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a b s t r a c t

The urban environment has been dramatically changed by artificial constructions. How the modified
urban geometry affects the urban climate and therefore human thermal comfort has become a primary
concern for urban planners. The present study takes a simulation approach to analyze the influence of
urban geometry on the urban climate and maps this climatic understanding from a quantitative per-
spective. A geographical building database is used to characterize two widely discussed aspects: urban
heat island effect (UHI) and wind dynamics. The parameters of the sky view factor (SVF) and the frontal
area density (FAD) are simulated using ArcGIS-embedded computer programs to link urban geometry
with the UHI and wind dynamic conditions. The simulated results are synergized and classified to eval-
rontal area density uate different urban climatic conditions based on thermal comfort consideration. A climatic map is then
generated implementing the classification. The climatic map shows reasonable agreement with thermal
comfort understanding, as indicated by the biometeorological index of the physiological equivalent tem-
perature (PET) obtained in an earlier study. The proposed climate mapping approach can provide both
quantitative and visual evaluation of the urban environment for urban planners with climatic concerns.
The map could be used as a decision support tool in planning and policy-making processes. An urban
area in Hong Kong is used as a case study.
. Introduction

Urbanization is inevitable. More than half of the world’s popu-
ation currently lives in cities (Population Reference Bureau, 2009),
nd this number is anticipated to reach 60% (or 4.9 billion) by
he year 2030 (UNFPA, 2007). A direct consequence of this rapid
nd continuing urbanization process is that the environment has
een severely changed by artificial development and construc-
ion. Natural vegetation has been removed and natural terrain has
een altered and mounted densely with high-rise buildings. The
esult is a new type of geometry (i.e., the urban geometry) that
as significant impacts on the microclimate in the urban environ-
ent. Differences in surface material and geometric form result in

he widely observed and discussed urban heat island effect (UHI)

Arnfield, 2003), and building bulks dramatically modify the aero-
ynamic environment in cities (Oke, 1987). Consequently, human
hermal comfort and urban living quality are greatly affected.
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Climatic issues have been increasingly recognized in building
design and urban planning (Oke, 1988; Givoni, 1998; Eliasson,
2000; Cleugh et al., 2009). Urban planners and decision makers,
faced with the task of designing urban environments that promote
high living quality, are always in great need of knowledge transfer
and decision support tools. Hong Kong (22◦15′N, 114◦10′E) is one of
the world’s densest cities, with its more than 7 million inhabitants
living in approximately 260 km2 of land. With its hot and humid
subtropical climate, it is faced with challenges in urban develop-
ment that are not experienced by any other metropolises around
the world. Under these circumstances, urban climatic consider-
ations have been increasingly recognized in the development of
planning standards and guidelines. A series of governmental and
research projects have been conducted to study the impact of the
urban environment on outdoor thermal comfort, with the objec-
tive of providing implications for planning and design (Planning
Department, 2005, 2008; Ng, 2009).

The objective of the present study is to translate climatic under-
standing into analytical maps that provide quantitative information

for decision making. Two main climatic impacts are considered:
UHI and wind dynamics. A simulation approach using a geo-
database to characterize the urban geometry is conducted. A
densely built-up area in Hong Kong, the Kowloon peninsula, is used
as a case study. The study site is a 4 km × 5.6 km coastal area with
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radiating environment with radius R into equal slices by a rotation
Fig. 1. GoogleTM map of the study site: the Kowloon peninsula.

at terrain and little vegetation, as shown in Fig. 1. Building form is
herefore the dominant factor in affecting the local urban climate.

