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Abstract A spatial-temporal model with Model Maker

tool is designed to retrieve Land Surface Temperature

(LST) and to describe the changes of urban heat island, as

well as urban development. Spectral Radiance, Brightness

Temperature, NDVI, and Emissivity are first calculated

from TM and ETM?, which are then used to compute LST

by using Qin et al.’s mono-window algorithm. The LST is

classified based on normalized statistical method, and the

normalized heat images are computed between different

times. Therefore, the urban heat changes can be shown in

the map clearly and directly through an urban heat con-

version matrix. Such a model has been applied in this study

to obtain the urban heat conversion matrix of South China

from 1990 to 2000. The results indicate that the LST

increased areas mainly locate along the major roads in the

eastern bank of the Pearl River, which is a result of speedy

urban expansion and need to be noticed in the future.

Keywords Urban � Thermal � Matrix � Evolution

Introduction

Urban expansion is attributed to increasing factories, urban

population, vehicles and industry, and it may lead to dra-

matic climate changes from land surface to atmosphere. As

one of the most important parameters to investigate the

energy interactions and cycles between the atmosphere and

ground, Land Surface Temperature (LST) is governed by

surface heat fluxes, which are obviously affected by urban-

ization (Dousset and Gourmelon 2003). Understanding the

distribution of LST and its temporal variation will be helpful

to decipher its mechanism and find out possible solution.

Although various LST retrieval methods have been

developed theoretically (Sobrino et al. 1996; Gillespie et al.

1998; Qin et al. 2001; Jimenez-Munoz and Sobrino 2003), it

is still a complicated process to get the LST from original

satellite image. A powerful tool with C?? program has

been developed (Zhang et al. 2006b), but the inputting file

format should be *.raw without geographic information.

Moreover, most image-process software needs intricate

steps to calculate LST, which limits the application of LST.

A direct and systemic model is necessary in order to sim-

plify the operating processes. In this study, we propose an

image processing method using the Spatial Model Maker

tool of ERDAS Imagine software to obtain the LST directly

from Landsat file with *.img format. Such method can also

be used to describe urban heat evolution by calculating the

differences between two normalized LST images.

LST retrieval methods

Different LST retrieval methods have been developed

according to different data sources, such as split-window

method (Sobrino et al. 1996), temperature/emissivity

Q. Sun � J. Tan (&)

Guangzhou Institute of Geochemistry,

Chinese Academy of Sciences, P.O. Box 1131,

510640 Guangzhou, People’s Republic of China

e-mail: jimtan@gig.ac.cn

Q. Sun � J. Tan

Guangzhou Casample Information Technology Co. Lt.,

510630 Guangzhou, People’s Republic of China

Q. Sun

Graduate University of Chinese Academy of Sciences,

100049 Beijing, People’s Republic of China

Y. Xu

Open Laboratory of Ocean and Coast Environmental Geology,

Third Institute of Oceanography State Oceanic Administration,

361005 Xiamen, People’s Republic of China

123

Environ Earth Sci (2010) 59:1047–1055

DOI 10.1007/s12665-009-0096-3



separation method (Gillespie et al. 1998), mono-window

method (Qin et al. 2001), and single-channel method

(Jimenez-Munoz and Sobrino 2003). With relative higher

resolution, Landsat satellite is one of the longest programs

for global change researches and has been applied for

agriculture, geology, regional planning and environment.

As the thermal infrared (TIR) channel, band 6 records the

radiation with spectral range in 10.4–12.5 mm from the

surface of the earth. Three LST retrieval methods can be

used: mono-window algorithm, single-channel algorithm,

and radiative transfer equation. Although all of these

methods can provide good results, the radiative transfer

equation is not available without parameters in situ atmo-

spheric profile simultaneously when the satellite passes.

The mono-window algorithm with radiosounding data can

get a better result than the single-channel algorithm with an

rms d of 0.9 K (Sobrino et al. 2004).

