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Abstract There is no doubt that the urban heat island (UHI) is a mounting problem in
built-up environments, due to energy retention by the surface materials of dense buildings, leading
to To investigate the UHI,
(3-D) information is necessary to analyze complex sites, including dense

increased temperatures, air pollution, and energy consumption.
three-dimensional
building clusters. In this research, 3-D building geometry information is combined with
two-dimensional (2-D) urban surface information to examine the relationship between urban
characteristics and temperature. In addition, this research introduces spatial regression models to
account for the spatial spillover effects of urban temperatures, and includes the following steps:
(a) estimating urban temperatures, (b) developing a 3-D city model, (c) generating urban
parameters, and (d) conducting statistical analyses using both Ordinary Least-Squares (OLS) and
Spatial Regression Models. The results demonstrate that 3-D urban characteristics greatly affect
temperatures and that neighborhood effects are critical in explaining temperature variations.
Finally, the implications of the results are discussed, providing guidelines for policies to reduce the

UHIL
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1. Introduction

Construction materials, such as concrete and
asphalt, absorb thermal energy during daytime
and release it during nighttime, leading to tem-—

peratures in urban core areas higher than in sur-

rounding suburban and rural areas. Heat energy
stored by complicated urban structures is one of
the main reasons of high surface temperatures.
This phenomenon is called the urban heat island
(UHI). The UHI adversely impacts urban pop—
ulations, by inducing heat stress and health prob—
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lem, and worsening air quality through the for—
mation of tropospheric ozone.

This research aims at improving our under—
standing of how urban characteristics influence
surface temperatures, using both Geographical
Information Systems (GIS) and statistical techni-
ques, and making use of data for the urban core
of the city of Columbus, Ohio. To model this re-
lationship, both 2-D and 3-D information is used
to represent the complex urban geometric struc-
ture of urban centers. Much of the earlier UHI
research has used 2-D information, such as land
uses delineated with satellite imagery and build—
ing ground floor boundaries produced by GIS. In
the case of homogeneous land uses, this in-
formation may be sufficient to predict surface
temperatures with good accuracyl7, 22]. However,
3-D information is necessary to analyze more
complex sites, including dense building clus—
ters[32, 34]. Chun and Kim (2010) have developed
3-D city models to investigate the impacts of
surface features on urban temperatures, employ—
ing LiIDAR data and geospatial techniques to
generate 3-D urban geometry characteristics.
Although their results demonstrate that stereo—
scopic city models help derive valuable urban
characteristics, they overlooked neighboring ef-
fects, and spatial dependence. This paper expands
the previous work by Chun and Kim (2010) by
specifying and estimating spatial regression
models.

The remainder of the paper is organized as
follows. Section 2 consists of a literature review.
Section 3 briefly presents the research area.
Section 4 describes the data used and their
processing. Model estimation results are dis—
cussed in Section 5. Section 6 concludes and out—
lines areas for further research.

2. Literature Review

The UHI is an important environmental issue

related to surface temperature differentials created
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by urban development. Many cities and some of
their suburbs have higher temperatures than their
surroundings. In general, urban impervious surfa-
ces absorb solar heat and hold it in the absence
of cold air advection, particularly in environments
of high-rise buildings and low albedo[39, 36].
This increased thermal capacity induces a differ—
ence in the micro—climates of urban and rural
areas. In particular, land uses are directly related
to surface temperatures, as their characteristics
affect the storage and radiation of heat, and its
partition into latent elements. Heavy particle con-
centrations in industrial sites result in higher ra-
diative emissivity of particles that explain the ab-
sorption of solar radiation[29]. Similarly, convert-
ing soil and vegetation into impervious surfaces
is a major cause of the UHI[27]. As a result,
much research has focused on how urban tem-—
peratures are affected by surface materials.
Vegetative cover decreases the absorption of
thermal energy due to evapotranspiration and
high albedo. Previous research has found that ve—
getated areas tend to have lower surface temper-
atures[1]. Oke (1988) reports that impervious
areas have temperatures 2°C higher than those in
vegetated districts. Li et al. (2010) show that lo-
cations further away from a highway or a metro—-
politan area are associated with lower surface
temperatures. Ca et al. (1998) report that the sur—
face temperatures of a grass field in a park are
19°C lower than those of impervious surfaces.
Landsberg and Maisel (1972) show that imper-
vious materials are obstacles to the emission of
thermal energy from ground surfaces by moisture
particles, and find that there is a 172°C difference
between rural and urban areas. Much of the pre-
vious research has focused on the influences of
urban characteristics on the UHIL Oke (1997) has
been among the first to describe a UHI model,
using urban geometric patterns. For example,
wind speed is reduced by buildings that face each
other closely. Weak airflows are one of the fac—
tors leading to higher surface temperatures. With
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regard to surface characteristics, the albedo
(reflectivity) is also related to the UHL A high
albedo releases thermal energy from the surface,
but a low albedo absorbs this energy into the
surface[3]. Additionally, thermal storage by sur-
face materials is an important factor in inves-
tigating urban energy balances. Most materials
used for buildings and impervious surfaces easily
store thermal energy. On the other hand, a vege-
tative cover produces lower surface temperatures,
due to much lower absorption of thermal energy
resulting from evapotranspiration and high albedo.
For example, the UHI intensity is relatively lower
during summer daytime, but it becomes higher
during summer nighttime and during all days in
winter[21].

