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1. Introduction
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1.1. Background

The process of urbanization has changed the urban surface structure, resulting in temperature el
urban areas. There is an urgent need for optimized urban planning in order to adapt to urban clima
Although previous urban climate studies have revealed the impacts of urban construction on local cl
research findings have limited influence on planning practice due to the cross-field barriers bet
searchers and planners (Ng, 2012; Ren et al., 2011). Climatic researchers are not familiar with the
process and the different needs of information support at different spatial scales. Likewise, it is hard
ners to understand the complex physical interactions between urban structures and local climate. H
terdisciplinary information platforms are needed to bridge the knowledge gaps between differe
Synergizing various kinds of information in map forms is encouraged, as it presents complex infor
an easily understood way for planners, researchers and policy-makers.

To facilitate interdisciplinary knowledge exchange and support metadata for climatic studies,
urban classification schemes, e.g. Urban Terrain Zones (UTZ) (Ellefsen, 1991), the Davenport rough
sification (Davenport et al., 2000), and Urban Climate Zone (UCZ) (Oke, 2004), have been developed
er, limitations in climatic relevance, urban-rural representation, nomenclature, origin and scope prev
frombeing applied universally. UCZ scheme is themost universal classification among the above cla
systems, but more focused on modern and well-developed urban scenarios. Extending the UCZ cla
work, the LCZ classification systemwas introduced by Stewart and Oke (2012) to standardize clima
vations and facilitateworldwide communication on climatic studies. Seventeen basic local climate z
been identified according to the universally recognized building forms and land cover types.
methods have been successfully integrated into the LCZ classification system, which document a
spatial information in an intuitive way (Bechtel et al., 2015).

Many cities, e.g. Nancy, Toulouse, Bilbao, Glasgow, Uppsala, Phoenix, Nagano, andVancouver, hav
the LCZ classification system to classify land surface properties and standardize site selection for clim
ies. Houet and Pigeon (2011) have applied the UCZ scheme to classify the urban surface in Toulouse
acterize the associated climatic conditions based on in situ observations and remote sensing data. L
al. (2015) have identified 13 LCZ classes in the Great Nancy Area, where maximum temperature d
over 4 °C among mid-rise zones and low plant zones have been observed. Emmanuel and Krüg
have applied LCZ to the low-density city of Glasgow and examined the influence of urbanization on
mate change using 50 years of historical data. Acero et al. (2013) have employed the LCZ system
land surface properties for climate purpose. An LCZ classificationmapwas developed in the study, w
vides metadata for site selection and route design of traversemeasurements. Middel et al. (2014) u
met model to simulate the local thermal environment in Phoenix and proposed five neighbourho
schemes following the LCZ classification system. LCZ application in land surface classification fo
and planning purposes have been discussed in the above studies. However, most of the cities are m
ered by mid-rise and low-rise buildings, with limited high-rise sample sites. Further tests and appli
LCZ in high-density cities are necessary.

1.2. The need of applying the LCZ classification system in Hong Kong

In the high-density city of Hong Kong, Ng et al. (2012) have developed the Urban Climatic Map
system as a climatic information platform to assist decision making for planners and policy ma
UCMap classifies land surface according to the thermal loads and dynamic potentials of urban mo
Eight climate classes (“climatopes”) have been identified in Hong Kong. It provides a comprehens
planning recommendations at the city and district scales (Ren, 2010).

Comparing to the UCMap system, the LCZ system shares some similarities with the UCMap syste
identification of land zones with different climatic conditions,

the land surface classification based on a comprehensive set of land cover andurban geometry pa
and the layered approach to build up the spatial database and formulate the classification map. The
ference between the two systems is the definitions of climatopes and local climate zones. In the UC
tem, climatopes are identified based on the unique topography and climatology of cities. Accordin



city has its unique set of climatopes. In contrast, the classification of local climate zones is universally
standardized, which allows cross-city comparison about the climatic conditions and land surface properties
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(Ng and Ren, 2015). The two systems aremutually beneficial. The LCZ system supports standardized
tion for the site-specific analysis of the UCMap system, while the UCMap system provides inclusiv
tailed analysis of local climate conditions.

Given the above, applying the LCZ system into classifying land surface properties and buildin
information platform in Hong Kong are necessary. The LCZ classification map may benefit cross-
cross-city communication. Moreover, the standardized LCZ database could provide site metadata fo
observations (Lelovics et al., 2014), numerical modeling (Brousse et al., 2016; Ren et al., 2017) and
analysis.

1.3. LCZ mapping methods

There aremainly threemethods of LCZ classification according to the data sources and analytical
manual sampling, remote sensing, and GIS. Sincemanual sampling is time-consuming andmay lead
results by different operators, it has not been commonly applied in LCZmapping at the city level. Rem
ing relies on object-based image analysis or supervised pixel-based classification techniques to de
LCZ classification map from satellite images (Bechtel and Daneke, 2012). The supervised pixel-base
has been integrated into theWorld Urban Database and Access Portal Tools (WUDAPT) (Mills et al.
provides a fast and low-cost way of LCZ classification based on free-access Landsat remote sensin
supported by NASA.

The GIS method is more data-intensive than either the remote sensing method or the manual
method, which requires a comprehensive set of planning data. There are two types of GIS method
to the data structure: vector-based method and raster-based method. Vector method has advantag
turing the shape of objects, as it can follow the exact boundaries of land cover elements. In comparis
method is more compatible at geographic scale, andmore powerful in statistical analysis for its unifi
grids (Couclelis, 1992). Previous LCZ studies have generally used vector method in mapping loca
zones (LCZs), e.g. in the cities of Szeged and Colombo (Gál et al., 2015; Perera et al., 2012). Consid
purpose of the LCZ classification system for standardizing UHI observations and data documentati
method is an appropriatemethod as it classifies land surface properties and documents spatial data
raster grids. Rastermethod has been successfully employed in developing urban climaticmaps, air v
maps and urban morphology maps by many previous studies (Ng et al., 2011; Ren et al., 2013).

Local climate zones have uniform surface characteristics, the size of which varies from hundred
sands ofmeters depending on the local surface conditions. In the high-density city of Hong Kong, su
ditions vary considerably within short distances due to the complex urban morphology. M
geolocation ofmap grids is related to the LCZ classification criteria of buildingheight andbuilding sur
tion, which therefore influence the LCZ classification results. Thus, it also needs to identify an approp
olution for raster-based LCZ classification and test the spatial sensitivity LCZ classification resu
geolocation of raster grids.

