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Abstract This paper intended to examine the seasonal
variations in the relationship between landscape pattern
and land surface temperature based on a case study of
Indianapolis, United States. The integration of remote
sensing, GIS, and landscape ecology methods was
used in this study. Four Terra’s ASTER images were
used to derive the landscape patterns and land surface
temperatures (LST) in four seasons in the study area.
The spatial and ecological characteristics of landscape
patterns and LSTs were examined by the use of
landscape metrics. The impact of each land use and
land cover type on LST was analyzed based on the
measurements of landscape metrics. The results show
that the landscape and LST patterns in the winter were
unique. The rest of three seasons apparently had more
agreeable landscape and LST patterns. The spatial
configuration of each LST zone conformed to that of
each land use and land cover type with more than 50%
of overlap in area for all seasons. This paper may
provide useful information for urban planers and
environmental managers for assessing and monitoring
urban thermal environments as result of urbanization.
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Introduction

Solar radiation and land surface temperature (LST) are
important parameters for analysis of urban thermal
behavior (Aguiar et al. 2002). LST represents the
results of surface–atmosphere interactions and energy
fluxes between the ground and the atmosphere on the
earth (Wan and Dozier 1996). The characteristic natural
and human-involved patches have ecological implica-
tions at various spatial levels, and influence the
distribution of habitats and material flows (Peterjohn
and Correll 1984; Forman and Godron 1986; Franklin
and Forman 1987; Turner 1990). Land use and land
cover (LULC) pattern is regarded as an important
determinant of ecosystem function, and can be consid-
ered as the representative of landscape pattern in in situ
area (Bain and Brush 2004). LULC categories are
linked to distinct behaviors of urban thermal environ-
ment (Voogt and Oke 1997). Research is needed to
examine the causes, processes, and ecological implica-
tions of LULC changes at various spatial scales (Weng
et al. 2004; Alberti 2005), especially its relationship
with LST. Furthermore, seasonal changes have major
impacts on soil moisture and tree canopy components,
and thus on LULC and LST. Therefore, it is significant
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to examine the seasonal impacts on the relationship
between LULC pattern and LST since both LULC and
LST vary with seasons, which, in turn, will bring
impacts on the energy balance of the earth surface.

To understand the dynamics of patterns and
processes and their interactions in a heterogeneous
landscape, one must be able to accurately quantify the
spatial pattern and its temporal changes of the
landscape (Wu et al. 2000). In recent decades, a
series of landscape metrics, have been developed to
characterize the spatial patterns of landscapes and to
compare ecological quality across the landscapes
(O’Neill et al. 1988; McGarigal and Marks 1995;
Riitters et al. 1995; Gustafson 1998). However, there
is lack of published researches regarding the applica-
tion of landscape metrics in the study of the
relationship between LULC and LST patterns. More-
over, the utilizations of landscape metrics are limited
by their capabilities, sensitivities, and methods of
derivation (McGarigal and Marks 1995; Riitters et al.
1995; Wang et al. 1999; Gustafson 1998; McGarigal
et al. 2002; Li and Wu 2004). In this study, a method
was developed to examine the relationship between
landscape (LULC) pattern and LST by the use of
landscape metrics. LULC and LST information in
four seasons in Indianapolis was derived from
ASTER remote sensing imagery. The spatial charac-
teristics of LSTs and LULC patterns were identified
based on the analysis of class-based and landscape-
based landscape metrics. The LULC composition and
structure of each LST zone was further examined in
order to understand the relationship between LULC
and LST.

Background

LST has been used as an important indicator to
evaluate urban atmosphere and to model urban
climate (Voogt and Oke 1997; Jacob et al. 2002;
Voogt and Oke 2003). LST is believed to be able to
measure the urban heat islands parameters, such as
magnitudes, spatial extents, central positions, and
directions of heat movements (Streutker 2002,
2003). Remote sensing thermal infrared (TIR) data
have been wide used to retrieve LST (Luvall and
Holbo 1991; Quattrochi and Ridd 1998; Quattrochi
and Luvall 1999; Weng et al. 2004). A series of
satellite sensors have been developed to collect TIR

data from the earth surface, such as HCMM, LandSat
TM/ETM+, AVHRR, TIMS, and so on. These TIR
sensors may also be utilized to obtain emissivity data
of different surfaces with varied spatial resolutions
and accuracies. These LST and emissivity data have
been used in the analysis of temperature–vegetation
abundance relationship, drought evaluation, modeling
of urban surface temperatures with surface structural
information, and forest regeneration detection (Boyd
et al. 1996; Voogt and Oke 1997; McVicar and Jupp
1998; Wan et al. 2004a, b; Weng et al. 2004).