Statistical models have been estimated to un-—
derstand and mitigate the UHI, based upon two
types of factors: 2-D surface characteristics and
3-D building infrastructure.

First, land use/cover has long been the 2-D in-
formation used in exploring the UHI Weng
(2001), Chen et al. (2006), and Amiri et al. (2009)
generate maps displaying land use/cover patterns
with images captured by Landsat Thematic
Mapper (TM) or ETM+, and analyze the surface
temperature characteristics of urban environments.
They find that urban expansion reduces the
amount of biomass helping to control surface
temperatures. Wilson et al. (2003) explains the
UHI with the NDVI calculated from Landsat 7
ETM+ data and GIS land-use data. Their simple
linear regression models show that lands covered
by impervious materials generate higher surface
temperatures. They also explore the relationship
between surface temperature, NDVI, and develop—
ment density. Lower NDVI and higher develop—
ment density increase surface temperatures.
Similarly, Solecki et al. (2005) concentrate on the
NDVI to understand the characteristics of surface
temperatures. Most studies focusing on vegetative
cover have been performed using the NDVI

which has a negative impact on surface

temperatures.

Second, 3-D building environments generate
canyon effects. Built-up environments have rela—
tively lower solar radiation because of the block—
ing of sunlight by dense buildings, whereas more
sunlight reaches ground surfaces in rural areas.
Despite this difference, surface temperatures in
built-up environments are higher than in rural
areas, because high-rise buildings trap heat with—
in a limited ground space[36]. Therefore, a 3-D
building representation is necessary to understand
how urban geometry impacts the UHI[4]. The
sky view factor (SVF) and the height-to-width
(H/W) ratio are representative measures of these
geometric effects[3, 31, 32, 16, 15, 12, 13, 35].
The SVF measures the relationship between visi-
ble sky and surrounding structures within a ref-
erence circle[31]. It varies between O and 1. If an
observer cannot see the sky due to buildings and
trees obstructions, SVF=0; if the visible sky fills
the whole reference circle, SVF=1. Previous re-
search shows that urban temperatures are neg-—
atively correlated with the SVF[40, 21, 3, 5, 32].

The H/W ratio is another representative meas—
ure of street geometry[24, 14, 28]. It impacts sur—
face temperature through airflows. For example, a
deep urban canyon (H/W=10) has high nocturnal
temperatures at ground level, as compared to a
shallow canyon. A deep urban canyon may create
a comfort zone due to shading during daytime,
but it does not maintain this comfort at night be—
cause of heat accumulation without airflows. The
ventilation pattern determined by the H/W ratio
has also an impact on surface temperatures. High
surface temperatures on impervious surfaces can—
not be easily decreased without a low H/W ratio
that induces dynamic air circulation. Enough
space between buildings plays a role in creating
a cooling effect. Offerle et al. (2006) explore the
H/W ratio for each land use, considering its mean
value for central business districts (CBD), and
industrial, residential and rural areas. As ex-—
pected, the CBD and rural areas have the highest
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and lowest ratios, respectively.

There are several shortcomings that character-
ize previous research on the UHI. First, much
UHI research has relied on 2-D information, such
as building footprints, land uses, and census in-
formation, while not accounting for real-world
3-D physical elements. It is impossible to inves—
tigate complex urban characteristics that influence
local climate without 3-D information. However,
very little research on the UHI has taken place in
the 3-D space because of technical problems.
Second, past research has analyzed the UHI with
small sets of variables. For example, Carlson
etal.(1981) apply a vegetation index to explain the
UHIL Unger etal.(2004) explain UHI intensity with
the SVF variable. Kim and Kim (2009) use the
HW ratio to analyze microclimate. However, these
variables alone are insufficient to describe the
UHI because of the diversity of physical and
non-physical factors. Third, much previous re-
search has involved statistical analysis with
Ordinary Least Squares (OLS) models, excluding
spatial effects from adjacent regions. Spatial phe—
nomena often involve spatial dependence, with
values observed at one place being related to
values at adjacent places. OLS UHI models can—
not explain such neighboring effects, and there—
fore may be biased and misleading. Thus, it ap—
pears important to analyze the UHI with both
3-D urban geometry and 2-D information, using
spatial statistical models. This is the purpose of
this research in a case study of the city of
Columbus, Ohio.