Considering the research gaps reviewed above, this study aims to: (1) examine the spatial s
of raster-based LCZ classification, (2) classify land surface properties following the LCZ frame
well as (3) investigate the spatial characteristics of LCZ classification in Hong Kong and esta
LCZ database.

2. Method

2.1. Context

Hong Kong is a high-density city located on the southeast coast of China. It has a total land area
1104 km2 with hilly and mountainous topography. Around 75% of land in Hong Kong is mountain
which is protected as country parks. Only b25% of the land is permitted for urban deve
(HKPlanningDepartment, 2016b).

HongKonghas a large population size of around 7.2Million,with over 90% of the population livin
rise buildings (Cheung et al., 2005). The highest district population density has exceeded 55,000 pe



Fig. 1. High-rise and high-density urban morphology in metropolitan areas of Hong Kong.
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square kilometer in mid-2014 (HKGovernment, 2015). High population density and limited land resources
shape the high-density urbanmorphology in downtown areas of Hong Kong, associated with densely packed
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high-rise buildings, deep street canyons, heavy traffic and limited green space (Fig. 1).

2.2. Data

Urban planning information from 2009 has been collected by the Planning Department of Ho
The information includes buildings, streets, topography and land use in GIS format (Ng et a
Building data is in polygon vector, including the attributes of building footprint and building heig
data includes street cover data in polygon and street centerline in polyline. Topography data
on the Digital Elevation Model (DEM) of Hong Kong (in 2 m resolution). Land use data is in 15 m-r
containing both urban land use information (commercial, residential, etc.) as well as rural la
information (woods, shrub, grass, etc.) (HKPlanningDepartment, 2014). Four remote sensing ima
years from 2013 to 2015 (October 5, 2013, December 31, 2013, August 8, 2015, and October 18, 20
collected from the US Geological Survey website (http://glovis.usgs.gov/) to estimate the vegetat
conditions and evaluate pervious surface fraction in Hong Kong. The collected datasets were integ
the GIS platform for sensitivity test, urban morphology analysis and LCZ classification in the
sections.

2.3. Analysis of spatial autocorrelation

Spatial autocorrelation reveals the geographical phenomenon that things closer displ
similarity than those further away (ArcGIS, 2011a). This method examines the associations between
and spatial distance of data, and visualizes the results in semivariograms. In the modeling, semivar
rises as the spatial distance increases (h), and reaches the maximum level (sill) at the distance o
In certain circumstances, when γ no longer changes with distance above the ‘range’, the ‘range’ is
recognized as the scale of spatial dependence, i.e. data within the ‘range’ is spatially correlated w
other.

2.4. Kolmogorov–Smirnov test

Kolmogorov–Smirnov test (K-S test) is a nonparametric test to examine whether two datasets d
ate significantly. The null hypothesis of a two-sample K-S test is that the two samples follow the sa
bution pattern. This method has beenwidely applied in climatic studies to examine the empirical di
of sample datasets (Knutson et al., 1998; Orlowsky et al., 2008). It has no assumption about the distr
data, which is applicable for Hong Kong with building height mainly concentrated in high-rise (hig
urban areas) and low-rise (low-density aboriginal settlements) ranges. As the K-S Test requires co
and one-dimensional datasets, it will be applied in Section 3.2 to determine if different geolocations o
ter grid system influence the statistics of LCZ classification criteria, i.e. building height and buildin
fraction, significantly.

2.5. Workflow

There are three main stages of this study: (I). perform sensitivity tests of spatial scale and geolo
LCZ raster framework, (II). develop a set of urban morphology/land cover analysis maps and the LC
cation map at city scale, and (III). analyze spatial distribution pattern of LCZ classes and quantify ur
phology characteristics for typical LCZ sites.

In stage I, building data was used to assess the sensitivity of spatial resolution and geolocation o
grid system. The sensitivity tests identified the optimal spatial scale of Local Climate Zones in Hong K
evaluated the influence of different geolocationofmap grids on the LCZ classification results. In stage
urban morphology analysis maps were developed using the planning data. Based on the urban mo
analysis maps, an LCZ classification map was generated following the LCZ classification criteria. In
the spatial distribution pattern of LCZ classes was evaluated using the LCZ classification map

http://glovis.usgs.gov


representative LCZ sites were selected according to the LCZ classification map, based on which the urban ge-
ometry properties of LCZs were quantified (Fig. 2).
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Fig. 2. Workflow of this study.
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3. Testing the spatial sensitivity of LCZ classification

3.1. Spatial autocorrelation of building height

In a typical local climate zone with uniform land surface structures, significant spatial autocorre
ists in urban morphology and land cover conditions. The aim of testing the spatial autocorrelation
morphology is to identify the optimal raster resolution for LCZ classification, which is the basis for c
local climate zones with homogeneous urbanmorphology. As the semivariogram depicts the spatia
relation of the measured sample points, it is applicable for examining the homogeneity of point-b
(ArcGIS, 2011b). According to the logical division of LCZ, LCZ classes in thebuilding type category are
according to buildingheight (high-rise,mid-rise, or low-rise) andbuilding surface fraction (compact
For the two criteria, building height could be simplified to point-based data based on the geometric
buildings, while building surface fraction is area-based data with specific site boundarie
semivariogram modelling was used to test the spatial autocorrelation (homogeneity) of buildin
Building surface fraction was not included in semivariogram modelling, as it could not be sim
point-based data without specified site boundaries (i.e. raster resolution).

The stable semivariogram model of Ordinary Kriging was applied in this study. Fig. 3 sh
semivariance of building height rises as the distance between each two buildings increases, and



peak level (sill) at a distance (range) around 270 m. Red dots represent binned values and are generated by
grouping (binning) empirical semivariogram points. Averaged values are shown as blue crosses and are gen-
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Fig. 3. Semivariogram modelling of building height.

425Y. Zheng et al. / Urban Climate 24 (2018) 419–448
erated by binning empirical semivariogram points that fall within angular sectors. The results ind
buildings within 270 m show strong autocorrelation in height, i.e. buildings within 270 m are comp
homogeneous in height. Considering the climatic sensitivity analysis result of the 300 m grid report
et al. (2015), and the spatial autocorrelation scale of building height at 270 m, the resolution of ras
LCZ classification map is determined as 300 m.