. Background

.1. Urban climatic map

Mapping urban climatic information for planning purposes is
ot a novel idea. Its basic landscape was developed in the 1990s

n the institutional guidelines of Germany (VDI, 1997). In the
ast decade, climatic mapping has been applied to a number of
overnmental and research projects across the world, including
he Urban Climate 21 program in Stuttgart, Germany (Office for
nvironmental Protection, N/A); the Climatological Air Temper-
ture Map in Poland (Ustrnul and Czekierda, 2005); the Urban
nvironmental Climate Map in Japan (Tanaka et al., 2009); the
ioclimatic Map in Portugal (Alcoforado et al., 2009); the Local
limate Zone Map in Canada (Stewart and Oke, 2009), and the
rban Climatic Map in Hong Kong (Planning Department, 2008).
espite their different specialties and implementation methods,

hese projects all aim to provide visual and also analytical infor-
ation for planners. Svensson et al. (2003) have introduced a
IS-based approach to implement urban climatic mapping sys-

ems. The practical GIS application makes the climatic information
seful for urban planning easily accessible to planners.

Among many examples, the Hong Kong Climatic Map takes a
ioclimatic approach by classifying the urban territory into dif-
erent classes, corresponding to different human thermal comfort
onditions, as described by the biometeorological index of the
hysiological equivalent temperature (PET) (Mayer and Höppe,
987). Climatic factors considered include building density, topog-
aphy, ground roughness and greenery. Thermal load and wind
ynamics are used as bases for evaluating the urban microclimatic
ondition (Ng, in press). Because the project is an initial investi-
ation along this line of research, the modeling and classification
f the urban microclimate are mainly based on preliminary find-

ngs obtained in empirical studies and uses simple parameters
uch as building volume and site coverage. Other studies have
uggested the usefulness of morphometric indicators, such as the
ky view factor and the roughness length of building form, in
servation and Geoinformation 13 (2011) 586–594 587

describing the thermal and aerodynamic characteristics of urban
environment (Oke, 1987; Grimmond and Oke, 1999). However,
these indicators cannot be easily derived from the aforementioned
parameters. Under such circumstances, a systematic and quanti-
tative methodology to facilitate the development of urban climate
mapping systems of this kind with more effective descriptions of
the urban form is needed.

2.2. The simulation approach in urban climatology

The simulation approach has been increasingly adapted in urban
climatology studies (Arnfield, 1990; Ratti et al., 2002; Gal and
Sumeghy, 2007; Lindberg, 2007; Gal and Unger, 2008; Unger, 2009).
In contrast to conventional remote-sensing methods (Nichol, 2005;
Hung et al., 2006), the simulation approach reconstructs the physi-
cal urban environment in a silicon surrogate, and characterizes the
spatial variation of quantities and relationships of the urban envi-
ronment. Its integration with GIS platforms is particularly suitable
for spatially related investigations. Geo-databases are normally
used, including vector or raster data (Gal et al., 2009). In particu-
lar, the digital elevation model (DEM) is a raster format containing
3-D information on 2-D digital support. It is considered “not as
a simple store of information, but as a tool for supporting many
forms of analysis.” (Falcidieno, 1994) Indeed, because of its direct
connection with GIS systems, DEM has found its most common
applications in geographical studies (Lin and Oguchi, 2006; Ruiz-
Arias et al., 2009; Tarekegn et al., 2010). However, although the
usefulness of DEM in modeling urban geometry in climatology
studies has been confirmed (Ratti and Richens, 2004; Lindberg,
2007), related analyses and applications in the urban context
remain sparse. In the present study, a DEM database with building
height information is used to model the urban morphology.

3. Simulation methodology

The present study employs two well-developed parameters to
quantify the UHI and wind dynamic environment of Hong Kong’s
urban environment: the sky view factor (SVF) (Watson and Johnson,
1987) and the frontal area density (FAD) (Burian et al., 2002). Com-
puter programs are developed for this purpose, and high-resolution
DEM database in 2 m resolution is used as input, as shown in Fig. 2.

3.1. Sky view factor simulation

The sky view factor (SVF), commonly denoted by sky, indicates
the ratio between the radiation received by a planar surface from
the sky to the radiation emitted to the entire hemispheric radiat-
ing environment (Watson and Johnson, 1987). It is a dimensionless
value ranging from 0 to 1, where sky = 0 means that the sky is com-
pletely obstructed and the outgoing long-wave radiation is trapped
in the urban canyons, and sky = 1 means that the sky is completely
open and the radiation is freely emitted outside the urban canopy
layer. Because of its important role in energy balance schemes, SVF
has been commonly adapted to relate the urban geometry with
UHI in urban climatology studies (Unger, 2004). In short, lower SVF
indicates stronger UHI, and vice versa.