3. Research Area

This research focuses on a densely-built sec-
tion of the City of Columbus, Ohio (Figure 1),
with an area of 17.9 square miles (46.5 km2), and
including the Central Business District(CBD) , the
city’'s economic development hub. The Scioto
River and the Olentangy River flow from north to
south, and merge into one channel near the CBD.

T3] 2] C 41209 A4 (2012, 08)

There are parks and recreation places for outdoor
activities in the southern part of the research
area. The site also includes residential areas. Its
temperature has increased by at least 5C since
1986. In 2000, the population of the city was
711,470.
1950 has induced growth in building construction,

A continuing population growth since

leading to increasing surface temperatures.

o 058 1 2 Miles
P

Fig. 1. Research area

4. Data

The proposed UHI models are based upon three
information categories: (1) building information
(e.g., building ground floor area, and compact—
ness), (2) 2-D surface information (NDVI, land
use, and water stream), and (3) 3-D space in-
formation (SVF, Sky View Factor), all extracted
from geospatial data, such as LiDAR, Landsat
TM, and existing GIS datasets. This section il-
lustrates the implementation of a 3-D city model

and the preparation of this information.
4.1 Three-Dimensional (3-D) City Model

A 3-D city model is essential to represent the
topology and geometry of built-up environments.
Although much geoinformatic research has fo-
cused on detailed building descriptions, our ap-—
proach delineates box-shaped buildings to inves—
tigate the UHI in the 3-D space (Figure 2).

Generating 3-D city models is very time-con-—
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suming, and it is difficult to describe building
properties (e.g., volume, surface, number of floor,
and other characteristics) in terms of exact
shapes. We believe that using box-shaped build-
ings is a good and practical approximation of real

building shapes.

Fig. 2. 3-D city model

This research makes use of three geospatial
data sources: (1) LiDAR data to estimate each
building height, (2) GIS building footprints to de-
scribe their ground-level boundaries, and (3) a
Digital Terrain Model (DTM) to estimate terrain
elevation from sea level. Based upon these data—
sets, the 3-D city model is developed in two
steps: filtering LiDAR data and data integration.

First, filtering LIDAR data by using its proper—
ties (e.g., pulse, intensity, and classification) re-
moves unnecessary data and reduces the size of
the LIDAR dataset. A LiDAR pulse helps detect
single and multiple surface layers. Although a
tree canopy has multiple layers of leaves and
branches, most building roofs are composed of a
single layer. From the intensity of a LiDAR
pulse, it is possible to distinguish rigid materials
from other types of surfaces. The process of fil-
tering the intensity of LiDAR data requires nu-—
merous trials because intensity values are relative
(Faruque, 2003). Pulses with intensity greater
than 50 are assumed to detect hard surfaces.
This filtering process helps classify and extract

non-ground data, such as building roofs and the

tops of trees.

Second, data integration starts with merging
LiDAR data and GIS building footprint that define
building boundaries. The spatial joining capability
of ArcGIS is used to perform this procedure. We
use the highest point among the LiDAR points
within each building footprint to specify a pre-
liminary height. The actual building height is
then computed by excluding the influence of top—
ography, using the Digital Elevation Model (DEM).

4.2 Grid Structure

Much past research has used geographically
large areas (e.g., nation, state, county, census
tract and block) to investigate the relationship
surface
characteristics. Although such data can produce

between temperatures and  urban
meaningful statistical relationships, they cannot
reflect the role of fundamental urban structures,
such as buildings, due to the spatial resolution.
Coarse resolutions do not contain detailed build-
ing structure data. To examine these character—
istics, we need to use a smaller spatial resolution.
A 120m grid structure is used in this research,
corresponding to the spatial resolution of the
thermal band captured by Landsat TM. Its unit
area is smaller than the unit areas used in pre—
vious research. Figure 3 illustrates the variations
in building volumes captured over this grid.
Superimposing urban characteristics into each
grid cell creates the dataset necessary to conduct
statistical analyses.

0-915

915-3,641
3,641-10,169

10,169- 22,518
22518- 47,846

Fig. 3. Building volumes (Unit: 1,000ft3)
measured over a 120m grid
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4.3 Dependent Variable: Surface Temperature
(AST)

Surface temperatures are derived from the
thermal band of Landsat TM captured on July 6,
2007. The Digital number (DN) value of the ther-
mal band varies from 0 to 255, recording the
spectral reflectance from the earth surface. This
digital number must be numerically converted to
a radiometric scale to estimate urban
temperatures. The numerical conversion method
is provided by the U.S. Geological Survey
(USGS) and has been broadly used to map
temperatures. Equations (1) and (2) are used to
perform this conversion.

