements provide essential data for analyzing urban thermal
landscape pattern and its relationship with surface biophysical
characteristics, assessing UHI effect, and relating LST with
surface heat fluxes for characterizing landscape properties,
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patterns, and processes [14]. Through the combined use of TIR
and optical sensing data, remote sensing imagery can be used
to estimate key surface parameters necessary for estimating
surface energy fluxes, which are related to the soil-vegetation
system and surface soil moisture, radiation forcing components,
and indicators of the surface response to them (i.e., LST) [15].
Previous studies have focused on the methods for estimating
variables related to the soil-vegetation system and radiation
forcing components, but fewer studies have been done to esti-
mate the surface atmospheric parameters with validation from
ground-based meteorological or surface radiation instruments
[15]. Estimates of surface energy fluxes using remote sensing
have been validated with in situ data, but for the most part, have
been limited to studies of agricultural or forested landscapes
at relatively small spatial scales. For example, Humes et al.
[16] estimated spatially distributed surface energy fluxes over
two small instrumented watersheds in Oklahoma with airborne
and satellite-borne data. The model estimates of surface energy
fluxes compared well with ground-based measurements of sur-
face flux. Wang and Liang [17] compared MODIS and ASTER
data LST and emissivity products with longwave radiation ob-
servations during 2000–2007 derived from Surface Radiation
Budget Network (SURFRAD) sites. They found that ASTER
LSTs had an average bias of 0.1 , while MODIS LSTs had
an average bias of . Examples of other studies that
relate remotely sensed surface-atmosphere fluxes (primarily
evapotranspiration from instrumented agricultural sites) are
provided by Czajkowski et al. [18]; Kustas et al. [19] and
French et al. [21]. There is a paucity of studies, however, that
have related estimates of surface-atmosphere fluxes derived
from satellites with ground-based routine meteorological data
in urban areas. Therefore, there is a critical need for integrating
the information derived from remote sensing imagery and
that from the network of weather stations and/or in situ field
measurements in modeling urban surface energy fluxes. The
urban thermal remote sensing literature is rapidly increasing
but works on urban surface energy estimations has not been
extended. The majority of previous work [2], [3], [21]–[24]
combined satellite measurements with meteorological data to
estimate and analyze the spatial patterns of urban heat fluxes
based on a one-source surface energy model.
In this study, based on the TSEB algorithm, we applied an an-

alytical protocol to estimate urban surface heat fluxes by com-
bined use of remotely sensed (both optical and TIR) data and
routine measurements of a weather station. This method was
applied to four Terra’s ASTER images of Marion County (the
city proper of Indianapolis), Indiana, United States, acquired in
different seasons, in order to assess the spatial pattern and its
changes in the surface energy balance. By computing heat fluxes
by land use and land cover (LULC) type, we further explored
the intra-urban variability of the energy fluxes. Finally, we ex-
amined how non-surface factors, such as wind speed and aero-
dynamic parameters, affected the estimation of the heat fluxes.

II. DATA AND METHODOLOGY

A. Study Area and Meteorological Data

Indianapolis, the nation’s twelfth largest city, is located on
a flat plain of the Midwest. Rapid urbanization is increasing

TABLE I
METEOROLOGICAL DATA USED IN ESTIMATION OF HEAT FLUXES

its built-up area through encroachment into the adjacent agri-
cultural, forest, and other non-urban lands. Indianapolis expe-
riences a continental climate. The average July high is 30 ,
with the low being 16 . January highs average 1 , and lows

. Humidity varies, depending on the position of weather
fronts and prevailing winds. Winters may be rather long and
cold, with significant snowstorms blowing in from the Great
Lakes region.Wind chills can reach into , with no natural
features like mountains to protect the area from the onslaught of
arctic Canadian air. Spring and fall bring pleasant air tempera-
tures and the occurrence of many thunderstorms. The city’s av-
erage annual precipitation is 41 inches (1,040 mm), while snow-
fall varies from about 20 to 30 inches (500–760 mm) per year
(https://climate.agry.purdue.edu/climate/index.asp).
The ground meteorological data needed to calculate heat

fluxes include solar radiation, air temperature, relative hu-
midity, air pressure, and wind speed. The solar radiation data
was acquired from the National Climatic Data Center (NCDC),
which supplied hourly modeled solar radiation data along
with hourly meteorological data between 1991 and 2005 from
the National Solar Radiation Database (NSRDB). An earlier
version of the database was also available for the Indianapolis
Airport station covering 1961–1990. Since the shortwave
radiation changes with date and time, we selected the short-
wave radiation value modeled for the same day as the image
acquisition date and at the closest matching time between the
NSRDB measurement and the satellite overpass. The data for
air temperature, relative humidity, air pressure, and wind speed
were obtained from Indiana State Climate Office and NCDC.
The stations reporting to NCDC provided hourly measurements
for these routine parameters in addition to precipitation and
other weather conditions. The meteorological data measured
at the time closest to each satellite overpass were used in this
study. The meteorological parameters were assumed constant
throughout the study area. Since the study area is flat, air
temperature was not corrected for differences in elevation. The
precipitation records were checked prior to each satellite over-
pass to understand the moisture conditions over land surfaces.
The meteorological data used in the study are shown in Table I.