Despite these advances, limitations have been
found in the application of TIR in the study of urban
ecosystems. Few direct applications of TIR data in
landscape ecological research can be found, because
these data have relatively low spatial resolutions.
Second, it remains difficult to interpret TIR because
of inadequate methods currently available for deter-
mining surface emissivity (Conway 1997). Third, it
may cause problems when they were used to identify
thermal energy fluxes (Quattrochi and Luvall 1999),
and directional variations of emissivity (Voogt and
Oke 1997). The measurement of urban surface
temperatures is even more difficult since urban
surfaces include very strong microclimatic contrasts
of temperatures that vary with the seasons (Voogt and
Oke 1998; Kasischke et al. 2003). Voogt and Oke
(1997) examined observational bias in the thermal
infrared measurements, and warned the danger of the
use of TIR to derived LST without sufficient
consideration of land surface characteristics (Voogt
and Oke 1997).

Landscape/LULC patches in a region may have
different sizes, shapes and spatial arrangements,
which contribute to the spatial heterogeneities of the
landscape. It is realized that LULC types have
significant effects on many ecological processes
(Pan et al. 2001; Bain and Brush 2004; Bender et al.
2005). Seasonal changes affect the energy balance of
ecosystems on the earth. More land surface heat
fluxes could be found in dry seasons due to the
increase in the sensible heat flux (Wan et al. 2004a,
b). Seasonal changes also impact the human activities.
Energy consumption is believed to be higher in the
summer and winter than in the spring and fall (Kato
and Yamaguchi 2006). Research has been developed
to examine the relationship between landscape pat-
terns and thermal properties at local scales. Urban
areas produce a large amount of carbon emitted from
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fossil fuel and sensible heats resulted from plants,
man-made structures, and other heat-related materials.
These factors contribute to the distribution of signif-
icantly higher LSTs across urban landscapes (Magee
et al. 1999). Urban forests and grasses provide
shadows, block winds, and decrease the utilities of
fuels. These functions help to maintain relatively low
LSTs in the urban areas. However, the LULC–LST
relationship is far less than clear. Goetz (1997) found
a negative correlation between normalized difference
vegetation index (NDVI) and LST at a series of
observation levels. Weng et al. (2004) used unmixed
vegetation fraction as an alternative indicator of
vegetation abundance, and demonstrated a stronger
negative correlation between LST and the alternative
indicator. Numerous landscape metrics have been
developed to quantify landscape patterns in broad or
narrow scales (O’Neill et al. 1988; Turner 1990;
McGarigal and Marks 1995; Gustafson 1998). How-
ever, it remains difficult to interpret metrics due to the
poor understanding of their functions and limitations
(Pickett et al. 1994; Li and Wu 2004). The landscape
metrics are believed to be sensitive to spatial scales
(Turner 1990; Wang et al. 1999). Few studies have
used landscape metrics in the analysis of LST

configurations, not to speak of the relationship
between landscape and LST patterns.

Methodology

Study area

The City of Indianapolis, located in Marion County,
Indiana (Fig. 1), is the nation’s twelfth largest city,
with approximately 0.8 million population (over 1.6
million in the metropolitan area). It lies in the middle
continental region, with the highest elevation of
219 m and land area of 936 km2. Located in the
middle of the country, Indianapolis possesses several
other advantages that make it an appropriate choice. It
has a single central city, and other large urban areas in
the vicinity have not influenced its growth. The city is
located on a flat plain, and is relatively symmetrical,
having possibilities of expansion in all directions.
Like most American cities, Indianapolis is increasing
in both population and area. The areal expansion is
through encroachment into the adjacent agricultural
and non-urban land. Certain decision-making forces

Fig. 1 Geographical location of the city of Indianapolis, Indiana
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have encouraged some sectors of Metropolitan Indi-
anapolis to expand faster than others. Detecting and
analyzing its urban thermal landscape is significant to
control and plan the city’s future development.

The city has a temperate climate without pro-
nounced wet or dry seasons. But obvious seasonal
changes can be found in the area. Its annual average
temperature is 52.3°F, and the average temperature in
January reaches 26.0 and 75.0°F in July. The average
annual precipitation is 39.9 in., and about 2.3 in. in
January and 4.6 in. in July. Monthly snowfall is
6.6 in. in January. The average wind speeds are
slightly higher in spring and winter than those in
summer and fall. The average relatively humidity for
the whole year does not show obvious seasonal
changes.