Equation (1) is the primary formula to estimate
temperature, and includes two calibration con-
stants (A and A, ) and the spectral radiance at
the sensor’s aperture (Z,). The two constants
have been defined by Landsat TM sensors. L, is
a rescaling factor to predict the original DN value
recorded by the initial setting of the sensors. In
addition, the National Landsat Archive Production
System (NLAPS) provides calibration constants
and B to L, [8]. The equa-

rescale

relating G,

escale

tions are as follows:

T—iK2 a
_1 & 1 )
n L_A+

where T= estimated temperature in Kelvin, A=
calibration constant: 1260.56 K= calibration con-
stant: 607.76 W/m?srum, L,= spectral radiance at
the sensor’s aperture.

L)\ = C;resazle X Q(ul +B1‘escale <2)

=0.055158w/ (m>srum) /DN,
= 1.2378w/(m2sr,um)/DN

where G,
Q. = DNualue, B, g,
Figure 4 shows the surface temperatures of the
study area, as estimated by (1) and (2). The
mean temperature is 30.1°C, and the highest tem-
perature 39.8°C. The central part of the study

g H S| A A208 Al4E (2012. 08)

area, where many buildings are located, has rela-
tively higher temperatures than other places. The
two rivers (e.g., the Scioto and the Olentangy)
have lower temperatures.

Unit: Celsius
High - 39.8132

Low - 155761

0 05 1 2 Miles

Fig. 4. Surface temperature

4.4.1 Building information

This group includes building ground floor area
(BGFA) and compactness (CMPT). BGFA meas—
ures the total area of building ground floor in a
cell. Each building ground floor is estimated us-—
ing the appraisal GIS building footprint, with:

BGFA=q, 3)
i=1
where ai denotes building I ground floor in a cell,
and n represents the number of building foot—
prints in the cell. Figure 5 illustrates building
footprints measurements.

S

cempt; = U_z 4)
s; = (p;h; +a;) ®)
v; =(hi><az-) (6)
CMPT=Y empt, (7

i=1

where s; represents the total exterior surface of
building i in a cell, v; the volume of building i,
cmpt, the compactness of building i, p,= the pe-
rimeter of building i, h,= its height, ;= its
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ground floor area, and n the number of buildings
in the cell.

Buildmg A

Building B

&

r‘
Building C

Fig. 5. Building footprint in a cell

4.4.2 Two-Dimensional(2-D)Surfacelnformation

The Normalized Differential Vegetation Index
(NDVI) has been extensively used to identify the
amount of vegetation coverage. It is computed as
a ratio involving different bands reflecting the
percentage of vegetative ground cover determined
by the amount of plant chlorophyll, in particular,
the visible wavelength band (Red: 0.670.7) and
the Near Infra-Red band (NIR: 0.771.1) of
Landsat TM, because vegetation has high spec—
tral reflectivity of solar radiation on the NIR
band. The NDVI value ranges from -1 to 1.
Values between 0.1 and 1 commonly indicate
vegetation coverage. Higher NDVI values indicate
healthy vegetation coverage, whereas lower NDVI
point to water and impervious materials. Figure 6
illustrates the variations of NDVI over the re-
search area. Light color cells stand for vegeta—
tion—covered areas, while dark cells represent
non—-vegetation areas. The map points to the lack
of vegetation in the central district, but also to
many vegetated areas around it, corresponding to
residential areas and parks.

The primary difference between the urban tem-
perature and NDVI maps is related to spatial
resolution. Surface temperatures are based on a
120m pixel size, whereas NDVI is represented by
30m pixels. Therefore, NDVI denotes the total
NDVI value in a cell.

High - 0.808

Low - 0857

0 05 1 2 Miles

Fig. 6. NDVI in the research area

Land Use (LU) is also a basic determinant of
the UHIL Land surfaces directly affect heat stor—
age and emission into the air. The relatively
higher temperatures in cities as compared to
fringe and rural areas result from the diversity of
land uses made of diverse materials. The Mid-
Ohio Regional Planning Commission (MORPC)
has classified land uses into 28 categories, char—
acterizing each parcel. In this research, some of
these categories have been aggregated, based on
similar land properties: Residential, Commercial,
Industrial, Open Space, Office, Vacant lots, and
Public
roads/streets and water. GIS water surface data
from Franklin County Auditor's database has

been added to the grid to measure its impact on

Service. Non-parcel areas represent

temperature. Water covers 3.61% of the research
site. Water generally tends to decrease surface
temperatures. Although the water area is small,
its impact on temperatures can be expected to be

significant.