B. Remote Sensing Data Acquisition and Pre-Processing

ASTER images of Marion County, Indiana, acquired on Oc-
tober 03, 2000 (12:00:51 eastern standard time, the fall image),
June 16, 2001 (11:55:29, the summer image), April 05, 2004
(11:46:39, the spring image), and February 06, 2006 (11:45:36,
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the winter image) were used to study seasonal changes in sur-
face heat fluxes. Additionally, an ASTER image of October 13,
2006 (11:40:01) was acquired for comparison with the October
3, 2000 image to examine the impact of non-surface factors on
the estimation of heat flux. The ASTER data products including
surface kinetic temperature, surface spectral emissivity, VNIR
(visible and near infrared) and SWIR (short-wave infrared) sur-
face spectral radiance were obtained from NASA. The method-
ology for converting ASTER infrared measurements to LSTs
has been reported by Gillespie et al. [25]. We used the ASTER
data products of the VNIR and SWIR spectral radiance to cal-
culate the spectral reflectance. Surface spectral reflectance and
spectral emissivity data were converted into surface albedo and
broad-band emissivity according to Liang [26] and Ogawa et al.
[27] respectively.
All ASTER images were re-sampled to 90-meter resolution

to correspond to the spatial resolution of their TIR bands. By
resampling up from 15 m to 90 m, the radiometry of original
reflective bands will be preserved, and the process will not in-
troduce autocorrelation in the resultant data. NDVI was calcu-
lated using atmospherically corrected at-surface reflectance of
Near IR band and red band of TM data. Linear Spectral Mix-
ture Analysis (LSMA) was applied to derive fractional images.
Details about the selection of end-members and the estimation
of the vegetation fraction (denoted as in this study) were dis-
cussed inWeng et al. [28]. The non-vegetation fraction (denoted
as ) was calculated as: .
With ASTER VNIR and SWIR bands, six LULC types

were identified by employing an unsupervised classification
algorithm, i.e., Iterative Self-Organizing Data Analysis [29].
Fig. 1 shows the resultant classified LULC maps. The overall
classification accuracy of 92% (April 5, 2004, image), 88.33%
(June 16, 2001, image), 87% (Oct. 3, 2002, image), 87.33%
(February 6, 2006, image), 89% (Oct. 13, 2006, image) was
achieved respectively [29]. A comparison among the five
classified maps indicates that the magnitude and spatial pattern
of each class corresponded well to each other but also reflected
the seasonal and temporal differences [29].

C. Estimating Surface Heat Fluxes

1) Net Radiation ( ): The net radiation was calculated as
follows:

(1)

Where is the net radiation, ( )
is the Stefan-Boltzmann constant, is atmospheric emissivity,
is broadband albedo, is short wave radiation, is sur-

face broadband emissivity (that is assumed to be equivalent to
the absorptance of the downward long wave radiation), is at-
mospheric temperature, and is surface temperature [5].
Atmospheric emissivity ( ) was calculated as:

(2)

where is atmospheric water vapor pressure, which was esti-
mated based on saturation water vapor pressure and relative
humidity [30].

Fig. 1. Land use and cover classification maps of Indianapolis, U.S.A., on five
dates. From upper left to lower right: (a) April 5, 2004; (b) June 16, 2001;
(c) October 3, 2000; (d) February 6, 2006; and (e) October 13, 2006.

Surface reflectance can be calculated using the following
equation:

(3)

where: is surface reflectance, is at-sensor radiance, is
the earth-sun distance, is a band-dependent constant,
is the solar zenith angle, and is estimated upwelling

scattered path radiance due to atmospheric haze, aerosols, etc.
[31]. After the surface reflectance was calculated, the broad-
band albedo can be calculated using the method developed
by Liang [27]. Broadband emissivity ( ) was calculated based
on the spectral emissivities of all bands [28].
2) Ground Heat Flux ( ): Estimation of ground heat flux, ,

is often difficult, since it requires knowledge of the temperature
gradient in the soil [15]. In urban areas, the heat conductivity of
land surface materials and the vertical temperature gradient in-
side the walls, roofs, and floors for buildings must also be known
[2]. In practice, the information is hardly obtainable. Therefore,
the ground heat flux is largely estimated based on the net radia-
tion as:

(4)

The coefficient, , is subject to the influence of surface cover
material and seasonality ([32], [33]), as well as diurnal change
[34]. Given the heterogeneity and complexity of urban com-
ponent surfaces, Grimmond et al. [35] proposed the objective
hysteresis model and tested it in Vancouver; this calculated
as a function of continuously measured net radiation and the
surface properties of the site. Since remote sensing measure-
ments are instantaneous in time, we had to use a look-up table
for , which was compiled by Kato and Yamaguchi [2] and
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TABLE II
PARAMETERS USED FOR ESTIMATION OF HEAT FLUXES

was mainly based on the findings of Anandakumar [32]. Table II
shows assigned values based on LULC type.
3) Sensible Heat Flux ( ): The sensible heat flux was cal-

culated as:

(5)

where and are sensible heat flux for non-veg-
etated and vegetated areas, respectively. and
were calculated using the following equations:

(6)

(7)

Where is the air density in , is the specific heat of
air at constant pressure in , and are surface tem-
peratures for non-vegetated and vegetated areas, respectively
(both were obtained from the ASTER kinetic surface tempera-
ture product), is atmospheric temperature, is the aero-
dynamic resistance in s/m, and is the resistance to heat flow
in the boundary layer immediately above the soil surface [36].

was calculated as:

(8)

Where ( ) and ( ) are the respective heights at
which the wind speed and atmospheric temperature are mea-
sured, is the displacement height, and and are the
roughness lengths for momentum and heat transport, respec-
tively. All measurements are inmeters. In addition, and
are stability correction functions for momentum and heat, and
( ) is von Karman’s constant [30]. The (8) may be sim-

plified by removing and [37]. Table II shows that the
values of , and were fixed according to each LULC
type and were estimated based on the existing literatures.

can be computed per the following equation:

(9)

Fig. 2. Net radiation in Indianapolis, U.S.A. on April 5, 2004, June 16, 2001,
October 3, 2000, and February 6, 2006.

Where ( ) is the free convective velocity, (
) is a coefficient to represent the typical soil surface rough-

ness, is the wind speed over soil surface at the height of 0.05-
0.2 m [36].
4) Latent Heat Flux ( ): Latent heat flux was calculated

following [38]:

(10)

and are latent heat flux for the non-vegetated
and the vegetated areas, respectively. They were computed as
follows:

(11)

(12)

where ( ) is Priestley-Taylor parameter, is psy-
chrometric constant, is the slope of saturation vapor pressure
– temperature curve, (equals unity if not available) is the
fraction of the LAI that is green. and are net ra-
diation for soil and vegetation, respectively [36]. If a negative
value of was obtained, it would be set equal to zero.

was then recomputed as the residual of (11) when
was set to 0 and and are from previous cal-

culations [38].

III. RESULTS

A. Heat Fluxes in the Four Imaged Dates

Figs. 2–5 show estimated net radiation, sensible heat flux,
latent heat flux, and ground heat flux in four seasons. The mean
values and standard deviations of the surface heat fluxes are
displayed in Table III.
The mean value of net radiation was 432 in April, 613

in June, 403 in October, and 319 in February, re-
spectively. The result indicated that the highest net radiationwas
received in summer, followed by spring, fall and winter, a typ-
ical seasonal pattern in the mid-latitude region in the northern
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Fig. 3. Sensible heat flux in Indianapolis, U.S.A. on April 5, 2004, June 16,
2001, October 3, 2000, and February 6, 2006.

Fig. 4. Latent heat flux in Indianapolis, U.S.A. on April 5, 2004, June 16, 2001,
October 3, 2000, and February 6, 2006.

hemisphere. This was due primarily to different amounts of
solar (shortwave) radiation received by the Earth surface. More-
over, the amount and vigor of vegetation varied significantly
in different seasons in Indiana, and different amounts of veg-
etation can significantly affect net radiation. The ground heat
flux showed a similar seasonal pattern because was estimated
from . The standard deviation of net radiation was the highest
in summer and the lowest in winter, which was, again, affected
by the vegetation pattern. The vegetation was the most het-
erogeneous during the summer as a result of various species,
life forms, structures and habitats, and was the least during the
winter since most vegetation were dead. The standard deviation
of was higher in the spring than in the fall. In the mid-lat-
itude region, phenological changes were more obvious in the
spring than in any other seasons.
In terms of sensible heat flux, values of 165, 128, 117, and

93 were obtained for each imaging date in April, June,
October, and February, respectively. Sensible heat flux is driven

Fig. 5. Ground heat flux in Indianapolis, U.S.A. on April 5, 2004, June 16,
2001, October 3, 2000, and February 6, 2006.