3.2. Geolocation sensitivity test of LCZ classification results
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Different geolocations of raster grids leads to differentiated building height and building surface
whichwill influence the classification results (high-rise/mid-rise/low-rise, compact/open). Hence, th
gorov-Smirnov test (K-S test) was used to evaluate whether shifting the raster grids will influence t
tics of building height andbuilding surface fraction significantly. Eight possible shifted directions of g
point (in 100mmoving distance and 300m resolution) have been examined: North (N), South (S),W
East (E), Northwest (NW), Northeast (NE), Southwest (SW), and Southeast (SE) (Fig. 4). The tests ar
on the built-up urban areas with building surface fraction above 10%. The eight shifted raster maps h
compared with the original raster map in building height and building surface fraction (Fig. 4, Tabl

The K-S Test results in building height are all zero, which indicates that the null hypothesis is ac
means that the frequency distribution of building height follows the same pattern although the lo
raster grids changes (Table 1, Fig. 5). Hence, shifting the geolocation of raster grids does not change
sification of high-rise, mid-rise or low-rise classes. However, the test results in building surface fract
the opposite circumstances. The null hypotheses under all eight categories are rejected, whichmean
frequency distribution of building surface fraction changes as the raster grid shifts (Table 1, Fig. 6). T
indicate that building surface fraction is sensitive to the geolocation of raster grids,while building he
sensitive to that.
Fig. 4. Nine kinds of different grid geolocation (a) eight shifted directions of grid center point, (b) example of moving grid center point
towards north direction.



Given the spatial sensitivity of building surface fraction, preliminary LCZ classification results by the nine
raster frameworks were further compared to determine the appropriate raster framework for mapping LCZs.
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Table 1
Results of two-sample K-S test at 5% significance level.

N S W E NW NE SW SE

Building height Hypothesis test result 0 0 0 0 0 0 0 0
P value 0.56 0.84 0.29 0.53 0.56 0.35 0.60 0.45

Building surface fraction Hypothesis test result 1 1 1 1 1 1 1 1
P value 0.04 b0.01 0.02 b0.01 b0.01 b0.01 b0.01 b0.01
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Table 2 reports the number of LCZ grids (LCZ1-LCZ6) in the nine raster frameworks. It shows that th
of grids in each LCZ class variates as the raster framework shifts. The difference between the nine ras
works tends to be larger in the LCZs of LCZ1, LCZ4, and LCZ6 with comparatively large sample siz
whole, the original raster framework has a larger number of grids categorized into the urban LCZs
grids in total) than the other eight shifted raster frameworks. One possible reason is that the eight sh
ter frameworks are associated with higher frequency in building surface fraction below 20%, due t
proportion of LCZ grids mixed with non-built-up areas (Fig. 6). It indicates that the original raster m
capture the boundaries of LCZs than the shifted raster frameworks do. On the other hand, the avera
standard deviation of building height in LCZ grids has been calculated to evaluate the homogeneity i
geometry (Table 3). The statistics imply that the original raster framework has comparatively lower
deviation in building height (especially in high-rise LCZs of LCZ1 and LCZ4) than the other raster fra
It implies that the original raster framework performs better in identifying LCZs with uniform buildi
etry. Given the above, the original raster framework is selected as the spatial reference for classifyin

4. GIS-based LCZ classification and urban geometric analysis

4.1. Development of land surface analysis maps for LCZ classification

A set of urban morphology analysis maps has been developed based on the planning informati
The maps follow the default/original raster framework with 300 m resolution according to the s
test. The urban morphology analysis maps cover the building geometry parameters of building he
building surface fraction (BSF, i.e. building coverage ratio), sky view factor (SVF) and aspect rati
land cover parameters of pervious surface fraction (PSF) and impervious surface fraction (ISF); and
ometry parameter of street width (SW). The definition and calculationmethods of the urbanmorph
rameters at LCZ scale are presented in Fig. 7 and Table 4.

4.1.1. Building height (BH) map
Building height ismean building height of an LCZ grid, weightedwith the footprint area of buildi

building height is the key parameter for LCZ classification in urban areas, to identify the high-rise (BH
mid-rise (BH = 15-25 m) or low-rise (BH b 15 m) LCZ classes. The building data was first conver
high-resolution rastermap (1m resolution) according to the building height. Then, the high-resolut
ing height map was used to calculate mean building height of each LCZ grid (300 m resolution).

4.1.2. Building surface fraction (BSF) map
Building surface fraction is the fraction of land surface covered by buildings. BSF is also the key p

for differentiating compact (BSF N 0.4) or open (BSF b 0.4) LCZ classes in urban areas. A building cov
high resolution (1 m) was first developed using the building data. Then, the high-resolution build
map was aggregated into 300 m resolution, to evaluate building surface fraction at LCZ scale.

4.1.3. Sky view factor (SVF) map
The SVF calculation tool in SAGA GIS (Conrad et al., 2015) was first applied to develop a high-r

SVF map (in 2 m resolution) for an entire land surface area of Hong Kong. The input data for the SV
tion in SAGA GIS was a Digital Surface Model (DSM), which contains elevations of both natural feat



Fig. 5. Comparison of the original raster framework with eight shifted raster frameworks in the cumulative fraction of building height.
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Fig. 6. Comparison of the original raster framework with eight shifted raster frameworks in the cumulative fraction of building surface fraction.
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as mountains and rivers in addition to man-made features such as buildings. Second, the high-resolution SVF
map was used to extract the SVF values at ground level, which excludes the SVF values on top of buildings.

ulate the

Table 2
Number of LCZ grids in LCZ1-LCZ6 using the nine raster frameworks (original, N, S, W, E, NW, NE, SW and SE).

Number of LCZ grids Original raster framework Shifted raster frameworks

N S W E NW NE SW SE

LCZ1 139 133 128 123 131 136 127 124 126
LCZ2 14 19 15 19 15 10 16 17 13
LCZ3 6 5 9 6 6 7 5 8 4
LCZ4 317 295 280 283 279 263 278 275 255
LCZ5 89 90 85 87 96 81 94 74 92
LCZ6 124 119 122 125 118 105 106 110 96
Sum 689 661 639 643 645 602 626 608 586
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Lastly, the SVF map at ground level was used to calculate mean SVF of each LCZ grid and form
mean SVF map (300 m resolution) via the aggregation technique in GIS.