44.3 Three-Dimensional (3-D) Space Information

This group of variables includes the Sky View
Factor (SVF) and solar radiation (ASR). The Sky
View Factor (SVF) is numerically defined, as fol-
lows (Figure 7)[19]. The solid angle B is the
highest vertical angle from the observation point
to the building. If we divide the hemisphere into
n (=360/}) pieces, we can define SVF as:
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SVF=Y,—" 8

i=1 Q()i

where (2, denotes the portion of visible sky in
piece 1 and (2, the surface of the hemisphere at
piece i. We can define the hemisphere furface and
the spherical cap surface as:

Hemisphere surface = E 2, =2 R? 9)
i=1

Surface area of spherical cap = EQZ =2nRh
i=1
10)

where R denotes the radius of the sphere, and h
denotes the height of the cap (Figure 7). We can
re-write Eq.10 as follows:

Surface area of spherical cap =2mwRh

=27R(1—sinB)R

oy

where (8 denotes the radius of the sphere, and h
denotes the height of the cap (Figure 7). We can
re-write Eq.10 as follows:

SVF=Y, o (12)
=100
n 27 R(1—sing;) R(+/360)
:Zzl 2P
27TR %)
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Two measures of SVF are proposed: ground
SVF (GSVF) and total SVF (TSVF). GSVF
measures SVF at ground level, without any con—
sideration of SVF measures on building roofs.
GSVF represents the pedestrian point of view.

Much previous research has concentrated on
GSVF. It is difficult to predict GSVF, due to the
variety of building locations, shapes, and sizes on
limited grounds. Therefore, GSVF is averaged,
producing AGSVF (Eq. 13). We similarly estimate
the average SVF (ARSVF) at the building roof level:

Ona of n (=360/) pieces

Fig. 7. SVF measurement

SVF,

AGSVF or ARSVF=Y (13)
where n is the number of observation points in
each cell. Based on these SVF values, we can
estimate TSVF, with weights equal to the num-
ber of observation points (Eq.14):

Fig. 8 TSVF and AGSVF values
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TSVF=n,x AGSVF+n,x ARSVF (14)

where n, is the number of observation points at
ground-level and n, the number of observation
points at building roof-level. The total number of
observation points is 9,152 (7,682 at ground-level,
and 1470 at building roof-level) with a 60m reg—
ular interval distance. The values of TSVF and
AGSVF over the study area are illustrated in
Figure 8.

ASR measures the average solar radiation from
the sun. A solar radiation map is generated by
the area solar radiation tool in ArcGIS Spatial
Analyst extension, requiring the rasterization of
the 3D city model and the identification of the
latitude of the site.

5. STATISTICAL MODELING

Regression analysis is applied to explore the rela—
tionship between the surface temperatures and
urban characteristics for the 120m grid. The goal
is to find the model that best represents the UHI.
The Ordinary Least Squared (OLS), the Spatial
Lag Model (SAR), and the combination of the
SAR and SEM models (General Spatial Model:
GSM) are used. New variables are added one by
one, in order to avoid multicollinearityl)
problems. Significance and expected signs are

considered in this incremental testing.
5.1 OLS Results

This model involves all independent variables
without any multicollinearity problem. All the co—
efficients are statistically significant at the 90%
level using the t-test for each coefficient, and the
estimated linear functions explain much of the
variahility in Log(AST) (R2=0.69).

1) Multicollinearity takes place when two or more
independent variables are highly correlated with
each other. It may cause estimation bias. In
addition, datasets involving multicollinearity may not
produce the inverse matrix necessary for computing
the regression coefficients.

Table 1 indicates positive coefficients for build—
ing variables (BGFA and CMPT), solar radiation
(ASR), and land-use effects, and negative ones
for the sky view factor (SVF), vegetation
(NDVI), and water (Water). Thus, an increase in
the SVF, NDVI, and Water variables alleviates
the UHI, as expected. The negative effect of SVF
suggests that the sky view factor at both the
ground level and building roofs plays a role in
mitigating the UHI. An increase in NDVI induces
a decrease in surface temperatures. The soil
moisture of green spaces absorbs thermal energy
at high surface temperatures, and their energy is
then reemitted. Vegetation also plays a critical
role in preventing heat exposure because of its
shading effects. The water variable, which corre—
sponds to the two rivers in the CBD, also re—
duces surface temperatures.