Data preparation

Advanced Spaceborne Thermal Emission and Reflec-
tion Radiometer (ASTER) sensor collects images in
14 bands: three visible bands (15 m spatial resolu-
tion), six near infrared bands (30 m spatial resolu-
tion), and five thermal infrared bands (90 m spatial
resolution; ASTER online products description
2005). These images were used for derivation of
LULC types, surface emissivity, and LSTs. They were
all acquired in the afternoon around 5:00 P.M. with less
than 10% cloud cover. The images were geocorrected
to Universal Transverse Mercator (UTM) projection
with NAD27 Clarke 1866 Zone 16, by using 1:24,000
Digital Raster Graphic (DRG) maps as the reference
data. Forty to fifty ground control points were chosen
for each image. The root mean square error (RMSE)
for the geocorrection were all less than 0.3 (Table 1).

LULC classification

Table 2 provides a detailed description of six LULC
types. An unsupervised classification method (Itera-
tive Self-Organizing Data Analysis) was chosen to
classify ASTER data with the maximum iterations of
30. One hundred twenty clusters were created and
labeled in reference to 2003 and 2005 aerial photos.
Reclassification was then executed for the confusing
pixels. Post-classification smoothing and image re-
finement were also conducted to improve the accura-
cy of image classification. Classification accuracy for
each image was assessed against the 2003 county
aerial photo. A stratified random sampling method
was applied to choose 50 samples in every LULC
category. The results of accuracy assessment were
listed in Table 3. Figures 2 and 3 show two classified
images as samples. The overall accuracy was all
above 85%.

LST derivation

Many algorithms have been developed to retrieve
LSTs from different thermal infrared (TIR) sensors. In
this study, land surface kinetic temperature data were
purchased from NASA with 90 m resolutions. The
temperature–emissivity separation algorithm was ap-
plied to compute land surface kinetic temperatures
(ASTER online products description 2005). Accord-
ing to the product description, the absolute accuracy

Table 1 Four ASTER images used in this study

Seasons Acquisition
dates

Acquisition time
(local time)

RMSE for
geometric
correction

Winter February 6, 2006 11:45:36 0.11
Spring April 5, 2004 11:46:39 0.11
Summer June 16, 2001 11:55:29 0.13
Fall October 3, 2000 12:00:51 0.20

Table 2 Description of the LULC categories

Categories Descriptions

Urban Industrial lands, roads and rails, commercial,
right-of-way, golf courses, soccer and recreation
areas, towers, and so on

Forest Successional stage, like pre-forest stage and
mature or high canopy stage, and so on

Grasslands Prairies, pasture, savannahs, historic grasslands,
farm bill program lands, caves, and subterranean
features, and so on

Agriculture Row crop by type, cereal grains, vineyards,
feedlots, residue management, and confined
operations, and so on

Water Lake Michigan, rivers and streams by order and
watershed, miles of unimpounded rivers and
streams, and so on

Barren
lands

Active mine-lands, active quarries, bare dunes,
and so on
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of the kinetic temperature data is 1–4 K and relative
accuracy 0.3 K. Each LST map was divided into six
different temperature zones by using the standard
deviation method of data classification (Smith 1986;
Figs. 4 and 5). Table 4 lists means and standard
deviations of the LST maps and interval values. The
interval value for the first temperature zone was four
standard deviations below the mean value; the
interval value for the second zone was between the
four and the two standard deviations below the mean
value; the interval value for the third zone was two
standard deviations around the mean value; the
interval value for the fourth zone was two standard
deviations above the mean value; the interval value
for the fifth zone was between the four and the two

standard deviations above the mean value; the interval
value for the sixth zone was four standard deviations
above the mean value. Figures 6, 7, 8 and 9 shows
four LST maps for the study area.

Landscape metrics deviation

Among existed indices, average perimeter–area ratio,
contagion, standardized patch shape, patch perimeter–
area scaling, large-patch density–area scaling, and
patch classes were believed to be general indices
which could identify most of the spatial character-
istics of the landscape patterns (Riitters et al. 1995).
In this study, five class-based and two landscape-
based metrics were derived from LULC and LST

Table 3 Error matrices of the classified maps

Data Categories Reference
totals

Classified
totals

Number
correct

Producer’s
accuracy (%)

User’s
accuracy (%)

Overall
accuracy (%)

Overall kappa
statistics

Feb 06,
2006

Urban 52 50 42 80.77 84.00 87.33 0.85
Forest 55 50 40 72.73 80.00
Grassland 54 50 44 81.48 88.00
Agriculture 50 50 47 94.00 94.00
Water 46 50 46 100.00 92.00
Barren
land