A mono-window algorithm (Qin et al. 2001) is expres-

sed as Eq. (1). Three variables, emissivity, transmittance

and effective mean atmospheric temperature, are required

in advance.

Ts ¼ a 1� C6 � D6ð Þ þ b 1� C6 � D6ð Þ þ C6 þ D6½ �f
� Tsensor � D6Tag=C6 ð1Þ

where Ts is the LST in band 6, two constants a, b are

67.355351 and 0.458606, respectively,

C6 ¼ e6s6 ð2Þ
D6 ¼ 1� s6ð Þ 1þ 1� e6ð Þð Þs6 ð3Þ

Where, e6 is the emissivity, which can be classified and

computed by NDVI, s6 is the transmittance given in

Table 1, Tsensor is the at-sensor brightness temperature in

K, Ta represents the effective mean atmospheric

temperature given in Table 2.

ERDAS image processing method used to retrieve

LST and describe urban heat evolution

Introduction to methodology

Urbanization studies with LST derived from Landsat TM/

ETM? TIR data have been widely conducted (Carnahan and

Larson 1990; Kim 1992; Nichol 1994; Weng 2001, 2003;

Kato and Yamaguchi 2005). All the results indicate that LST

are in a great correlation with city evolution. The Spatial

Modeler module in ERDAS Imagine software provides a

powerful tool to accomplish most image processing func-

tions. Meanwhile, ERDAS is one of the most popular

software in the field of satellite image processing. It can be

used to observe and analyze the processed results. The ER-

DAS image processing method with Spatial Model tool is

designed as Fig. 1. In this study, the Spatial Modeler module

in ERDAS IMAGINE software 9.0 is used to execute the

model. The inputting images are rectified radiometrically

Table 1 Estimation of atmospheric transmittance (Qin et al. 2001)

Profiles Water vapor

(w) (g/cm2)

Transmittance estimation

equation (s6)

Squared

correlation

Standard

error

High air temperature 0.4–1.6 0.974290–0.08007w 0.99611 0.002368

1.6–3.0 1.031412–0.11536w 0.99827 0.002539

Low air temperature 1.4–1.6 0.982007–0.09611w 0.99463 0.003340

1.6–3.0 1.053710–0.14142w 0.99899 0.002375

Table 2 Estimation of mean atmospheric temperature (Qin et al.

2001)

Area Atmospheric temperature equation (Ta)

For USA 1976 25.9396 ? 0.88045 T0

For tropical 17.9769 ? 0.91715 T0

For mid-latitude summer 16.0110 ? 0.92621 T0

For mid-latitude winter 19.2704 ?0.91118 T0

Where T0 is the near-surface air temperature in K

Fig. 1 Frame of the ERDAS image processing method for urban heat

evolution
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and geometrically to make sure the comparative images have

the same size and location. A proper data format is also

important for the execution of the model.

In this model, only two measured parameters are

required; near-surface air temperature and water vapor

content when satellite passes, which can be easily obtained

from local weather stations. These two parameters are then

converted to air transmittance and effective mean atmo-

spheric temperature. Other required constant values include

the emissivity of water, forest and urban land. Other useful

values such as Lmaxk ; Lmink ; and the solar elevation angle

can be obtained from the Meta file. The parameters of the

model are enumerated in Table 3.

Model built-up

Convert of the digital number into spectral radiance

It is started with creating a new model in ERDAS

IMAGINE, designating the names, locations and formats of

each file. In order to convert the digital number (DN) of

Landsat TM/ETM? TIR spectrum band into spectral

radiance, Eq. (4) is used (Landsat Project Science Office

2001):

L ¼ ½ðLmaxk � LminkÞQcalmax�Qcal þ Lmink ð4Þ

Where k is ETM?/TM band number, L is at-sensor

radiance, Qcal is the quantized calibrated pixel value in DN,

Qcalmax is the maximum quantized calibrated pixel value

corresponding to Lmaxk , Lmaxk and Lmaxk are the spectral

radiance values that are scaled to Qcalmin and Qcalmax,

respectively.