In the present study, an ArcGIS-embedded computer program is
developed for calculating SVF. The algorithm is introduced in (Chen
et al., in press) and has been proven to provide accurate estimation
of SVF compared with fish-eye lens photos. Fig. 3 shows an illustra-
tion of the algorithm. Briefly, the method divides the hemispheric
angle˛, and searches for a building with the largest elevation angle
ˇ along a particular direction. The elevation angle is calculated by
the building height, which is read from the DEM database. If such
a building is found, then the surface, S, it obstructs is considered as
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ig. 2. A DEM (digital elevation model) map of the study site. The map is in 2 m
esolution.

slice of an enclosed basin, as examined by Oke (1987). The view
actor of S is then calculated as follows:

2
(
˛

)
2

(
˛

)

F(S) = (1 − cos ˇ) ·

360
= sin ˇ ·

360
(1)

After obtaining the VF(S) for all directions, SVF can be calculated
y summing up all the VF(S) and subtracting the sum from unity.
he calculation is conducted entirely in the ArcGIS software, and

ig. 3. Illustration of the algorithm for calculating SVF. Po is the pixel whose SVF is
o be calculated. ˛ is the rotation angle and R is the searching radius. Pi is the pixel
ith the largest elevation angle ˇ along a certain direction. Surface S is the segment

f the sky obstructed by Pi.
Fig. 4. Ground-level continuous SVF map for the study site. The map is in 2 m
resolution.

the result is saved as a raster-format map. Fig. 4 shows the 2 m
resolution ground-level SVF map of Kowloon. This map presents
the spatial distribution of the thermal load due to differences in
building mass: higher SVF value indicates lower thermal load, and
lower SVF value indicates higher thermal load.

3.2. Frontal area density simulation

The frontal area density (FAD) is a measure of the frontal area per
unit horizontal area per unit height increment. It has been widely
used by researchers in the plant canopy and urban canopy com-
munities to help quantify the drag force as a function of building
height. The frontal area density [af(z)] is defined as follows:

af (z, �) = A(�)proj(�Z)

AT �z
(2)

where A(�)proj(�Z) is the area of building surfaces projected into
the plane normal to the approaching wind direction for a specified
height increment �z; � is the wind direction angle; and AT is the
total plan area of the study site. For a specified wind direction, the
integral of af(z) over the canopy height equals the roughness length
�f (Burian et al., 2002).

In the present study, an ArcGIS-embedded computer program

is developed to calculate FAD. The algorithm is modified after the
methods proposed by (Grimmond and Oke, 1999; Burian et al.,
2002), however it uses high-resolution DEM as input. Fig. 5 illus-
trates the spatial layout of the algorithm. For a particular wind
direction, the algorithm calculates the “effective” building frontal
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ig. 5. Illustration of the spatial layout for the algorithm for calculating FAD for a
ite. The site area is selected to be 100 m × 100 m in practice.

rea projected to the plane normal to the direction. Being “effective”
eans that the blocked area of a leeward building is not consid-

red in the calculation, which is done by comparing the height
ifference between the windward and leeward buildings based on
he DEM. A notable feature of the developed program is that it is
ble to account for complex wind environment in the real-world
ontext. In practice, the MM5 (a numerical model for simulating
tmospheric circulation) data obtained from the Hong Kong Uni-
ersity of Science and Technology (Yim et al., 2007) are input as
ind information. Wind roses with 16 wind directions are used,

epresenting the wind environment of the study domain in the
eal world. The computer program reads the wind rose data and
erives the total FAD for a site by calculating the weighted sum-
ation of the FAD for all wind directions. An earlier study in Hong

ong (Wong et al., 2010) uses a site area of 100 m × 100 m for the
AD calculation, which is also adapted in this study. Fig. 6 shows the
esulting 100 m resolution FAD map of Kowloon. This map presents
he spatial variation of the wind environment influenced by build-
ng bulks: higher FAD value indicates lower wind speed, whereas
ower FAD value indicates fewer blockages of wind and, therefore,
igher wind speed.