43 50 43 100.00 86.00

Total 300 300 262
Apr 05,
2004

Urban 52 50 46 88.46 92.00 92.00 0.90
Forest 50 50 46 92.00 92.00
Grassland 57 50 47 82.46 94.00
Agriculture 48 50 48 100.00 96.00
Water 51 50 47 90.16 94.00
Barren
land

42 50 42 100.00 84.00

Total 300 300 276
Jun 16,
2001

Urban 59 50 48 81.36 96.00 88.33 0.86
Forest 49 50 42 85.71 84.00
Grassland 56 50 44 78.57 88.00
Agriculture 48 50 45 93.75 90.00
Water 47 50 45 95.74 90.00
Barren
land

41 50 41 100.00 82.00

Total 300 300 265
Oct 03,
2000

Urban 46 50 40 86.96 80.00 87.00 0.84
Forest 49 50 41 83.67 82.00
Grassland 65 50 46 70.77 92.00
Agriculture 44 50 42 95.45 84.00
Water 48 50 45 93.75 90.00
Barren
land

48 50 47 97.92 94.00

Total 300 300 261
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maps to quantify the spatial characteristics of land-
scape patterns and land surface temperature zones.
Table 5 lists landscape metrics, their definitions, and
formulas. Patch percentage index shows the propor-
tion of each patch type within the landscape; mean
patch size metric represents average area of patch for
individual patch type in the landscape; fractal dimen-
sion index measures shape complexity of patch types
in the regions; connectivity index calculates the
degree in which a specific landscape impacts the eco-
logical flows; contagion index identifies the tendency
of the spatial aggregations for specific patch types
(Mandelbrot 1983; Krummel et al. 1987; Turner
1990; McGarigal and Marks 1995). To identify the
impact of each LULC type on land surface temper-

atures, binary maps of individual LULC type were
created to overlay with LST maps. Table 6 summa-
rized statistics of LST for each LULC category in four
seasons.

Results

Land use and land cover characteristics

The ecological and spatial characteristics of the
landscape and land surface temperature patches were
examined by the interpretation of landscape metrics
derived from LULC and LST maps. It appears that the
measurements of metrics for different dates were quite

Fig. 2 LULC maps for the
Marion County, Indiana on
February 6, 2006
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similar, except for the map of February 6, 2006
(Fig. 8). Urban patches had the highest percentages
and fractal dimensions, which indicates that urban
was the main LULC type in Indianapolis with a very
high landscape complexity. But relatively low mean
patch areas in the urban class suggests a high
fragmentation of patches, which has also explained
its median aggregation level and connectivity. Forest
and grass patches had similar spatial configuration,
i.e., relatively high percentages and shape complexity,
but low mean patch sizes and aggregation. These two
classes intermingle with the urban class, resulting in a
less aggregated and more complex urban landscape.
However, forest had a much higher connectivity than

that of grassland, which indicates that grassland
integrated with urban class more closely.

Agriculture patches had a relatively low shape
complexity, but higher mean patch size, connectivity,
and aggregation. Agricultural land occupied a small
area, and was mainly located in the southwestern and
southeastern part of the city with an organized spatial
configuration. Water patches had the lowest area
percentage, low mean patch size, complexity and
physical connectivity; however, it was highly spatially
aggregated. Water bodies were mainly distributed in
the northwestern (Eagle Creek), northeastern (Geist
Reservoir and Fall creek), while the White River
crossed the city from the north to the south. The

Fig. 3 LULC maps for the
Marion County, Indiana on
June 16, 2001
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patches of barren lands had the lowest percentages,
but a relatively higher mean patch size. Their shape
complexity remained low, but the connectivity and
spatial aggregation were relatively high. The only few
patches of barren lands can be found in the northern
and central south of the city with similar sizes.

In spite of the similarities in the landscape patterns
reflected in the four images, some changes in
landscape metrics can still be detected. For example,
agriculture land had a much higher fractal dimension
value on February 6, 2006 and April 5, 2004 than those
on June 16, 2001 and October 3, 2000. A possible
explanation is that some agriculture fields became
urbanized over the time period. The urbanization led to
higher shape complexity of the landscape. Similarly,

barren lands were less complex in shape on June 16,
2001 and October 3, 2000 than on February 6, 2006 and
April 5, 2004.