Convert of the spectral radiance to at-sensor

brightness temperature

Convert of the spectral radiance to at-sensor brightness

temperature is carried out by Eq. (5) (Landsat Project

Science Office 2001):

Tsensor ¼ K2=ln K1=Lþ 1ð Þ ð5Þ

Where Tsensor is at-sensor brightness temperature in K,

K1 is the calibration constant 1 given in Table 4, K2 is the

calibration constant 2 given in Table 4, L is spectral

radiance in watts/(m2 sr lm).

Precise calculation of NDVI

In this step, enough raster objects and function icons are

used in the model so that the NDVI (Eq. (6)) and reflec-

tance can be computed.

NDVI ¼ q4 � q3ð Þ= q4 þ q3ð Þ ð6Þ

Where q4 is the reflectance measured in the near infrared

wave bands and q3 is the reflectance corresponding to the

red wave bands (Rouse et al. 1974). In order to get the

reflectance of each band, Eq. (7) is used (Landsat Project

Science Office 2001).

q ¼ p L Ds Ds= E0 cos hð Þ ð7Þ

Where L is the spectral radiance from Eq. (4), Ds is

Earth–Sun distance in astronomical unit, usually about 1,

E0 is mean exoatmospheric solar irradiance given in

Table 5, h is solar zenith angle in degree, which is

provided in the Meta file.

Table 3 Parameters of spatio-temporal model

Type Parameters Purpose

Measured local parameters Near-surface air temperature Calculate mean atmospheric temperature and LST

Near-surface water vapor content Calculate air transmittance

Constant parameters ewater, eurban, eforest Calculate emissivity of different land type

a, b Calculate LST

K1, K2 Calculate brightness temperature

E0 Calculate reflectance

Variable parameters in meta file Lmaxk , Lmink Calculate spectral radiance

Sun elevation angle Calculate reflectance

Table 4 TM/ETM? thermal band calibration constants

Image K1 (w/(m2 sr lm)) K2 (K)

TM (Markham and Barker 1986) 607.76 1260.56

ETM? (Irish 2000) 666.09 1282.71

Table 5 TM/ETM? solar spectral irradiances (E0) (w/(m2 9 lm))

Band 1 2 3 4 5 7

TM (Neckel and

Labs 1984)

1,957 1,829 1,557 1,047 2,193 7,452

ETM? (Iqbal 1983) 1,969 1,840 1,551 1,044 225.7 82.07

Environ Earth Sci (2010) 59:1047–1055 1049

123



Calculation of emissivity

Before calculating emissivity, the NDVI values are clas-

sified by the conditional function: CONDITIONAL

{(\test1[) \arg1[, (\test2[) \arg2[ ���}, where the

\test1[ and \test2[ are the conditions, and \arg1[,

\arg2[ are the output objects. Various methods can be

used to calculate emissivity (Van de Griend and Owe 1993;

Valor and Caselles 1996; Gillespie et al. 1998). When

NDVI value ranges from 0.157 to 0.727, Van de Griend

and Owe (1993) gave an effective equation (Eq. (8)):

e ¼ 1:0094þ 0:047 ln NDVIð Þ ð8Þ

The areas with NDVI values below 0.157 can be

classified into water and urban built-up land. According to

Eq. (9), if MNDWI is negative, the areas are urban built-up

Fig. 2 Flowchart for LST retrieving, where T�urban, T�water, T�forest are the equations like Eq. (1) with corresponding C and D
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land with eurban = 0.970, else the areas are water with

ewater = 0.995. While NDVI is greater than 0.727, the areas

are forest with eforest = 0.986. (Qin et al. 2004; Xu 2005)

MNDWI ¼ Green�MIRð Þ= GreenþMIRð Þ ð9Þ

Where Green means band 2, and MIR means band 5 in

TM/ETM?.