On the side of the positive effects on the UHI,
ASRleads to increased surface temperatures. The
amount of absorbed thermal energy into surface
materials is the fundamental reason. BGFA pos—
itively influences surface temperatures. An in-
crease in BGFA and CMPT leads to higher den—
sity, with more impervious surface materials.
Land-use variables also enhance the UHI. For
example, the variables Commercial and Office,
which represent office and commercial activities,
involve parking lots to make access easier. Such
impervious surfaces are primary determinants of
the UHI. These variables have, by far, the high—
est regression coefficients. The other land-use
variables (Residential, Industrial, Open Space,
Office, Vacant, Public Service, and Roa d) have
lower, but still positive, coefficients, maybe re-
flecting the effects of vegetative cover mixed in
these land uses.

The Moran’s I indicator is used to assess the
spatial autocorrelation of the log-linear model. A
value of 0.45 indicates that the spatial autocorre-
lation among the residuals is significant (Table
1). It is therefore necessary to expand the pre—

vious model to reduce the spatial autocorrelation.
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In a first stage, spatial lag models (SAR) are es-
timated to capture the effects of surface temper-

atures in neighboring grid cells.

Table 1. Linear regression model results for

Log(AST)

Variable Coefficient t-value
BGFA 2.12x10° ¢ 4,703
CMPT 1.30x10"* 2,985k
NDVI -0.01 —21 .81k

ASR 2.25%10 ° 6.4
SVF -0.02 —6.68%:xx
Residential 1.38x107¢ 3075
Commercial 1.89x10~ ¢ 4.15%%x%
Industrial 1.18x10° 6 2.59skx
Open Space 1.07x10"¢ 2.36%%
Office 1.68x10° ¢ 3.665#:x
Vacant 1.06%x10° 6 2.3 sk
Public Service 1.29x10" ¢ 2.85%x
Water —757x10°7 =167
Road 1.23x10°¢ 2,74
const. 3.18 43,3455k
R2 0.69
Moran's 1 0.45%%x
for residuals
N 2,288

wkx. Significant at P<0.01; #*: Significant at P<0.05;
#. Significant at P<0.1

The Lagrange multiplier (LM) test is used to
spatial autocorrelation of the
residuals. If the LM test still indicates spatial de-

pendency, general spatial models (GSM) are next

evaluate the

estimated. Three weight matrices, accounting for
first-, second-, and third-order contiguities are

considered.
5.2. SAR Results

The SAR models are estimated while consider—
ing three different spatial contiguity matrices W:
first-order (8 neighbors), second-order (24 neigh-
bors), and third-order (48 neighbors). The spatial
lag coefficient p is statistically significant, and
with the expected positive sign, only in the
first-order contiguity matrix case (0.739), imply—

ing that higher temperatures in adjacent cells in—

P A209 A4E (2012, 08)

crease the central cell's temperature (Table 2).
Also, this SAR model has the highest 2% (0.72),
while the R? of the two other models are very

close to the OLS R?. The SAR coefficient esti-
mates have the same signs across all three con-

tiguity matrices, and these signs are the same as
in the log-linear model (Table 1). Because of
these results, only the SAR model with the
first-order contiguity matrix is further explored.
Because the LM test is statistically significant,
indicating that the error term of the SAR model
is still spatially autocorrelated, it is necessary to
expand the SAR model into the general spatial
model (GSM) models in an effort to further re-
duce spatial dependency.

5.3. GSM Results

The GSM includes both the spatially correlated
error term coefficient A and the spatial lag term
coefficient p. The results are presented in Table
3. The coefficients p and A are statistically sig—
nificant at the 99% level, and, as expected, with
positive signs. The R2 of 0.882 represents a 16%
improvement in the model explanatory power, as
compared to the SAR model (0.72). The co-
efficients of all the explanatory variables are sig-
nificant and with the same signs as the earlier
models.

Analyzing the impact of the independent varia—
bles in a spatial regression model is different
from the approach used in an OLS model, where
the partial derivative of the dependent variable
with regard to (w.r.t.) an independent variable is
commonly used. This derivative can then be in-
corporated into the calculation of the elasticity to
explore the rate of change of y resulting from a
1% change in x. This simple approach is not val-
id when the dependent variable is spatially
autocorrelated. The direct, indirect, and total im-—
pacts of the independent variables can be meas-—
ured using the matrix (/—pW)"'. The direct im-
pact is related to the impact of variables within

the spatial unit itself, without considering any
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Table 2. Spatial lag model results

11

First-order contiguity Second-order contiguity Third-order contiguity

Variable Coefficient t-value Coefficient t-value Coefficient t-value
BGFA 1.28x10° 6 37475 2.12x10° 6 40.35%3k% 2.12x10° 6 40.34 555k

CMPT 6.26x107° 2.26%% 1.31x10°* 3.005%%3 1.30x10"* 2.9
NDVI -0.006 —18.33st3k -0.012 2197k -0.012 —21.975%:

ASR 1.77x107° 7.96% % 2.25x10° 6.47 5 2.25x107° 6.45%x
SVF -0.007 =37 sk -0.021 —6.71 3% -0.021 —6.7 155
Residential 8.46x10~ 7 34883k 1.37x10°6 36.35%x:x 1.37x10°6 36.34 355k
Commercial 1.03x10° ¢ 317053 1.88x10° 6 37.92s%3x 1.88x10 6 37903
Industrial 7.65x10° 7 35.04x:x 1.17x10°6 34.42:3x 1.17x10°¢ 34.425x:x
Open Space 820x10" 7 41,823 1.07x10"¢ 35,28« 1.07x10°¢ 35.26%x:x
Office 9.47x10" 7 21,0733 1.68x10 6 24,0053 1.68x10 ¢ 23.99x3x
Vacant 6.71x10" 7 16.733 1.05x10" 6 16.76%x 1.05x10" ¢ 16.76%%x
Public Service 8.48x10~ 7 45583k 1.29x10 6 44525k 1.29x10 6 44505
Water -8.83%x10° 8 —2.69#:k ~-758%x1077 —17.32%8: ~-758%x1077 —17.32%#5%
Road 7.90x10” 7 53.01 53k 1.23x10°6 55.02xxx:x 1.23x10°6 55.01 sk
const. 0.704 16.83xxx 3.178 199.96x 3.180 201. 4435

p 0.739 62.53% 3% 0.0013 1.49 0.0007 1.03
R2 0.72 0.69 0.69
Log-likelihood 5,511.61 4,635.79 4635.20
LM-test 26552 133.39ss:x 13328
N 2,288 2,288 2,288

=k Significant at P<0.01; *x! Significant at P<0.05; *: Significant at P<0.1

neighboring effects. The indirect impact repre-
sents the effects of the variables inneighboring
spatial units, as defined by the contiguity matrix
W. Finally, the total impact is the sum of the di—-
rect and indirect impacts.

Summary statistics of these impacts, which are
computed for each of the 2,283 cells, are pre—
sented in Table 4. The mean impact values have
signs that are consistent with the signs of the
corresponding regression coefficients. All the im-—
pacts on surface temperatures of increasing
NDVI, SVF, and Water are negative, which is as
expected, whereas the other variables have pos-
itive impacts on temperatures, implying that the
UHI is enhanced. This consistency characterizes
all the 2,288 cells for all the variables, except
NDVI, which has a positive effect in less than
25% of the cells, most likely in cases of little
vegetation. To clearly understand this phenomen-
on, we need to investigate inter-relationships be—

Table 3. General spatial model results

Variable Coefficient t-value
BGFA 1.21x10°6 34853k
CMPT 476x10°7 1.80=
NDVI -0.01 —18. 783

ASR 1.29x10°° 9.95% sk
SVF -0.01 =346
Residential 833x1077 28.9 73
Commercial 1.06x10° 6 31.46%x
Industrial 769x10° 7 30.49ss:x
Open Space 795x1077 28.63 %%
Office 952x10" 7 19.023x
Vacant 6.25x10° 7 12,71 s
Public Service 824x107 7 40.235%#%
Water -3.03x10" 7 —8.96#:k
Road 743x1077 4298
const. 1.159 282.55% %
p 0.615 282.29% 3%,
A 0.504 812.45%3:
R2 0.882
Log-likelihood 5,590.80