The calculated landscape metrics indicate that the
spatial and ecological characteristics of the landscape
pattern on February 6, 2006 were significantly
different from those of the other three dates. The
seasonal change is believed to have contributed to
these differences. Urban had the highest area percent-
age and connectivity in the February image. It may be
explained that continued urbanization between 2000
and 2006 had increased the size of urban area.
However, some vegetation pixels might have been
mis-classified as urban due to the spectral similarity
between non-photosynthesized vegetation and urban

Fig. 4 LSTs in the Marion
County, Indiana on February
6, 2006
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in the winter time. The lowest values in landscape
percentage indices for forest, grass, and agriculture on
February 6, 2006 supported this observation. Among
them, forest percentage was impacted the most by the
seasonal change. Some trees might be confused with
the urban class, especially in the residential areas
where tress were sparse and leaf-off in the winter and

the mixed pixel problem became more prominent (Lu
and Weng 2004). Grassland’s connectivity was
notably high in this date for the same reason. Many
discrete and small grass patches can be easily
confused with urban pixels in the winter. As a result,
the physical connectivity of grassland became larger.
On the other hand, their fractal dimension value

Fig. 5 LSTs in the Marion
County, Indiana on April 5,
2004

Table 4 Statistical features of land surface temperature zones and their interval values (unit: °C)

Image Mean Standard deviation Interva1 value1 Interva1 value 2 Interva1 value 3 Interva1 value 4 Interva1 value 5

02/06/2006 −0.52 1.32 −5.80 −3.16 −0.52 2.12 4.76
04/05/2004 19.06 3.24 6.10 12.58 19.06 25.54 32.02
06/16/2001 33.95 4.95 14.15 24.05 33.95 43.85 53.75
10/03/2000 28.5 3.04 16.34 22.42 28.50 34.58 40.66
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reduced but aggregation increased. Agricultural land
of February 6, 2006, had the lowest mean patch size
among all the image dates. It may be related to the
urbanization process in the study area, which also
brought about the lowest degree of spatial aggregation
in the landscape. The area percentage and mean patch
size of water reached its highest value on February 6,
2006. The possible reason is that more ponds were
developed as result of urban development. Fewer
trees covering water bodies may have also contributed
to the increase in area and patch size. However,
barren land did not show obvious seasonal changes
and changes over the time due to its minimum area
percentage.

At the level of the landscape, the overall aggrega-
tion in all image dates remained between 46 and 47,
which has values ranging from 0 to 100. The patch
diversity index kept a value of 1.4 for all the four
dates, which implies that the number and proportion
of different patch types did not have a significant
change between 2000 and 2006 (Table 5).

Land surface temperature characteristics

Figure 9 shows the LULC compositions in each LST
zone in four image dates. The LULC diversity for
each LST zone was further calculated and display in
Fig. 10. The February 6, 2006 always had the highest

Fig. 6 LSTs in the Marion
County, Indiana on June 16,
2001
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values of the diversity in each LST zone, compared to
those of April 5, 2004 and October 3, 2000. The April
5, 2004 image had the median and the October 3,
2000 image the lowest diversity in each LST zone.
The June 16, 2001 image had higher diversity values
in LST Zones 2 and 3 compared with the same zones
of the other three images. But, its diversity value was
low for LST Zones 4 to 6. A possible explanation for
a higher diversity in Zone 3 is that all six LULC
categories fell in that temperature zone with similar
proportions, which it did not happen to the same
temperature zone in other image dates. The high
diversity of Zone 3 had to do with the fact that
temperature was more normally distributed during the
summer time.

Figure 11a–e shows LST temperature distributions
among the four image dates. No significant changes
were detected among the four images in terms of
metrics of LST zones. LST Zone 1 mainly included
urban pixels except for the June 16, 2001 image, in
which no pixel was grouped to Zone 1. This
temperature zone had the lowest patch percentage,
mean size, aggregation, and connectivity for all
images, with the exception of February 6, 2006
image. All images had nearly the same values in both
area percentage and mean patch size. This LST zone
was distributed all over the study area without good
connectivity. Fractal dimension index can not be
calculated for Zone 1, since the metric cannot be
defined with the number of patches less than ten. The

Fig. 7 LSTs in the Marion
County, Indiana on October
3, 2000
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extremely high values of aggregation and connectivity
indices were found for Zone 1 on February 6, 2006
(Fig. 11d,e). In reference to Fig. 9a, a possible
explanation for this exception is that LST Zone 1

mainly consisted of urban and grass in that date, and
both had relatively high aggregation and connectivity.

LST Zone 2 mainly included grass on February 6,
2006, water on April 5, 2004, forest on June 16, 2001,

Fig. 8 Landscape structures of LULC types in the Marion County, Indiana at different seasons
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and agriculture on October 3, 2001 (Fig. 9). This
temperature zone had very low area percentages and
mean sizes in all four images. However, notable
differences existed in fractal dimension. Zone 2 of
February 6, 2006 had the highest fractal dimension,
followed by that of October 3, 2000, April 5, 2004,
and June 16, 2001. These differences are apparently
resulted from the various compositions and structures
of LULC. The physical aggregation of Zone 2 had
lower values on February 6, 2006 and June 16, 2001,
but relatively higher values on October 3, 2000 and
April 5, 2004. Low aggregation of forest and urban on
February 6, 2006 and June 16, 2001 contributed to
relatively lower values of aggregation in LST Zone 2,
while high aggregation of water and agriculture on
April 5, 2004 and October 3, 2000 was the cause of
the relatively higher aggregation of the temperature
zone on the same dates. In terms of connectivity, the
October 3, 2000 and April 5, 2004 images had much
higher values than those of February 6, 2006 and June
16, 2001.