4.1.4. Aspect ratio/height width ratio (H/W) map

Aspect ratio is defined as the ratio of height towidth of a street canyon,whichhas beenwidely discussed at

ulation of
eetwidth
consist of
p-shaped
d way in
is study
ng Kong
using the
n in GIS.
Z grid.
street level by previous studies (Ali-Toudert &Mayer, 2006; Santamouris et al., 1999). However, calc
aspect ratio is difficult inHongKong, due to the complex street geometry: (1) building height and str
(determined by building setback) variate inside the same street, and (2) high-rise buildings mostly
towers and podiums, which result in different setbacks from the streets at the vertical level and ste
street canyons (Ng et al., 2011). Given the complex street geometry, there is no standardize
the calculation of aspect ratio (HKBuildingDepartment, 2009; Houet and Pigeon, 2011). Th
adopted the method recommended by the Sustainable Building Design Guidelines in Ho
(HKBuildingDepartment, 2009). The mean aspect ratio of an LCZ grid (300 m) was calculated
area-weighted mean building height divided by the mean street width through raster calculatio
Mean street width was computed by the total street area divided by the total street length in an LC

4.1.5. Pervious surface fraction (PSF) map

Pervious surface is mainly composed of vegetation and waterbody, which is helpful for moderating urban

surface in
as calcu-
aterbody
he cover-

late Nor-
ng to the
heat island via evaporation (Xu, 2009). Pervious surface fraction, defined as the fraction of pervious
an LCZ site, is an important parameter related to UHI development at local scale. In this study, PSF w
lated as the sum coverage ratio of waterbody and vegetation in an LCZ grid. The coverage ratio of w
was evaluated using the planning data of waterbody containing rivers, reservoirs and coasts, while t
age ratio of vegetation cover was estimated based on remote sensing images.

The remote sensing images collected from the US Geological Survey website were used to calcu
malized Difference Vegetation Index (NDVI) and generate the NDVI map in Hong Kong accordi
Table 3
Standard deviation of building height in LCZ grids (average level of LCZ1-LCZ6).

Standard deviation Original raster framework Shifted raster frameworks

N S W E NW NE SW SE

LCZ1 34.39 34.61 34.90 33.79 36.08 34.60 34.62 35.00 34.89
LCZ2 14.41 14.88 18.77 16.82 14.80 17.77 15.50 17.22 16.01
LCZ3 4.29 2.33 4.68 5.24 8.31 3.44 3.06 6.57 12.19
LCZ4 33.79 34.45 34.52 34.84 33.68 34.51 34.01 34.27 35.07
LCZ5 16.77 18.63 18.14 18.50 18.59 18.80 19.06 18.89 18.59
LCZ6 4.02 4.56 3.79 4.51 4.54 4.30 4.40 4.04 4.53



Fig. 7. Urban morphology parameters calculation.

Table 4
Definition and calculation methods of urban morphology parameters.

Parameters Definition Basic data Calculation methods

BH Area-weighted mean building height of the sample site.
n is the number of buildings of the LCZ sample site. BSi is the
ground area of a building. BHi is the height of a building. ∑n

i¼1

BSi�BHi is the total building volume of the site. ∑n
i¼1 BSi is the

total building cover area of the site.

Building data
BH ¼ ∑n

i¼1 BSi
�BHi

∑n
i¼1 BSi

BSF Building surface fraction, i.e. building coverage ratio of the
sample site.
n is the number of buildings of the LCZ sample site. S_site is the
total area of the site.

Building data
BSF ¼ ∑n

i¼1 BSi
Ssite

SVF Areal mean SVF of non-building areas of the sample site (Chen et
al., 2010).
SVFi is the SVF value of a certain point in non-building area (point
area 1 m ∗ 1 m) in the LCZ sample site. n is the number of SVF
points (1 m ∗ 1 m) in non-building area of the site.
S_Sky and ∑Sb represent the area of sky and the area occupied
by buildings in a certain point respectively. SSky+∑Sb
represents the entire hemispheric environment in a certain point.

Building and
topography data SVF ¼ ∑n

i¼1 SVFi
n

SVFi ¼ SSky
SSkyþ∑Sbð Þ

H/W Areal mean aspect ratio of sample sites. It is defined as the ratio of
mean building height to mean street width in the LCZ sample site.

Building and street
data H=W ¼ BH

SW

PSF Pervious surface fraction of the LCZ sample site.
∑S_per is the total area of pervious surface, with NDVI above 0.2
(Weier and Herring, 2000)

Remote sensing data
PSF ¼ ∑Sper

Ssite

ISF Impervious surface fraction of the LCZ sample site. Building and remote
sensing data

ISF=1−BSF−PSF

SW Mean street width of sample sites. n is the number of streets in
the LCZ sample site. ∑S_street is the total area of streets in the
site. ∑n

i¼1 SLi is the total length of streets in the site.

Street data
SW ¼ ∑Sstreet

∑n
i¼1 SLi
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following equation (Liu and Zhang, 2011).
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NDVI ¼ NIR−R
eier and
DVI map,
NIRþ R

According to the publication of NASA, vegetation is associated with NDVI values above 0.2 (W
Herring, 2000). Hence, the vegetation cover map in Hong Kong was developed based on the N
with NDVI values above 0.2.
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4.1.6. Impervious surface fraction (ISF) map
Due to the intense urban development in urban areas of Hong Kong, most of the urban land surfa

ered by impervious surface such as buildings and roads. Impervious surface fraction of an LCZ grid is d
the fraction of paved surface outside buildings (Stewart, 2011). Thus, the impervious surface fraction
formulated following the formula: ISF = 1 − (BSF + PSF) (Unger et al., 2014).