%% Significant at P<0.01; **: Significant at P<0.05;
*. Significant at P<0.1



12 St 3P B S A]  A20d Al4E (2012, 08)
Table 4. Impact analysis: GSM Model with First-Order Contiguity Matrix
Variable Impact Min 25% Mean 75% Max
Direct 0.000 0.005 0.032 0.047 0.187
BGFA Indirect 0.000 0.007 0.045 0.066 0.264
Total 0.000 0.011 0.077 0.113 0.451
Direct 0.000 0.000 0.000 0.000 0.000
CMPT Indirect 0.000 0.000 0.000 0.000 0.000
Total 0.000 0.000 0.000 0.000 0.000
Direct -0.126 -0.052 -0.033 -0.014 0.035
NDVI Indirect -0.178 -0.073 -0.047 -0.020 0.050
Total -0.304 -0.124 -0.080 -0.034 0.085
Direct 0.031 0.074 0.075 0.079 0.080
ASR Indirect 0.044 0.105 0.106 0.112 0.113
Total 0.074 0.179 0.182 0.191 0.193
Direct -0.043 -0.042 -0.038 -0.035 -0.014
SVF Indirect -0.061 -0.060 -0.054 -0.049 -0.020
Total -0.104 -0.102 -0.092 -0.084 -0.034
Direct 0.000 0.000 0.022 0.043 0.139
Residential Indirect 0.000 0.000 0.031 0.061 0.196
Total 0.000 0.000 0.053 0.105 0.335
Direct 0.000 0.000 0.011 0.011 0.174
Commercial Indirect 0.000 0.000 0.015 0.015 0.246
Total 0.000 0.000 0.026 0.026 0.420
Direct 0.000 0.000 0.011 0.003 0.128
Industrial Indirect 0.000 0.000 0.015 0.005 0.181
Total 0.000 0.000 0.026 0.008 0.310
Direct 0.000 0.000 0.009 0.000 0.121
Open Space Indirect 0.000 0.000 0.012 0.000 0.171
Total 0.000 0.000 0.021 0.000 0.292
Direct 0.000 0.000 0.004 0.000 0.150
Office Indirect 0.000 0.000 0.005 0.000 0.212
Total 0.000 0.000 0.009 0.000 0.362
Direct 0.000 0.000 0.003 0.002 0.104
Vacant Indirect 0.000 0.000 0.005 0.003 0.147
Total 0.000 0.000 0.008 0.005 0.252
Direct 0.000 0.000 0.015 0.017 0.138
Public Service Indirect 0.000 0.000 0.021 0.024 0.194
Total 0.000 0.000 0.036 0.042 0.332
Direct -0.051 0.000 -0.002 0.000 0.000
Water Indirect -0.071 0.000 -0.002 0.000 0.000
Total -0.122 0.000 -0.004 0.000 0.000
Direct 0.000 0.015 0.034 0.045 0.124
Road Indirect 0.000 0.021 0.048 0.064 0.175
Total 0.000 0.035 0.083 0.110 0.299

tween variables, using cross—product terms in the

regression models. Zero impacts, particularly
prevalent for the land-use variables, characterize
cells where the impacting variable has a value of
Z€ero.

For most of the variables, the indirect impacts
are greater than the direct ones, indicating large

spillover effects. In addition, the ratio of the di—

rect to indirect impacts is fairly close across cells
for any given variables. Ignoring neighboring ef-
fects will lead to biases by underestimating the
total impacts. For example, the mean total impact
(-0.092) of SVF is about 2.5 times greater than
the mean direct impact (-0.038), because of the
indirect impact (-0.054). In the case of BGFA, the
indirect impact (0.045) is 1.4 times greater than
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the direct (0.032). Indirect impacts represent the
dominant share of the total impacts, stressing the

importance of accounting for neighboring effects.

6. CONCLUSIONS

The primary objective of this research was to
develop and implement a modeling methodology
for delineating the urban characteristics and fac—
tors that enhance or mitigate the UHI. The mod-
eling approach involved different statistical mod-
els (OLS and spatial regressions), using 2-D and
3-D urban data generated by satellite, LiDAR,
and existing GIS. Earlier research used OLS re-
gression, without accounting for neighboring
impacts. However, spatial phenomena are influ-
enced by spatial interactions varying with loca—
tion and distance. This research has used the
spatial lag and the general spatial models to re—
duce the regression bias resulting from such spa-
tial autocorrelation.

Satellite data were used to estimate surface
temperatures and vegetation coverage, and LiIDAR
data to estimate surface and building elevations.
Available GIS data were used to delineate build—
ing boundaries and land uses. These data im-
prove over previous research on the UHI by
closely approximating the real urban infra-
structure and environment in 3-D space. In addi—
tion to the application of 3-D city model, this re-
search shows that spatial regressions increase the
coefficient of determination by reducing spatial
dependency. It indicates that spatial effects should
be considered to minimize statistical bias.
However, a first shortcoming of this research is
related to the size of the grid cell, 120m, which
depends on the spatial resolution of the thermal
band by Landsat TM. This size may result in
surface information loss. Therefore, further re-
search should use smaller grid scales to identify
such information loss. The second shortcoming is
related to satellite images captured in July.
Surface temperatures and NDVI vary over the

four seasons. Hence, a temporal analysis of the
UHI would clarify the impacts of changing vege-
tation rates on temperatures. The third short-
coming is the absence of impacts from the an-
thropogenic heat created by building energy con-
sumption, transportation, and human activity.
However, it is very difficult to obtain detailed da—
ta regarding the temporal and spatial variations
of anthropogenic heat. Further research could use
the statistical data on latent heat sources.

Urban planners and designers play an im-—
portant role in controlling the building and urban
characteristics that influence the UHIL They
should enhance smart growth strategies to reduce
surface temperatures. They need to increase en-
vironmental protection based upon regional com-
munity characteristics. Robust UHI models may
help simulate the environmental impacts due to
proposed changes in urban infrastructures.
Finally, this research is expected to be trans-—
ferable to South Korea, because the Columbus,
Ohio, area is geographically and topographically
similar to Seoul.
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