LST Zone 3 and Zone 4 had the highest area
proportions for each image date. Both zones had large
values of the five indices for all image dates, which
mean more temperature patches were involved to
form the complicated spatial configurations. No
distinctive seasonal changes can be identified based
on the measurements of the landscape metrics. LST
Zone 3 and Zone 4 were associated with at least two
LULC types (Fig. 9). LST Zone 5 mainly included
urban class at all dates. Each image had very low area
percentage and mean patch size in Zone 5 without
obvious temporal changes. The fractal dimension
values were fairly high, which is consistent with the
very high fractal dimension in the urban class. The
low values of aggregation and connectivity in LST
Zone 5 agreed with those of urban class. Zone 6
mainly consisted of urban class, too. The zone had
low values in all indices, since it was one of the zones
with least patch numbers.

At the landscape level, the February 6, 2006 image
had the highest spatial aggregation compared to the

Fig. 9 LULC compositions in each temperature zone
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Table 5 Descriptions and equations for seven chosen landscape metrics (McGarigal et al. 2002)

Metrics Abbreviations Definitions Equations

Percentage

of

landscape

PLAND Proportional

abundance of a

class

PLAND ¼ Pi ¼ 100 �P
n

j¼1
aij

 !

A

,

Pi: proportion of the landscape occupied by patch type i.
aij: area (m2) of patch ij
A: total landscape area (m2)

Mean patch

size

MN Average size of

one class
MN ¼P

n

j¼1
Xij

,

ni

Xij: patch areas of the same type
ni: the number of patches of the same type

Perimeter-

area fractal

dimension

PFRACAC Shape index

based on

perimeter

and area

measurement

PAFRAC ¼2
,

ni �
Pn

j¼1
lnPij � ln aij
� �

" #

�
Pn

j¼1
lnPij

 !
Pn

j¼1
ln aij

 !" #( ),

ni �
Pn

j¼1
ln Pijð Þ2

" #

� Pn

j¼1
lnPij

 !2
8
<

:

9
=

;

8
<

:

9
=

;

aij: area (m2) of patch ij

Pij: perimeter (m) of patch ij

ni: number of patches in the landscape of patch type i

Aggregation AI Contagion index.

The focal class,

not adjacencies

with other patch

types.

AI ¼ gij
�
max�gii

� �� 100
gij: number of like adjacencies (joins) between pixels of patch type

(class) i based on the single-count method

max-gii: maximum number of like adjacencies (joins) between pixels

of patch type (class) i (see below) based on the single-count method

Patch

Cohesion

Index

COHESION Connectivity

index. The

physical

connectedness

of the patch

type

COHESION ¼ 1� Pn

j¼1
Pij

 !,
Pn

j¼1
Pij � ffiffiffiffiffi

aij
p� �

" #

1� 1
� ffiffiffi

A
p� ��1 � 100

Pij: perimeter of patch ij in terms of number of cell surfaces

aij: area of patch ij in terms of number of cells

A: total number of cells in the landscape

Contagion

Index

CONTAG Aggregation of

all patch types CONTAG ¼ 1þ
Pm

i¼1

Pm

k¼1

Pi� gik

�
Pm

k¼1

gik

� 	
 �

� lnPi gik

�
Pm

k¼1

gik

� 	� 	

2 ln mð Þ

8
>><

>>:

9
>>=

>>;
� 100

Pi: proportion of the landscape occupied by patch type i

gik: number of adjacencies between pixels of different patch types

k: based on the double-count method

m: number of patch types present in the landscape, including the landscape

border if present

Patch

density

(landscape

level)

PD Densities

of patches

PD ¼ N � 10; 000� 100=A
N: total number of patches in the landscape

A: total landscape area (m2)

Perimeter-

area

fractal

dimension

(landscape

level)

PFRACAC Shape index

based on

perimeter

and area

measurement

PAFRAC ¼ 2

,

ni �
Pn

j¼1
lnPij � ln aij
� �

" #

� Pn

j¼1
lnPij
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other dates of images. In contrast, the June 16, 2001
image had the lowest aggregation. It indicates that the
temperature was more aggregated in the winter time
and more dispersed in the summer time. The
difference in spatial aggregation may be related to
the variations of anthropogenic heat in winter and
summer. The amount of anthropogenic heat due to the
use of air-conditioning systems and automobiles was
larger in the winter than in the summer. In addition,
the LST landscape on February 6, 2006 and June 16,
2001 had relatively lower diversity, compared to those
on April 5, 2004 and October 3, 2000. The difference
in diversity suggests that in the winter and summer,
the area percentages of temperature zones tended to
be more equitable than those in the spring and fall.