4.1.7. Land use (LU) map
The proportion of different land use type in each LCZ grid was computed using the land use data

which the dominant land use type for each LCZ grid has been identified. For LCZ grids not classified
to the building-type classification, they were classified according to the land cover type based on th

4.2. LCZ classification based on the land surface analysis maps

The land surface analysis maps at LCZ scale were further used to develop the LCZ classification ma
Kong. First, the BH map and BSF map were used to identify the building-type LCZ classes. There
building-type LCZ classes identified according to the building height levels (high-rise/mid-rise/low
the building compactness (compact/open) (Stewart and Oke, 2012). The definition and classification
LCZ classes could be referred to Fig. 12 and Table 7 in Appendix. Second, the land surface areas not ca
in building-type LCZ classes in the first step, were further examined based on the LU map. As intro
Section 4.1, the LU map reveals the dominant land cover type for LCZ grids. Hence, seven land co
have been classified according to the dominant land cover types. Third, the classification of buildin
step one and the classification of land cover types in step two were spatially merged to generate the L
fication map. LCZ types in some of the LCZ grids were manually updated, according to the planning
(HKPlanningDepartment, 2016a) and land cover information from Google maps. The spatial informat
grids in building height, building surface fraction, sky view factor, aspect ratio, pervious surface fraction
pervious surface fraction were supported by the BH map, BSF map, SVF map, H/Wmap, PSF map, and
The spatial information was associated with the LCZ grids in the LCZ classification map to build up the
base in Hong Kong. The workflow of LCZ classification based on planning data is summarized in Fig. 8

4.2.1. LCZ classification based on building forms
The seven LCZs classified by building types include Compact High-rise (LCZ1), Compact Mid-ris

Compact Low-rise (LCZ3), Open High-rise (LCZ4), OpenMid-rise (LCZ5), Open Low-rise (LCZ6), and
Built (LCZ9). Lightweight Low-rise (LCZ7), Large Low-rise (LCZ8) andHeavy Industry (LCZ10)were
in Hong Kong.

4.2.2. LCZ classification based on land cover types
Land use of woodland andmangrovewere classified to the tree class (LCZA& LCZB). Due to the la

geometry information, it was not possible to differentiate LCZA and LCZB. Land use of shrubland wa
rized as LCZC, while grassland and agricultural land were classified as LCZD. Roads, airports, contain
nals, bad lands and quarries were categorized as LCZE. Seashore and bare soil were assigned to L
ponds, reservoirs, streams and nullahs were categorized as LCZG. Mudflat was assorted to LCZW.



Fig. 8. Flow chart of developing LCZ classification map of Hong Kong.
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4.3. Spatial distribution pattern of LCZs in Hong Kong
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Fig. 9. LCZ classification map of Hong Kong.
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As the LCZ classificationmap shows, land surface conditions inHongKong demonstrate significan
in land cover types and building types (Fig. 9). The large land surface of Hong Kong is covered by the
LCZs of LCZA-LCZD,mainly located in the New Territories and the southern part of Hong Kong Island.
sists of container terminals, airport runways and quarries, which are mainly distributed in the coasta
theNew Territories. LCZFmainly includes sandy seashores, distributed along the eastern coastline. La
bodies (LCZG), such as fish ponds, reservoirs, and lakes are primarily located in the north and east p
New Territories. Wetland along the northwest coast of the New Territories was classified as LCZW.

In the highly-urbanized areas of Kowloon, the northern part of Hong Kong Island, as well as city
the New Territories, the dominant LCZs are high-rise classes of LCZ1 and LCZ4. This is the reason w
Kong is recognized as a high-rise and high-density city although over three-quarters of land is pro
non-urbanized country parks. Samples of LCZ2 are limited, sparsely distributed in the old town
Kowloon and the New Territories. LCZ5 generally appears on the periphery of high-rise LCZ clusters
tion of low-rise LCZs (LCZ3, LCZ6 and LCZ9) in Kowloon and Hong Kong Island is limited, with smal
gathered in the areas away from the coastline. In contrast, large urban areas of the northwest of
Territories are dominantly covered by low-rise LCZs, mixed with high-rise LCZs clusters in the cit
Moreover, some fishing villages, categorized as LCZ9, are scattered in the coastal areas.
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4.4. Urban geometric properties of LCZs
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Fig. 11. Boxplot of urban geometry parameters of LCZ sample sites.

435Y. Zheng et al. / Urban Climate 24 (2018) 419–448
To quantify the urban geometric properties of LCZs (focused on LCZ1-LCZ6) under the high-dens
scenario of Hong Kong, a set of typical sample sites of LCZ1-LCZ6 have been selected and analyzed
the LCZ classification map and land surface analysis maps. Selecting typical sample sites for descr
LCZ characteristics in Hong Kong is necessary, as raster grids could not precisely describe the boun
land surface features such as roads, rivers, mountains, etc. Hence, visual interpretation was used
the shape, size, texture, and agglomeration patterns of land surface elements (i.e. buildings, r
urban blocks etc.) in the LCZ grids aided by the planning information. A set of typical LCZ grids with
atively homogeneous urban formswas identified (Fig. 10), in linewith the representative examples
the study of Stewart and Oke (2012).

The statistics of the urbanmorphology parameter are reported in Fig. 11 and Table 5. The results
cally consistentwith the LCZ statistics documented by Stewart andOke (2012), apart from somediffe

Table 5

Statistics of urban morphology parameters of LCZ sample sites.

LCZ
classes

Sky view
factor (SVF)

Areal aspect
ratio (H/W)

Building
surface
fraction (BSF)

Impervious
surface
fraction (ISF)

Pervious
surface
fraction (PSF)

Height of
roughness
elements (BH)

Terrain
roughness
classa

Percentage of
occurrence (%)

LCZ 1 0.1–0.4 2–10 40–70 30–60 b10 N25 8 8.7
LCZ 2 0.2–0.6 1–3 40–70 20–60 b30 15–25 6–7 1.0
LCZ 3 0.2–0.6 0.5–3 40–70 10–60 b50 5–15 6 2.2
LCZ 4 0.4–0.7 1.5–4 20–40 10–60 10–70 N25 7–8 54.8
LCZ 5 0.4–0.8 0.5–2 20–40 10–60 10–70 15–25 5–6 24.6
LCZ 6 0.6–0.9 0.2–2 20–40 10–60 10–70 5–15 5–6 8.7

a Davenport et al.'s classification of effective terrain roughness (z0) for city and country landscapes (Davenport et al., 2000).



the LCZs of Compact High-rise zones (LCZ1), Compact Mid-rise (LCZ2) zones, and Compact Low-rise zones
(LCZ1-LCZ3). Standardized datasheets are attached in the Appendix (Figs. 13–18). The main differences lie
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in the parameters of SVF, H/W, and PSF, which have beenwidely identified as the key indicators of U
sity at local scale (Chang and Goh, 1999; Hart and Sailor, 2009).