TABLE III
MEAN AND STANDARD DEVIATION VALUES (IN PARENTHESIS) OF HEAT

FLUXES IN FOUR DATES

by temperature differences between the atmosphere and the sur-
face and as such is highly variable in space and in time. Its
seasonal variability was obvious based on our result. It showed
the highest in the spring. The extreme low atmospheric tem-
perature ( ) and larger wind speed at the time when the
April image was acquired were two main factors contributing
to this anomaly. LULC change associated with urban sprawl be-
tween 2000 and 2004 may be another factor. The urbanization
process favored higher sensible heat flux as evapotranspirative
surfaces were reduced. Moreover, increased anthropogenic heat
discharges also contributed to the sensible heat flux. The spatial
variation in was high in the summer months but was gener-
ally low in the winter months. From April to October in Indiana
(the summer months), there were a larger amount of vegetation
and more growth-related activities, and also a bigger contrast
among the urban, suburban and rural areas in radiative, thermal,
moisture, and aerodynamic properties. In comparison with net
radiation, sensible heat flux showed a stronger spatial variability
(thus higher standard deviation) in all imaging dates. Although
there were a variety of surface materials and seasonal changes in
vegetation amount and vigor, which affected surface albedo and
emissivity, the differences in the net shortwave and longwave
radiation were constrained by the albedo-temperature feedback
mechanism [22], [39].
The latent heat flux showed an obvious seasonal variability

too. value yielded 104 in April, 195 in June,
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101 in October, and 96 in February. The decrease
of value was attributed to the change in vegetation transpi-
ration and water evaporation, reflecting the vegetation growth
and decline over a year cycle and the accompanying moisture
condition by season. The highest value corresponded to the
existence of the largest amount of vegetation and its vigor in the
summer. reached the lowest point in February. The standard
deviation value of , again, was the lowest in the winter due
to a less contrasting surface condition in terms of evapotranspi-
ration. It should be noted that had a stronger variability in
the spring time (standard deviation: 89) than in the fall (stan-
dard deviation: 66), as various species of vegetation and crops
started to grow following different calendars. This variability
contributed to a higher standard deviation value in spring, and
was closely related to the spatial pattern of .

B. Heat Fluxes by LULC Type

Fig. 6 shows the mean and standard deviation values of each
flux by LULC type. It is clear that in all dates water exhibited the
highest , followed by forest. The lowest values were de-
tected in urban in the summer months while in bare soil in the
winter months. Agriculture and grass land possessed the third
and fourth places. The variations of were only controlled by
surface albedo and surface temperature. Water bodies generally
had low albedo and surface temperature resulting in a high .
Forest yielded a high value as a consequence of its ability of
absorbing more solar energy, lowering albedo and temperature.
Owing to the higher surface temperature, the long-wave upward
radiation from the urban surfaces was higher, and thus urban
areas often discovered the lower than the nearby rural areas.
However, the lowest position can be overtaken by bare soil
in the winter months (in February and April) because of its high
albedo. Bare grounds may be covered by snow and were fre-
quently seen in dry and plowed conditions in the early spring
before planting. Agriculture and grassland emulated closely in
both mean and standard deviation values of , followed by
their similar cover conditions in albedo and surface temperature.
The variability of was relatively high in bare soil, water, and
urban, especially in the summer. High variability of net radia-
tion over water (especially the two reservoirs in the study areas)
may be associated with the growth of algae. But the fluctuation
became much weaker in the winter (February image). The fall
and spring images shared similar moderate variability in .
The estimation of sensible heat flux was found to be linked

with surface temperature. Urban possessed the highest
values due to higher surface temperature and surface rough-
ness. Various types of impervious surfaces generally produced
higher thermal emittance into the atmosphere as sensible heat.
Moreover, anthropogenic heat discharge in the urban areas was
much higher than in the rural, which contributed substantially
to the sensible heat flux, especially in the winter months.
In contrast, water yielded the lowest . The contrast of
between urban and water was most pronounced in the spring
and summer, but became less obvious in the fall, reaching the
lowest in the winter. It is abnormal to learn that both forest
and grass displayed a high , regardless of the seasonality. We
believe that the fact that forest and grass were mingled with

Fig. 6. A comparison of mean and standard deviation values of heat fluxes on
four dates.