Calculation of LST

According to Qin et al.’s mono-window algorithm, LST

can be computed directly and quickly in this model. Fig-

ure 2 describes the detailed processes to obtain LST.

Normalizion of the difference

Another LST image can be obtained in the same way. In

order to eliminate the influence of time, a statistical theory

is suggested (Zhang 2006a) and the LST images are clas-

sified based on Table 6.

In the Spatial Model Maker tool, the functions are as

follows,

\image3[ = GLOBAL MEAN (\image1) ? GLO-

BAL STANDARD DEVIATION (\image1[),

\image4[ = GLOBAL MEAN (\image1[) – GLO-

BAL STANDARD DEVIATION (\image1[),

While the classification function is:

CONDITIONAL {(\image1[\\image3[) 1, (\ima-

ge1[[ = \image3[ and \image1[\= \image4[) 2,

(\image1[[\image4[) 3}.

Where\image1[ stands for the LST image,\image3[
and\image4[are urban heat island (UHI) and urban cool

island (UCI), respectively.

Retrieval of an urban heat conversion matrix

The temperature difference map can be obtained by com-

paring the normalized images. According to Leica

Geosystems Geospatial Imaging, LLC 2005, the function is

as follows,

EITHER 0 IF ((\image1[ EQ 0) OR (\image2[
EQ 0)) OR ((\image1[ – 1) * GLOBAL MAX (\ima-

ge2[)) ? \ image2[ OTHERWISE

Where \image1[, \image2[ are the normalized LST

images in different years.

The output file has 9 classes, numbered from 1 to 9,

which correspond to the elements of the matrix. Each of the

classes represents a unique combination of the classes of

input files. The conversion matrix is taken to describe the

urban heat change map (Table 7). \image1[ specifies the

columns of the matrix, and \image2[ specifies the rows.

The values located on the main diagonal are LST non-

change areas. Values left to the main diagonal are the LST

rising areas. If the pixel value is 3, it means that the change

is from Low LST Areas (LLA) to High LST Areas (HLA).

Values right to the main diagonal are the LST dropping

areas. If the pixel value is 7, it means the change is from

HLA to LLA.

Table 6 Classification table

Value Conditions Description

1 \Mean – Standard Deviation

(M – SD)

Low LST Areas (LLA)

2 CM – SD and BM ? SD Normal LST Areas

(NLA)

3 [Mean ? Standard Deviation

(M ? SD)

High LST Areas (HLA)

Table 7 Urban heat conversion matrix

1990 2000

LLA NLA HLA

LLA 1 2 3

NLA 4 5 6

HLA 7 8 9

Table 8 Parameters used for retrieving LST in the case study

Type Parameters For 1990s image For 2000s image

Variable local parameters Near-surface air temperature 297.85 K 298.85 K

Near-surface water vapor content 1.27 g/cm2 1.27 g/cm2

Constant parameters ewater, eurban, eforest 0.995, 0.970, 0.986 0.995, 0.970, 0.986

a, b 67.355351, 0.458606 67.355351, 0.458606

K1, K2 607.76, 666.09 1260.56, 1282.71

E0 E0 band3 = 1,557

E0 band4 = 1,047

E0 band3 = 1,551

E0 band4 = 1,044

Various parameters in Meta file Lmax, Lmin 1.5303, 0.1238 12.650, 3.200

Solar zenith angle 42� 31�
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Application in South China to trace

urban heat evolution

Background

The Pearl River Delta has experienced a rapid urban

expansion since 1990s. In order to test the ERDAS image

processing method, Landsat TM and ETM? images of

122/44 (Row/Path) on October 13, 1990 and September 14,

2000 were applied in this study. The data acquired date was

under the highly clear atmospheric condition, and the

images were obtained from the USGS Earth Resource

Observation Systems Data Center, which had been sub-

jected to both geometrical and radiometrical correction.