. Climatic mapping methodology

This section introduces the methodology that integrates the
HI and wind dynamic characteristics of the urban environment,
uantified by SVF and FAD, respectively, and assesses the climatic
ondition of the urban environment with concerns on human ther-
al comfort. A typical summer afternoon scenario is considered

ecause it is the most crucial season for Hong Kong. The classified
HI and wind dynamic conditions are synergized and a climatic
ap is presented.

.1. UHI mapping

In a previous study (Chen et al., in press), SVF has been shown
s having a strong negative relationship with daytime intra-urban
ir temperature differences: a decrease of approximately 0.15 in
he areal average of SVF results in 1 ◦C temperature elevation in
treet canyons. Based on this finding, a conservative estimation of
he spatial variation of intra-urban temperature is given as: SVF
maller than 0.35 indicates 3 ◦C temperature elevation, SVF within
0.35, 0.50] indicates 2 ◦C temperature elevation, SVF within [0.50,

.65] indicates 1 ◦C temperature elevation, and SVF larger than 0.65

ndicates no temperature elevation within the urban area. The SVF
ap generated in Section 3.1 is aggregated to 100 m resolution and

lassified based on this relationship in order to link with air tem-
erature variations. The resulting thermal load class map is shown
Fig. 6. FAD map for the study site. The map is in 100 m resolution.

in Fig. 7. In the map, a class value difference of 1 indicates 1 ◦C
temperature difference.

4.2. Wind dynamic mapping

According to Oke (1987), the roughness length of urban struc-
ture has a direct relationship with the wind velocity: the larger the
roughness length, the lower the wind velocity, following a loga-
rithmic relationship. An earlier study shows that, in the Hong Kong
urban area, a 0.7 m/s increase in wind velocity is equivalent to 1.9 ◦C
air temperature mitigation in thermal comfort terms in summer
(Cheng et al., in press). This relationship is approximated by equal-
ing 0.4 m/s wind velocity increase to 1 ◦C temperature mitigation
in thermal comfort terms. Based on these findings, the FAD map is
classified such that FAD smaller than 0.25 indicates 2 ◦C tempera-
ture mitigation, FAD within [0.25, 0.8] indicates 1 ◦C temperature
mitigation, and FAD larger than 0.8 indicates no temperature mit-
igation. The resulting wind dynamic class map is shown in Fig. 8.
The class values are negative, indicating the mitigation effect.

As a tentative approach, the two maps are combined by linear
summation using simple map algebra to evaluate the overall impact
of building form on temperature variations. The generated climatic
map is shown in Fig. 9. The resulting climatic map shows a diverse
pattern of the study site, with six climatic classes ranging from −2
to +3. Positive value indicates thermal discomfort (high heat stress

and weak ventilation), whereas negative value indicates the oppo-
site (i.e., the mitigation effect that promotes thermal comfort). A
zero value indicates the “neutral” condition, pertaining to human’s
neutral thermal comfort sensation from moderate heat stress and
brisk wind.
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ig. 7. Thermal load map for the study site derived from SVF classification. Higher
alue indicates higher thermal stress due to building mass, and vice versa. The map
s in 100 m resolution.