urban in the study area had caused image misclassification.
Forest was mostly confused with residential land (especially
in the low-density and medium density areas), which in our
classification scheme belonged to urban. Grass was largely
found in the residential areas, confusing itself with urban too.
Another interesting finding was that bare soil always exhibited
a low , preceded only by water. Geographically, bare soil
was largely located along rivers and other water bodies with
small amount scattered within agricultural land (see Fig. 1).
The spatial adjacency between soil and water/ agricultural land
may have caused mis-classification and have thus resulted in
computation error in the estimation of for bare soil. The
standard deviation values were high in forest, grass and urban,
but all decreased to the lowest in the winter.
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Because latent heat flux was associated with evapotranspira-
tion, it becomes apparent from Fig. 6 that high corresponded
to water, agriculture, and forest. Grass also displayed fairly high

in the summer, but declined to considerably low levels in
other months. At all times, urban possessed the lowest , but a
large standard deviation value. This strong intra-class variability
can be largely attributed to the image classification scheme,
where residential lands were combined with commercial, indus-
trial, and transportation etc. to form the urban class. The increase
of the standard deviation in was related to the change of
vegetation abundance and vigor within the urban class, espe-
cially in the residential areas. It is worthy to note that bare soil
detected the second highest in all four dates. This over-esti-
mation was mainly caused by image misclassification between
bare soil and water and its confusion with agriculture, forest,
and grass. Overall, since the fluctuation of had much to do
with precipitation and vegetation activities, the standard devia-
tion values for all LULC types appeared to be high from April
to October. By comparing standard deviation values among all
the heat fluxes for all LULC types, it is apparent that both
and generated a strong variability in the four imaging dates,
while and observed a relatively weak variability.

C. Influences of Aerodynamic Parameters

Surface energy processes across the soil – vegetation – atmos-
phere continuum are turbulent processes involving heat, water
and momentum exchange at a surface; and thus the estimation
of heat fluxes are often based on the vertical gradients of temper-
ature, water vapor and wind speed above the surface using flux-
gradient relationships [40]. Campbell and Norman [41] sug-
gested that those processes are related to soil moisture, canopy
structure, land cover, topography, and surface albedo. It has
been further suggested that the surface energy balance is also
depended upon surface roughness (e.g., [23]), typically char-
acterized by two aerodynamic parameters, aerodynamic rough-
ness length and displacement height. The term, , is a rather
complex function of various geometric factors, including rough-
ness lengths, displacement height, and the wind speed, and is
often empirically estimated [15], [42]). In determining ,
this study followed the works of Brutsaert [30], Kato and Yam-
aguchi [2], and Liu et al. [37]. Since the last two sections have
focused on discussion of surface factors (e.g., land cover, vege-
tation activities and abundance, surface albedo etc.) for energy
modeling, this section examined the effects of “non-surface”
factors on the surface energy balance. Special attention would
be paid to the issue of how aerodynamic parameters (displace-
ment height and roughness length for momentum) and wind
speed may influence the estimation of heat fluxes.
The result of radiometric correction between the October 3,

2000 image and the October 13, 2006 images indicated that
all regression equations were significant at the 0.001 level
and yielded a value above 0.8 for most bands. Since a
relative radiometric correction was conducted between these
two near-anniversary images, the changes in the thermal pattern
should largely be attributed to the “surface” factors and local
aerodynamic parameters. The former was related to the thermal
properties of surface materials, the composition and layout
of LULC types, and anthropogenic effects. By comparing

TABLE IV
A COMPARISON OF THE HEAT FLUX STATISTICS BETWEEN OCT. 3, 2000 AND

OCT. 16, 2006 (UNIT: W/m )

with the LULC maps on these two dates (Fig. 1(c) and (e)),
it becomes clear that that the percentage of each LULC type
had remained relatively stable. To evaluate the effect of the
LULC changes on the estimation of the surface heat fluxes,
the mean and standard deviation values per LULC type were
compared (Table IV). The result indicated that while and
had not changed significantly, increased and decreased
substantially. The changes in and values and their spatial
variabilities cannot be attributed to the LULC changes between
2000 and 2006, which were considered insignificant in respect
to magnitude as well as to the spatial pattern (location and
geometry). An inquiry into the abnormal high flux suggested
that the extremely high wind speed (5.7 m/s) on October 16,
2006 was probably the main cause. The wind speed was 2.6 m/s
on October 3, 2000. Moreover, the atmospheric temperature
and the mean LST for the study area were 274.15 K and 286.89
K on October 16, 2006, and 288.15 K and 301.5 K on October
3, 2000, respectively. The difference in the vertical gradient of
temperature was not notable. Since was estimated
as the residue of the heat balance equation ((11)), a high had
resulted in a low value.
Another important parameter is displacement height, . It

can be roughly conceptualized as the height of a surface formed
by distributing the aggregate volume of roughness elements and
their wake re-circulation cavities uniformly over the underlying
surface [43]. We defined for each surface type based on
Kustas et al. [44], except for the urban class. The for the
urban category was a modification of the result by Burian et al.
[45] who computed it for the city of Houston, Texas, in a project
on the development of urban building databases. Burian et al.
[45] compared three methods of calculation for , proposed
by Grimmond and Oke [46], Raupach [47], and Macdonald et
al. [43] respectively, and computed it by using each method
for the entire study area of 1,653 centered on the down-
town Houston. They further computed for each LULC type
using standard morphometric equations and the derived urban
morphological parameters. In our estimate, we considered the
differences in urban building and vegetation morphology be-
tween Houston and Indianapolis and in the LULC classification
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Fig. 7. Sensitivity analysis of urban aerodynamic parameters. (a) Sensible heat
flux as a function of displacement height ( ) in the urban areas; (b) Sensible
heat flux a s a function of roughness length for momentum ( ) in the urban
areas.