Negative proportional correlations between SVF and UHI intensity during night-time have been
in previous studies (Svensson, 2004; Unger, 2004). Low SVF is associated with limited exposure to
and accordingly, results in a weakened process of radiative/convective cooling. It indicates that UH
tends to increase as SVF decreases. SVF values in the compact zones (LCZ1-LCZ3, SVF= 0.1–0.6) are
atively lower than those in the open zones (LCZ4-LCZ6, SVF = 0.4–0.9), primarily due to the dense
buildings (Table 5). The SVF values of LCZs in Hong Kong are comparatively lower than those of o
(Stewart, 2011), particularly for the Compact High-rise zones. There are some sites of LCZ1 in H
with SVF values even below 0.2, the minimum SVF in Compact High-rise zones recorded by Ste
LCZ1 samples with low SVF values in Hong Kong are generally associated with compact high-rise
intense human activities, and heavy industry, where UHI mitigation measures are highly needed.

Aspect ratio is a key parameter for describing urban canyon geometry and local climate conditions
et al., 2010; Oke, 1981). Oke (1981) has demonstrated that the increase of aspect ratio contributes t
vation of dailymaximumUHI intensity, as it impedes the long-wave radiative heat loss. Chang and G
have found that aspect ratio of urban canyons in Singapore is positively correlated with nocturn
tensity in the residential estates of Singapore. Table 5 shows that the compact LCZs in Hong K
higher aspect ratio than the open ones. High-rise LCZs demonstrate wider range of aspect r
the mid-rise and low-rise zones due to the variation in height of tall buildings. Certain comp
rise samples (LCZ1) have aspect ratios up to 10, while mid-rise and low-rise samples gener
the corresponding values below 3.

Vegetated area is a primary component for pervious surface in Hong Kong. Pervious surface frac
mainly reveals the vegetation coverage ratio of LCZ sites. Cooling effects of vegetation on the sur
urban areas have been widely identified by previous studies (Chow et al., 2011; Spronken-Smith
1998). The cooling effect is strong during night, which is fed by the outgoing net radiation by th
heat flux as well as latent heat flux through evaporation and transpiration (Wong and Yu, 2005).
ence can be extended from the borders of vegetated areas to the surrounding urban environmen
air advection (Upmanis and Chen, 1999). According to the statistics in Table 5, the compact LCZs h
paratively low PSF because of the high coverage ratio of buildings. The open LCZs have more non
area, and accordingly show wide variation in PSF (Table 6). LCZ1 has the lowest PSF (below 10
the six LCZs, whereas the open LCZs of LCZ3-LCZ6 could have the PSF up to 70%.

5. Discussion

5.1. GIS-based LCZ classification method

There are few previous studies using a GIS-based method in developing LCZ classification ma
level, owning to the planning data availability. The vector method has been used as the main meth
vious studies for GIS-basedmapping of LCZs, e.g. in Szeged and Colombo (Gál et al., 2015; Perera et
In Szeged, plots were firstly classified according to the criteria of LCZs. The classified plots were furth
gated into groups, based on a set of aggregation rules according to the identity, similarity, and pro

Table 6
Standard deviation of urban geometry parameters of LCZ sample sites.
LCZ
classes

Sky view
factor (SVF)

Areal aspect
ratio (H/W)

Building surface
fraction (BSF)

Impervious surface
fraction (ISF)

Pervious surface
fraction (PSF)

Height of roughness
elements (BH)

LCZ 1 0.07 1.76 0.06 0.07 0.03 12.72
LCZ 2 0.10 0.50 0.06 0.10 0.07 2.51
LCZ 3 0.11 0.61 0.06 0.15 0.16 2.45
LCZ 4 0.07 1.04 0.05 0.09 0.11 9.84
LCZ 5 0.07 0.43 0.04 0.13 0.15 2.66
LCZ 6 0.07 0.28 0.04 0.11 0.11 2.90



plots. Then, the aggregated groups were generalized into local climate zones through the post-classification
filtering, with a control of the minimum size as 500 m. In Colombo, Perera et al. (2012) classified the surface
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properties of plots using the similar method in Szeged.
Different from the two-step processing of LCZ classification and generalization using the vecto

the rastermethod gives a simultaneous processing of the LCZ classification and generalization. This s
poses a workflow for raster-based LCZ classification. In this study, vector data (e.g. building, street
been converted to high-resolution raster data to minimize the error introduced by vector-raster co
Based on the high-resolution raster data, a set of urban morphology analysis maps have been g
with LCZ grid size as 300 m. Through the spatial statistics supported by the urban morphology
maps, each raster grid has been given an LCZ identity associated with a comprehensive set of urban
ogy metadata. The grid groups with the same LCZ identity are considered as local climate zones.

Compared to the vector-based method, the raster-based method is also helpful for classifying
building up the LCZ database for several reasons. First, the raster-basedmethod provides a standard
tial grid system for synergizingmultiple layers of data. Second, the statistics in different raster grids a
ly comparable due to the unified grid size. Third, the raster-based classification map may provide a
for sample site selectionwith an exact size control. However, the regular grid is also themain limitat
raster method, which cannot follow the natural boundaries of LCZs. Therefore, a sensitivity test for r
and geolocation of raster frameworks is critical for getting a reliable LCZ classification result.

5.2. Spatial sensitivity of LCZ classification

Semivariogrammodelingwas applied to select the appropriate resolution for the LCZ classificatio
this study. The results indicate that buildings within a distance of 270 m in Hong Kong are
autocorrelated. In other words, buildings within a distance of 270 m are at similar height level. Th
is consistent with the conclusion in previous climatic mapping studies in Hong Kong. Lau et al. (20
examined the climatic sensitivity of different grid sizes in 200 m, 300 m, 400 m and 500 m based
of LCZ sample sites in Hong Kong. According to the results, the strongest correlation between climat
eters (air temperature and relative humidity) and urbanmorphological parameters have been found
grid size. Chen et al. (2010) have found that SVF calculated at 300mdiameter can best explain the in
temperature variation in high-density urban areas of Hong Kong. Ng et al. (2011) have also identifie
frontal area density statistics in 300m grid shows the best performance in predicting local wind env
in high-density urban areas of Hong Kong.