Urban and forest land surface temperatures

Urban land cover/use is believed to have the highest
thermal signature, while forest to have lowest thermal
signature (Streutker 2002, 2003; Weng et al. 2004;
Myeong et al. 2006). Since these two LULC types
had the highest area percentages in the study area, the
spatial patterns of their LSTs were investigated in
details and discusses below.

Figure 12a–e shows urban land surface tempera-
ture patterns in the study area. According to the
figure, urban LST Zones 3 and 4 had the highest
values in all five landscape metrics. Zone 3 had the
largest patch percentage and the most complicated
shape for all images, whereas Zone 4 had the largest
mean patch size, the highest values of aggregation
and connectivity. Zones 1 and 6 of Urban LST have
the lowest percentages, mean patch sizes, fractal
dimensions, and connectivity for all images. The
distinct difference between LST Zones 3/4 and Zones
1/6 may be attributed to the data classification method
used to create the LST maps (Smith 1986). For each

temperature zone, obvious seasonal differences can be
found (Fig. 12). Urban LST Zones 1 of June 16, 2001
and February 6, 2006 had higher patch aggregation
and connectivity values than those of April 5, 2004,
and October 3, 2000. This difference had something
to do with the measurements of the same indices for
LULC patterns as illustrated in Fig. 8c, d. The
February image had the highest LST patch percentage
in Zones 3 and 4, compared to the other images. It
implies that the spatial variation of urban LST was
small in this date. Furthermore, the October image
showed the highest complexity in urban LST Zone 6,
a zone of the highest temperatures, whereas the
February image displayed the lowest shape complex-
ity in this temperature zone. This contrast in com-
plexity suggests that the hottest spots were spatially
distributed differently in these image dates.

Forest shows much different LST patterns from
those of urban for all images. Figure 13a–e shows
forest land surface temperature patterns in the study
area. Known for the figure, forest LST Zone 3 had the
largest mean patch size, the highest aggregation and

Fig. 10 LULC diversity in each temperature zone

Table 6 Mean temperature and its standard deviation for each LULC type

Images Mean (°C) Standard deviation

02/06 04/05 06/01 10/00 02/06 04/05 06/01 10/00

Urban 0.38 21.47 38.21 31.34 1.33 3.22 4.57 2.98
Forest −0.57 17.85 31.88 27.24 0.95 2.76 4.00 4.76
Grasslands −0.93 19.48 33.62 28.93 1.07 2.19 3.52 2.09
Agriculture −1.56 18.86 31.10 28.21 0.93 1.91 2.28 2.12
Water 1.48 13.84 29.76 24.14 1.37 3.96 4.96 3.28
Barren lands 0.80 19.49 32.84 28.93 1.95 2.78 3.06 2.66
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Fig. 11 Five landscape metrics of the land surface temperature maps
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Fig. 12 Landscape metrics of land surface temperature zones of urban class
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Fig. 13 Landscape metrics of land surface temperature zones of forest class
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connectivity in all dates. Forest LST Zone 4 had the
maximum patch percentage and the most complicated
shape in four seasons. Zones 1 and 6 had the lowest
values in all landscape indices, which was true for all
images, except for LST Zone 6 of February 6, 2006.
Moreover, the February image had the least mean
patch size and the lowest aggregation in Zone 3,
while the extremely highest fractal dimension in Zone
6. It became clear that the forest LST spatial pattern
shown in the February image was most distinctive
one.

Discussions and conclusions

This paper has examined the relationship between
landscape patterns and land surface temperatures in
the County of Marion, Indiana, USA, at four seasons
with an integration of remote sensing, GIS, and
landscape ecology approach. Three LULC types,
namely urban, forest, and grassland, were found to
be the main landscape components. They possessed
relatively higher fractal dimensions but lower spatial
aggregation levels in all dates except for February 6,
2006. Apparent seasonal differences existed with the
most distinct landscape pattern detected on February
6, 2006. The connectivity of urban, grassland, and
water were notably different from those of the other
three dates. The differences among the four images
reflected the impacts of phonological changes with
seasons and continued urbanization in recent years.
However, these changes did not cause changes in the
spatial aggregation and diversity of landscape com-
ponents if the study area were considered as one
entity.