. Analysis and discussion

.1. Comparison between the climatic map classes and PET

To quantitatively test the validity of the climatic map, it is com-
ared with the biometeorological thermal comfort index of PET
alculated based on meteorological data obtained from on-site spot
easurements. The measurements were carried out in summer

fternoons from early September to October in 2008. Detailed spec-
fications of the measurements are given in Ng et al. (2008c). Fig. 10
hows the mobile meteorological station used in the measure-
ents. Variables measured include air temperature, solar radiation,
ind velocity and relative humidity. Air temperature (Ta), wind

elocity (V), and relative humidity were measured using the TESTO
hree-function sensor probes. Solar radiation was measured as the
lobe temperature (Tg) using a tailor-made globe thermometer.
he datalogger was set at a sampling rate of 10 s and an averaging
ime of 10 min. The mean radiant temperature (Tmrt) was calculated
sing the equation proposed by ASHRAE (2001):

mrt =
[

(Tg + 273)4 + 1.10 × 108V0.6

εD0.4
(Tg − Ta)

]1/4

− 273 (3)

here ε is emissivity and ε= 0.95 for the black globe thermometer;

is the globe diameter and D = 0.038m; V is wind velocity in m/s;

a is air temperature in ◦C; and Tg is globe temperature in ◦C.
The average data from three measurements covering 10 points

n the site are used. The PET value for each point is calculated, indi-
ating the thermal comfort level of a standard person (male, 1.75 m
Fig. 8. Wind dynamic map for the study site derived from FAD classification. Higher
value indicates higher wind dynamic (i.e., higher wind speed). The map is in 100 m
resolution.

tall, 75 kg, and 35 years old). The PET value points are digitized into
the climatic map using the ArcGIS software. The climatic map class
value for each point is extracted using ArcGIS built-in functions. The
PET values are correlated with the local climatic classes using linear
regression with a significance level of 5%. The regression result is
shown in Fig. 11.

The regression result proves the validity of the climatic classes
from three aspects: (1) the climatic classes correlate with the
PET values reasonably well, with determination coefficient R2 in
the order of 0.698 (however, one single point shows substantial
discrepancy, with the cause being currently unclear); (2) the cor-
relation coefficient is 0.96, indicating that a climatic class value
of 1 can closely correspond to 1 ◦C of PET; and (3) previous stud-
ies have shown that the neutral PET in Hong Kong’s summer is
approximately 29 ◦C (Ng et al., 2008a). Fig. 11 shows that the cli-
matic class of 0, which is the neutral climatic condition, corresponds
to approximately 28.5 ◦C in PET, which is in agreement with the
early findings. The usefulness of the presented climatic mapping
methodology is confirmed, suggesting that the map can provide
substantial explanatory power in identifying the urban climatic
conditions in Hong Kong’s urban environment.

5.2. Comparison between the simulation results and rough
estimations
The simulation approach considers the third dimension and cal-
culates parameters such as SVF and FAD, which have been proven
effective indicators in quantifying the impact of urban geometry on
urban microclimate. This is compared with the preliminary attempt
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Fig. 9. Climatic map for the study site derived by adding the thermal load map
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nd the wind dynamic map together. Positive value indicates thermal discomfort,
hile negative value indicates the opposite (i.e., the mitigation effect that promotes

hermal comfort). A zero value indicates the “neutral” condition. The map is in 100 m
esolution.

n the previously mentioned Hong Kong Urban Climatic Map Project
Ng et al., 2008b), which uses building volume and site coverage
o estimate UHI and wind speed, respectively. This section con-
ucts comparisons between the simulation results and the rough

stimations.

.2.1. Comparison between SVF and building volume
The relationship between SVF and building volume has been

xtensively discussed using various parametric models in (Chen

Fig. 10. Mobile meteorological station use
Fig. 11. Correlation of the calculated PET value based on meteorological data
obtained in the spot measurement with the local Climatic Map class.

et al., in press). They normally follow a logarithmic relationship
for buildings with regular shapes and symmetrical layouts. SVF
decreases as building volume increases, suggesting that building
volume could be used as approximate estimation of SVF for simple
regular conditions. However, the building shapes and layouts in
reality are normally very complex, which brings into question the
applicability of building volume; thus, a comparison test is neces-
sary. The sample sites are shown in Fig. 12. In Zone 1, most of the
buildings have similar rectangular shapes and are tightly packed,
representing the regular case. Zone 2 represents the complex case
with more buildings with irregular shapes and variant layouts. SVF
maps for each zone are calculated. The results are aggregated to
100 m resolution and compared with 100 m resolution building
volume maps through regression analysis. Notably, the building
volume is first normalized using the maximum building volume
value in the domain before the comparison. Figs. 13 and 14 show
the regression results for the two cases. For the regular case, SVF
and building volume have a fairly strong logarithmic relationship,
with determination coefficient R2 in the order of 0.633. For the com-
plex case, the relationship is much weaker, with R2 in the order of
0.383. These results prove that SVF is a more suitable indicator to
describe building density in relating with temperature variation for
complex urban environment in the real world.