schemes. To examine the effect of on in the urban areas,
we conducted a sensitivity analysis. The value of was chosen
in the range of 1.5 to 1.95 m with an increment of 0.05. This
selection mainly considered the result of Burian et al. [45], in
which a table was compiled to provide and values for
US cities of various urban morphological characteristics. Al-
though the city of Indianapolis was not included in that table,
however, the table provided a valuable reference in determining
the range of . For each , value for the urban class was
re-computed while holding ( ) and ( )
to be constant. The October 3, 2000 image was used for the sen-
sitivity analysis. Fig. 7(a) shows the result of regression anal-
ysis. The relationship between and is almost linear, with a
value of 0.9. For any increase of 0.1 m in , urban would

increase by approximately 3.94 . Obviously, the influ-
ence of displacement height in the urban areas can be large. A
proper value of should be derived based on a detailed study of
urban morphology using remotely sensed data and in situ field
survey. Equally important is a reliable urban LULC classifica-
tion based on the remote sensing data characteristics. With our
TSEB method, may also have a moderate impact on the es-
timation of in the urban areas.
In this study, roughness lengths and were defined

as a function of LULC type. The estimations by Burian et al.
[45] and Kato and Yamaguchi [2] were modified for use in this
study, which considered the differences in LULC classification
and in urban morphology between their studies and the present
study. Our sensitivity analysis focused on the influence of
in the urban areas on . Since had been evaluated in var-
ious field campaigns but had not [46], we thus determined
to estimate assuming that it possessed a fixed relationship
with . Sensible heat flux in the urban areas was com-
puted by increasing by 0.02 m for each test in the range of

0.24 to 0.42 m. The was kept at 1.95 m at all times. Fig. 7(b)
shows a nearly linear relationship between and , with
a value of 0.99. For an increase of 0.1 m in , urban
would increase by approximately 7.21 , nearly two

times larger than that of . The influence of was appar-
ently larger than on urban sensible heat. A thorough study
and detailed measurement for this parameter is warranted for
both future urban climate and remote sensing studies.

D. Result Comparison

The validation of heat fluxes would be ideal if in situ field
measurements were available for the study area; although the
existing literature has warned that special attention should be di-
rected towards a better understanding of the differences between
modeled and measured fluxes [48]. Due to the lack of field mea-
sured data in the study area, we chose to compare our result with
that of Kato and Yamaguchi [3], which had been verified with
in situ field measurements. The two study areas were located in
the similar latitudes: Indianapolis has latitude of 39 47’N at its
geometry center and Nagoya, Japan, 35 10’N. Both cities are in
a temperate climate zone, but Indianapolis is more continental
than Nagoya. They had similar surface cover conditions too, but
Indianapolis had more vegetation than Nagoya. Table V shows
that two pairs of images were chosen for comparison, one in
the winter (the February 6, 2006 image of present study vs. the
January 2, 2004 image of Kato and Yamaguchi) and the other
in summer (the June 16, 2001 of present study vs. the July 10,
2000 image of Kato and Yamaguchi). It is worthy to note that
these images were acquired at similar times during a day, i.e.,
around noon time.
Table V indicates that the ranges of estimated heat fluxes in

this study were largely in agreement with those of Kato and Ya-
maguchi. Our values were estimated to be higher. The dif-
ference in prompted us to examine the differences in the
computation algorithms. We applied a TSEB modeling algo-
rithm, while Kato and Yamaguchi utilized a one-source surface
energy balance method. A two-source approach should yield
more realistic values for sensible heat flux over sparsely veg-
etated and dry areas (as a city is). Under these conditions a
single source approach generally under-estimates the sensible
heat fluxes, and thus over-estimates the latent heat fluxes. There-
fore the algorithm used most probably is not the reason for
finding higher latent heat fluxes here; they should be lower as a
consequence of the two-source method. Kato and Yamaguchi
[3] assumed that there was not any latent heat in the urban
areas, which may be the main reason why in the current study
higher values were found. In order to have a better com-
parison of the energy balance in the two study areas, the rel-
ative ratios of , , and to for chosen LULC
types were compared. The ratio of the present study ap-
peared to be higher than their study in the urban class, espe-
cially in the winter. This difference had much to do with the
mis-matched LULC classifications between the two studies. Our
“urban” class included commercial, industrial, transportation,
and residential, whereas their study separated urban and residen-
tial in computing the ratio. In contrast, our “agriculture”
category matched well with their “field” class, both yielding a
ratio of 0.14.
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TABLE V
RANGES OF HEAT FLUXES AND THEIR RATIOS TO NET RADIATION BETWEEN
THE PRESENT STUDY AND THE RESULT OF KATO AND YAMAGUCHI (2007)