Spatial sensitivity tests are necessary not only for the raster-based method but also for the vec
LCZ classification. The post-classification filtering procedure results in a larger size and a smaller n
local climate zones, which presents a more generalized but less variated spatial pattern. Gál et a
have pointed out that post-classification filtering may lead to the disappearance of some land su
ments from the map. Hence, determining the appropriate size for post-classification filtering bas
vector method is important, to achieve a balance between generality and local variability.

Previous studies have reported different LCZ sizes in different cities based on the manual sampl
od, e.g. 250m radius for Toulouse (Houet and Pigeon, 2011), 100m radius for the central areas of Na
Uppsala, 200 m radius for Vancouver (Stewart et al., 2014), as well as 200 m for Nancy (Leconte et
The findings of the above studies indicate that the optimal size of LCZs may vary across cities, and it
sary to perform sensitivity test of LCZ sizes for different cities.

This study has also examined the influence of the geolocation of raster frameworks on LCZ clas
results, which has received little attention before. The Kolmogorov-Smirnov Test results indicate tha
the raster framework changes the frequency distribution pattern of building surface fraction, and acc
influences the LCZ classification results. Through comparisons of the number of classified LCZ grid
average standard deviation in each LCZ class (in LCZ1-LCZ6), the original raster framework show
performance in identifying LCZ grids with uniform building geometry.

5.3. LCZ application in land surface description and communication for UHI studies

The LCZ classification system provides a comprehensive framework for describing land surface p
which documents site metadata in a standardized way for climatic studies. The LCZ map gives an



interpretation of local climate conditions at city scale, while the LCZ database supports quantitative informa-
tion about geometric, land cover and radiative properties. The LCZ system gives a general and simplified cli-
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matic context at city level, as on-site measurement or numerical simulation of a whole city are ex
data-intensive. Moreover, the system provides a spatial reference about the distribution of critica
UHI observation and mitigation. The initial results of this study have been used to select sampl
urban heat island monitoring in Hong Kong (Zheng, 2016; Zheng et al., 2015). Lelovics et al. (2014)
plied the LCZ system to select representative sites and establish a UHImonitoring network in Szege
et al. (2015) have classified land surface properties of Nancy following the LCZ system, and perform
traverse measurements to examine the local climatic conditions in LCZ classes.

Moreover, the LCZ classification systemallowsworldwide communication ofUHI studies as the L
are classified according to the universally recognized building forms and land cover types rather
surface properties in certain cities. The LCZ map and LCZ database in Hong Kong expand the global
base under high-density scenario, which enables comparison and communication with other citie
Szeged in Hungary (Unger et al., 2014), Bilbao in Spain (Acero et al., 2013), Colombo in Sri Lanka
al., 2012), Wuhan and Hangzhou in China (Ren et al., 2016), where spatial database of LCZ at city
been established.

The dominant LCZ type in the urban areas of Szeged is LCZ6, Open Low-rise. In the city center,
nant type is LCZ2 Compact Mid-rise. The primary LCZ types in Bilbao are LCZ5 Open Mid-rise and L
High-rise with the total occurrence frequency around 50%. There is also a large sample size of LCZ2
Mid-rise,with anoccurrence frequency of 17%,mainly distributed in the central areas near the river.
bo,most of the city is covered by LCZ3 Compact Low-rise (48%), and a significant percentage falls in L
Low-rise (24%). The above cities are generally in low density dominated by mid-rise and low-rise LC
with limited high-rise LCZ samples.

In China, high-rise LCZ classes are themajor forms for new town developments in high-density
marily due to the limited land resources and high population density. InWuhan, the old downtown
mainly covered by LCZ4 Open High-rise and LCZ3 Compact Low-rise, while the new town areas a
classified as LCZ5 OpenMid-rise and LCZ3 Compact Low-rise. In Hangzhou, large urban areas are de
ered by LCZ1-LCZ4, which experiences a higher density level than Wuhan. According to the LCZ st
Hong Kong, the dominant LCZ types are LCZ4 Open High-rise (54.8%) and LCZ5 Open Mid-rise
LCZ1 Compact High-rise shows a significant coverage ratio (8.7%), and is highly concentrated in t
urban areas such as northern Hong Kong Island and Kowloon Peninsula. Moreover, there is a larg
size of LCZ6 Open Low-rise, mainly distributed in the peripheral areas.

5.4. LCZ application in climatic planning

This study has established aworkflow of raster-based LCZ classification in Hong Kong. It has illus
procedures of processing multiple planning information into standardized urban morphology analy
and classifying land surface properties based on the urbanmorphology analysis maps. This method
plicable to other cities with high-resolution planning information.

The urbanmorphology analysis maps and the LCZ classificationmap are the core results of this s
LCZ classification map provides an overview of urban forms and land cover conditions in Hong Ko
may assist planners in identifying critical areas for UHI mitigation. The urbanmorphology analysis m
vide urban morphology statistics at LCZ scale, which allows powerful meta-analysis for climatic
Zheng (2016) has introduced the potential of applying the LCZ classification system into Outlin
Plans (OZP) for UHI mitigation in Hong Kong. The occurrence frequency of urban LCZ classes (LC
in each OZP area has been quantified, based on which a set of planning strategies at OZP level has
posed. It has highlighted that the OZP areas in Hong Kong Island and Kowloon Peninsula, which a
covered by LCZ1, are critical areas for planning optimization and UHI mitigation.