5.2.2. Comparison between FAD and site coverage/floor area ratio

(FAR)

The FAD simulation considers both the third dimension (build-
ing height) and the complex wind environment (wind rose). It has
advantages in describing the ventilation condition because of build-

d in the on-site spot measurement.
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Fig. 14. Correlation of SVF and normalized building volume for Zone 2.
ig. 12. Sample sites used in the comparison tests. Zone 1 and Zone 2 are used in
he comparison between SVF and building volume. Zone 3 is used in the comparison
etween FAD and site coverage and FAR.

ng blockage in the real-world context compared to site coverage
i.e., the percentage of the area occupied by buildings) and floor
rea ratio (FAR) (i.e., the ratio of the total floor area to the site
rea). Thus, another comparison test is carried out using a sam-
le area with various building heights and densities, as indicated
y Zone 3 in Fig. 12. Site coverage and FAR for this area are cal-
ulated using 100 m × 100 m sites. The results are normalized with

aximum values in domain, and compared with FAD using linear

egression. Figs. 15 and 16 show the regression results. Notably,
or the comparison between FAD and site coverage, only 20 ran-
omly selected sites are shown to make the illustration sufficiently

Fig. 13. Correlation of SVF and normalized building volume for Zone 1.
Fig. 15. Comparison of normalized FAD with site coverage for Zone 3.

detailed for observation purposes. Fig. 15 shows that, although
higher site coverage generally indicates bigger FAD, significant dis-
crepancies often occur (e.g., Sites 6 and 16 in the figure). This is as
expected because site coverage does not concern building height,
which plays an important role in determining FAD. In contrast,
Fig. 16 shows that there is a proportional relationship between FAD
and FAR, with R2 in the order of 0.359. This suggests that FAR can be
used as a rough estimation of the building roughness length. How-

ever, FAR does not discriminate between a big building and several
smaller buildings with the same total floor area, and may therefore
cause discrepancies in estimating FAD for high-density conditions,
as illustrated by the relatively weak correlation in the figure.

Fig. 16. Correlation of FAD with FAR (both are normalized).
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The two comparison tests discussed above show that the esti-
ations of building density and urban surface roughness can be

mproved by simulated SVF and FAD, respectively. Although the
imulation requires greater computation resources, considering the
igh efficiency of the developed computer programs (less than 1 h

or SVF simulation for the study site on a daily use PC, and approx-
mately 10 s for FAD simulation), the usefulness of the simulation
pproach remains evident.

. Conclusion

In the current study, a GIS-based simulation approach is pre-
ented to evaluate the microclimate of urban environment by
eans of SVF and FAD simulation. Computer programs embed-

ed in the ArcGIS software are developed to calculate the SVF and
AD for an entire domain based on a DEM database. Classified SVF
nd FAD maps are used to account for the thermal load and wind
ynamics of the urban environment, respectively, based on rela-
ionships found in empirical studies. A quantitative climatic map is
enerated, and validated with thermal comfort assessment using
ET derived from on-site measurement. The good agreement sug-
ests that the climatic map can be used as a decision support tool in
rban planning and design with climatic concerns. Through com-
arison tests with rough estimation parameters, such as building
olume and site coverage, the simulation approach has been proven
o provide more effective descriptions of the urban geometry in
elation with the urban microclimate. One limitation of the study is
hat it only considers the impact of building geometry on the urban

icroclimate. Other determinants, such as vegetation and topog-
aphy, are expected to reveal more comprehensive understanding
n future works.
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