Because of the assumption that Kato and Yamaguchi [3]
made, their ratio was always zero for the urban cate-
gory. The present study generated a ratio of 0.18 in
February and 0.23 in June for urban. These values were more
reasonable based on the fact our “urban” class may contain
30–90% of impervious surfaces and 70–10% of vegetation,
water and/or others. As a matter of fact, the in situ field ob-
servation data with which Kato and Yamaguchi’s study were
compared showed a ratio of 0.04–0.21 for urban and
0.1–0.3 for residential, a better match with our data. In agricul-
tural areas, the two studies produced a similar ratio.
But the present study matched better with paddy field, another
type of agricultural land in Japan. This was largely due to
their close crop calendars and similar vegetation and moisture
conditions. We checked the precipitation record before the
acquisition time of the satellite image, and found that there was
25.7 mm on June 16, 2001 (record read at 11:55 AM). This
amount of precipitation made cropland in Indiana match better
with paddy field in Nagoya, Japan.
Compared with the present study, the ratio reported

by Kato and Yamaguchi [3] was much higher. They attributed
the high ratio to the under-estimation of latent heat. The present
study yielded a ratio of 0.4 in urban for both the Feb-
ruary and June images, and 0.3 in agriculture in June. The in
situ field observation data with which Kato and Yamaguchi’s
study was compared displayed a ratio of 0.27–0.58 in

urban, 0.26–0.74 in residential, and 0.15 in vegetation (grass-
land and crop). Apparently, the present study was largely in
agreement with those in situmeasurements if we considered that
our “urban” class included both their “urban” and “residential”.
The discrepancy in ratio in agriculture may be attributed
to the differences in crop type, practice, calendar, and soil mois-
ture conditions. In addition, Kato and Yamaguchi [3] may have
combined ground heat flux and anthropogenic heat discharge
when computing the storage heat flux ( ), and therefore en-
larged the value of ratio. We concluded that the com-
positional ratios of heat fluxes for chosen LULC types in this
study were comparable to those of Kato and Yamaguchi [3] and
that in some cases we produced better results in reference to the
in situmeasurements examined in Kato and Yamaguchi’s study.
Analysis of extreme values of heat fluxes can help to assess

the validity of modeling procedures. It is found that a few very
low values (0.5% – 1% of the pixels depending on season) ex-
isted in the images for all dates. Most of the extreme values
of occurred in the urban areas, in particular, in commercial,
industrial areas, and the airport area. These areas exhibited both
very high surface temperature and albedo, which led to rela-
tively low values in . The reason for the extreme values of
net radiation may be the heterogeneity of downward solar ra-
diation and longwave radiation, which is out of the scope of
this study. Extreme high values (0.002% – 0.1% of the pixels)
were also observed in the estimation of sensible heat flux. Since
our model assumed a constant wind speed, extreme values of
may arise because the observed surface temperature may be

mismatched with the appropriate wind speed. Some of the ex-
treme values were associated with image classification er-
rors. Vegetated pixels, for instance, whenmisclassified as urban,
which was associated with higher surface temperatures, would
result in extreme high values in . Moreover, the extreme high
values in were discovered in industrial areas. Within these in-
dustrial areas, a huge amount of energy consumption was trans-
ferred into atmosphere as sensible heat. In contrast, extreme
high values (0.13% – 1.9% of the pixels) in latent heat flux were
detected mostly from water bodies. Water bodies generally had
high values of due to their low temperatures as a result of
evaporation.