The Landsat images were further rectified to a common

Universal Transverse Mercator (UTM) coordinate system

that is identical to the local feature maps.

Data preparation

According to the recorded data in Wushan weather station of

Guangzhou, the actual near-surface air temperature and

water vapor content at that time when satellite passed were

297.85 K, 1.27 g/cm2 on October 13, 1990, and were

298.85 K, 1.27 g/cm2 on September 14, 2000, respectively.

The other parameters used in this model are listed in Table 8.

Result and discussion

It is shown in Fig. 3 that:

(1) In 1990, the LST of water was high relatively, and the

difference between the LST of water and the LST of

urban was not obvious;

(2) Most areas of Guangzhou and Foshan were located in

HLA, indicating that Guangzhou and Foshan have

experienced speedy urban expansions, and urban heat

island phenomenon appeared at that time;

(3) A trend that HLA is distributed along the local main

roads indicates that the long-distance transportation

was not popular in 1990, whereas the short-distance

transportation was developing. Therefore, the local

government should find out a way to moderate the

thermal environment around main roads.

It is shown in the LST map of 2000 (Fig. 4) that:

(1) Compared to 1990, the LST of water was lower than

that of urban in 2000, which was mainly attributed to

global warming. As the density of CO2 in the earth

increased, the temperature of urban land increased

quickly, while the temperature of water increases

slowly due to its high thermal capacity, so the

difference was enlarged (Liu et al. 2006).

Fig. 3 Map showing the LST

classes in the Pearl River Delta

Region for 1990
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Fig. 4 Map showing the LST

classes in the Pearl River Delta

Region for 2000

Fig. 5 Map showing the LST

evolutions in the Pearl River

Delta Region between 1990 and

2000. Where the LST classes

with value = 2, 3 and 6

changed from low to high; the

LST classes with value = 1, 5

and 9 changed from high to low;

and the LST classes with

value = 4, 7 and 8 meant no

changes during 1990–2000
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(2) There were more and more cities located in HLA,

including Foshan, Guangzhou, Dongguan, and Shenz-

hen. HLA in all of these cities, especially in

Dongguan, were increased, which could be attributed

to land cover change due to urbanization (Qian and

Ding 2005, Liu et al. 2006).

(3) HLA occurs along the local main roads and the

national highway.

(4) Measures should be taken to moderate the environ-

ment of high LST areas.

It is showed that the LST diversion is correlated with

urban expansion (Weng 2001, 2002; Dousset and Gour-

melon 2003; Qian and Ding 2005). From Fig. 5, we could

conclude that a notable city development took place in the

Pearl River Delta during 1990–2000, and urban heat was

uneven in different parts of this area. Foshan, Guangzhou,

Dongguan and Shenzhen cities have experienced a quick

and intense city evolution. The urban expansion showed an

increase trend near the eastern bank of the Pearl River. The

cities of Dongguan and Shenzhen, in particular, contain

plenty of HLA dramatically. This was probably caused by

the economic development policy of the local government.

This result is also in accordance with former studies about

urban expansion in the Pearl River Delta (Weng 2001,

2002; Qian and Ding 2005).

Conclusions

Land Surface Temperature is affected by many factors,

such as aerosol, land cover and city layout. It therefore

deserves to explore convenient and efficient methods to

acquire LST and urban heat evolution. This paper provides

an ERDAS image processing method to compute LST, and

to describe the urban heat evolution. The model can be

used to estimate the city development impacts on envi-

ronment. The application in the Pearl River Delta has

demonstrated its ability to provide comprehensive infor-

mation of urban heat evolution and improved computing

efficiency to finish the process in one-step rather than

intricate input and output operations. With built-in data set

including satellite images and near-surface atmospheric

temperature and water vapor content when satellite passes,

it will be a powerful tool for scientists and governments to

research the locations and dimensions of environment heat

changes.
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