The overall LST showed a normal distribution in
all image dates. Urban was the dominant LULC type
in high-temperature zones, while water and vegetation
mainly fell in low-temperature zones. For each
individual date, the metrics of LST zones apparently

corresponded to the metrics of LULC types. This
correspondence indicated that the spatial configura-
tion of specific temperature zone related closely with
the spatial configuration of dominant LULC type(s) in
that zone. The February 6, 2006 image had a unique
LST pattern, whose values of fractal dimension,
aggregation, and connectivity in low temperature
zones were significantly higher than those of the
other image dates. Its overall aggregation level is
higher than that of the other dates. These differences
imply the urban surface energy balance was distinct in
the winter time.

This study of the relationship between landscape
and LST patterns was based on landscape metrics at
the scale of 15-m resolution. These metrics may be of
use in comparing LULCs and LSTs for different
urban areas at different times. By conducting more
empirical studies at various urban locations, we may
be able to generalize about the LULC–LST relation-
ship from the perspective of landscape ecology. It is
also worthy to note that landscape metrics may vary
with the spatial resolution of satellite images (Frohn
1998). Our current research includes examining the
sensitivity of landscape patterns (LULC categories
and LST zones) to pixel aggregation (ranging from 15
to 1,100 m), and the degree of agreement between the
two landscape structures at every level of spatial
resolution.

Implications on environmental management

An examination of the seasonal variations in the
relationship between landscape pattern and land
surface temperature provides a conceptual framework
for understanding the dynamics of urban thermal
environment, which can be used as background
information for urban environmental management.
Based on the results of this study, the following
management implications can be realized:

(1) Continuing urbanization resulted in the changes
in the land surface temperature pattern. Urban
cover was not only the dominant LULC type in
the study area but also the main LULC compo-
nent in the temperature zones with relatively
high temperatures. As the development of urban/
built-up land in Indianapolis, LST patches with
median and high temperatures reached the high-
est in percentage, mean patch size, aggregation,

Table 7 Calculations of fractal dimension and contagion for
urban LST patches in different dates

Image Fractal dimensions Contagions

02/06/2006 1.5978 61.3155
04/05/2004 1.6045 54.3427
06/16/2001 1.5829 56.3482
10/03/2000 1.5952 55.8666
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and connectivity, if the image of February 6,
2006 was compared with three other dates. In
order to further examine the variations of urban
LST patches across the dates, two landscape-
level metrics were derived from the four LST
images. Table 7 shows that LST patches pos-
sessed the highest contagion index on February
6, 2006, which indicates that LST patches had
much higher degree of interspersion compared to
the other three dates. This higher interspersion is
associated with the spread of urban heat islands
in the city in recent years (Weng et al. 2004).
Measures can be taken to decrease the intersper-
sion of urban LST patches in order to reduce
heat island effect. For example, the city may
increase the area of urban forests and grassland
(such as building city parks within a certain
distance of neighborhoods) and water bodies
(large and clear ponds and reservoirs), while
decrease the building densities in the urban
areas.

(2) Winter processed distinctive landscape and LST
patterns. Many factors contributed to this dis-
tinction, such as lower sun angle, being a leaf-off
season for most of the vegetations, larger amount
of heat released from the buildings (since heat
systems are on in the winter), more heat released
from the moving vehicles (warm up the trans-
portation networks across the city), and different
thermal contrast between water body and its
surrounding land at daytime in winter and in
summer. This contrast is because water body
usually shows higher temperatures than its
sounding areas at daytime in winter but presents
lower temperatures at daytime in summer.
Effective measures can be developed to mini-
mize the urban heat islands in the winter time by
growing more evergreen trees in the urban areas
and by controlling heat releases from the buildings
and vehicles by choosing more heat insulation
materials.

(3) Remote sensing satellite imagery can be used to
derive landscape patterns and LSTs and to
identify their complicated relationship, which
can provide background information for deci-
sion-making in environment management. In
conjunction with GIS, remote sensing technolo-
gy can be applied to determine the location, site,
and shape of city parks, water bodies, and other

urban component surfaces, so as to minimize the
negative thermal effects of urban development.

(4) Landscape metrics are effective tools to quantify
the landscape and LST patterns. These measure-
ments can provide precision characterization and
quantification for the spatial characteristics of
urbanization and urban heat islands. The changes
in the contagion level of urban areas and the
aggregations of high temperature zones over
time may be evaluated all together. These
measurements would be very useful for urban
planners and environmental managers.
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