IV. DISCUSSION

This study has approached urban surface energy balance
using TSEB. This approach maximized the use of satellite data
from a multispectral remote sensing, in conjunction with a min-
imum amount of routine meteorological data from a permanent
weather station. We realized that meteorological data from an
observational network, if available, would certainly improve
the modeling results. Atmospheric temperatures, for example,
were used for estimation of , , and at the pixel level.
More point-based observations of air temperature would allow
for the use of various spatial interpolation algorithms to gen-
erate a temperature surface to match with the chosen pixel
size of satellite imagery. Such data would strongly enhance
the estimation of spatially distributed heat fluxes. Similarly,
we found that the estimation of sensible heat flux was rather
sensitive to the wind speed. More point-based observations of
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wind speed would allow for a more accurate estimation of the
aerodynamic resistance and thus sensible heat flux.
In estimating sensible heat flux, the temperature of the source

for the convective heat transfer, often denoted as , must be
known. It can be determined from the profiles of temperature
and wind speed in the boundary layer [49]. For an aerodynami-
cally smooth surface, and , the directional brightness tem-
perature (temperature derived from the inversion of Plank’s law
for a thermal sensor operating in a given waveband – [50]) are
equivalent, since a surface is the source for both the radiative
and convective or sensible heat flux [15]. However, most earth’s
surfaces are not smooth, especially in the urban areas, and
are not equivalent [51], [52]. Since is difficult to obtain from
a remote sensor, this study replaced with in (8), while
replaced with in (9). is equivalent to directional radio-
metric temperature, a term by Voogt and Oke [50], to indicate
temperature that has been corrected for atmospheric transmis-
sion and surface emissivity effects. It is suggested that the use
of radiometric temperatures for calculating sensible heat flux
should incorporate an extra resistance as indicated by (8) [42],
[53].
A TSEB model was used in this study. The for the veg-

etated and non-vegetated areas was calculated separately fol-
lowing different procedures. Accurate estimation of vegetation
fraction should be practiced to avoid over- or under-estimation
of heat fluxes. For example, if soil were misclassified as vegeta-
tion, the estimated would be higher than it should be. On the
contrary, if vegetation was misclassified as non-vegetation, an
under-estimation of would occur. The accuracy of the veg-
etation fraction needs to be checked against the reference data,
e.g., using high resolution aerial photos and/or field work.
Accurate estimation of anthropogenic heat discharge is dif-

ficult due to many factors involved. It has been roughly esti-
mated based on the number of vehicles, the energy consump-
tion of buildings, and the energy produced by metabolism [54].
Kato and Yamaguchi [2] proposed to separate due to an-
thropogenic heat discharge from due to radiant heat balance
based on some assumptions on , , and , and the residual
of the radiant heat balance. Although this study did not esti-
mate anthropogenic heat discharge, it could be estimated in fu-
ture work using factors such as household energy consumption,
night light, traffic density, population density, the number of
buildings, and the type of industrial activities, some of which
lend themselves to assessment by remote sensing [55]. Recently,
Zhou et al. [56] developed a simulation model to estimate en-
ergy usage of each building with the Department of Energy/ En-
ergy Information Administration survey data, GIS and remotely
sensed data.

V. CONCLUSIONS

This study has applied a method to study urban surface en-
ergy balance using a TSEB approach. This method maximized
the use of satellite data from a multispectral remote sensor (i.e.,
ASTER) in conjunction with a minimum amount of routine me-
teorological data from a permanent weather station. ASTER
images acquired in four distinct seasons were used to derive
LULC, LST, vegetation fraction, broadband albedo, broadband
emissivity, NDVI, and LAI. Although aerodynamic parameters

such as displacement height and roughness length were em-
pirically estimated, they were also computed based on remote
sensing data. By applying the method to Marion County, In-
diana, U.S.A., this paper has examined the spatial variability
of surface heat fluxes in four dates of distinct seasons, as well
as the influence of aerodynamic parameters on the estimation of
heat fluxes.
Knowledge of urban surface energy balance is fundamental

to understanding of UHIs and urban thermal behavior [48], [57].
The main contribution of this study lies in improving the knowl-
edge of the intra-urban variability of surface heat fluxes. Satel-
lite remote sensing imagery and routine meteorological data
were integrated for use to provide “snapshots” of spatially-dis-
tributed energy fluxes at 90-m resolution. By computing the en-
ergy fluxes by LULC type, we can improve understating of the
geographical patterns of energy fluxes. Further, the within-class
variability was examined with respect to seasonality, and was
related to the changes in biophysical variables in addition to the
heterogeneity of wind speed and air temperature.
Lacking field data for validation, our estimations of heat

fluxes were compared with that of Kato and Yamaguchi [3],
which had been verified with in situ field measurements. How-
ever, surface heat fluxes estimated at this resolution level (90 m)
would be more easily validated against ground measurements
and helpful for assimilation into more complex simulation
models [38]. Remote sensing data can be used to provide
“snapshots” of spatially-distributed heat fluxes, which, in turn,
can be used to model urban thermal landscape processes as a
function of both time and space. The methodology developed
in this study by the integration of remotely sensed and routinely
measured meteorological data has the advantage of being quite
“data-driven” and no need to be calibrated for a particular study
site. This methodology would be very helpful for analyzing and
modeling UHIs as a result of urbanization-associated LULC
and global climate changes.
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