6. Conclusion

This study proposes an integrative GIS-based method of LCZ classification. Spatial sensitivity of L
fication has been examined to determine the appropriate raster framework for mapping. A set



morphology analysis maps has been generated as meta-data, based on which the LCZ classification map has
been developed.
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The key findings of this study are summarized as follows: (1) The optimal LCZ size/resolution for
sification in urban areas of HongKong is around 300m. Building surface fraction is sensitive to the ge
of raster grids, while building height is not. Hence, spatial sensitivity test is necessary for developing
sification maps. (2) The LCZ classification system is applicable in Hong Kong, to classify and describ
surface properties. Land surface conditions in Hong Kong show diversity in building types and la
types, and a total of 15 LCZ classes has been identified. (3) The large land surface of Hong Kong i
by the vegetated LCZs of LCZA-LCZD. However, high-rise LCZs are the dominant types in urban a
urban morphology statistics of LCZ1-LCZ6 are basically consistent with those documented by Ste
Oke (2012), apart from some differences in sky view factor, aspect ratio, and pervious surface fra
The urban morphology analysis maps and the LCZ classification map are the core results of th
which provide standardized spatial information for UHI studies and planning decision making.
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Appendix A
Table 7
Values of geometric and surface cover properties for local climate zones (Stewart and Oke, 2012).
Local climate zone (LCZ) Sky view
factora

Aspect
ratiob

Building
surface
fractionc

Impervious
surface
fractiond

Pervious
surface
fractione

Height of
roughness
elementsf

Terrain
roughness
classg

LCZ 1 Compact high-rise 0.2–0.4 N2 40–60 40–60 b10 N25 8
LCZ 2 Compact midrise 0.3–0.6 0.75–2 40–70 30–50 b20 10–25 6–7
LCZ 3 Compact low-rise 0.2–0.6 0.75–1.5 40–70 20–50 b30 3–10 6
LCZ 4 Open high-rise 0.5–0.7 0.75–1.25 20–40 30–40 30–40 N25 7–8
LCZ 5 Open midrise 0.5–0.8 0.3–0.75 20–40 30–50 20–40 10–25 5–6
LCZ 6 Open low-rise 0.6–0.9 0.3–0.75 20–40 20–50 30–60 3–10 5–6
LCZ 7 Lightweight low-rise 0.2–0.5 1–2 60–90 b20 b30 2–4 4–5
LCZ 8 Large low-rise N0.7 0.I-0.3 30–50 40–50 b20 3–10 5
LCZ 9 Sparsely built N0.8 0.1–0.25 10–20 b20 60–80 3–10 5–6
LCZ 10 Heavy industry 0.6–0.9 0.2–0.5 20–30 20–40 40–50 5–15 5–6
LCZ A Dense trees b0.4 N1 b10 b10 N90 3–30 8
LCZB Scattered trees 0.5–0.8 0.25–0.75 b10 b10 N90 3–15 5–6
LCZC Bush, scrub 0.7–0.9 0.25–1.0 b10 b10 N90 b2 4–5
LCZ D Low plants N0.9 b0.1 b10 b10 N90 b1 3–4
LCZ E Bare rock or paved N0.9 b0.1 b10 N90 b10 b0.25 1–2
LCZ F Bare soil or sand N0.9 b0.1 b10 b10 N90 b0.25 1–2
LCZG Water N0.9 b0.1 b10 b10 N90 – 1

a Ratio of the amount of sky hemisphere visible from ground level to that of an unobstructed hemisphere.
b Mean height-to-width ratio of street canyons (LCZs 1–7), building spacing (LCZs 8–10), and tree spacing (LCZs A–G).
c Ratio of building plan area to total plan area (%).
d Ratio of impervious plan area (paved, rock) to total plan area (%).
e Ratio of pervious plan area (bare soil, vegetation, water) to total plan area (%).
f Geometric average of building heights (LCZs 1–10) and tree/plant heights (LCZs A–F) (m).
g Davenport et al. (2000)'s classification of effective terrain roughness (z0) for city and country landscapes.



Fig. 12. Definitions of LCZ classes (Stewart and Oke, 2012).
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Fig. 13. Datasheet for Local Climate Zone 1.
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Fig. 14. Datasheet for Local Climate Zone 2.
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Fig. 15. Datasheet for Local Climate Zone 3.
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Fig. 16. Datasheet for Local Climate Zone 4.
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Fig. 17. Datasheet for Local Climate Zone 5.
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Fig. 18. Datasheet for Local Climate Zone 6.

446 Y. Zheng et al. / Urban Climate 24 (2018) 419–448



References

heor. Appl.

utdoor ther-

000000.htm.
lp/analysis/

Appl. Earth

zones for a
10199.
ale models?

Singapore.
for daytime
proach. Int.

7–48.
: horizontal

automated

Methods of

per Present-
logy. Amer-

1025–1049.
lasgow, UK.

ban heat is-

ctural Engi-

n/info_serv/

lan/images/

urban area

279 (5353),

ing in high-

the method

ture pattern

ote Sens. 3

street can-

roclimate in

Conference

e design of

urban mor-

- Feasibility

. Climatol. 1

447Y. Zheng et al. / Urban Climate 24 (2018) 419–448
Acero, J.A., Arrizabalaga, J., Kupski, S., Katzschner, L., 2013. Urban heat island in a coastal urban area in northern Spain. T
Climatol. 113 (1–2), 137–154.

Ali-Toudert, F., Mayer, H., 2006. Numerical study on the effects of aspect ratio and orientation of an urban street canyon on o
mal comfort in hot and dry climate. Build. Environ. 41 (2), 94-08.

ArcGIS, 2011a. HowKrigingWorks. (from). http://help.arcgis.com/EN/ARCGISDESKTOP/10.0/HELP/index.html#//009z00000076
ArcGIS, 2011b. Understanding a Semivariogram: The Range, Sill, and Nugget. (from). http://pro.arcgis.com/en/pro-app/he

geostatistical-analyst/understanding-a-semivariogram-the-range-sill-and-nugget.htm.
Bechtel, B., Daneke, C., 2012. Classification of local climate zones based on multiple earth observation data. IEEE J. Sel. Top.

Obs. Remote Sens. 5 (4), 1191–1202.
Bechtel, B., Alexander, P.J., Böhner, J., Ching, J., Conrad, O., Feddema, J., Mills, G., See, L., Stewart, I., 2015. Mapping local climate

worldwide database of the form and function of cities. ISPRS Int. J. Geo-Inf. 4:199–219. http://dx.doi.org/10.3390/ijgi40
Brousse, O., Martilli, A., Foley, M., Mills, G., Bechtel, B., 2016. WUDAPT, an efficient land use producing data tool for mesosc

Integration of urban LCZ in WRF over Madrid. Urban Clim. 17, 116–134.
Chang, C.H., Goh, K.C., 1999. The Relationship Between Height to Width Ratios and the Heat Island Intensity at 22:00 h for
Chen, L., Ng, E., An, X., Ren, C., Lee, M., Wang, U., He, Z., 2010. Sky view factor analysis of street canyons and its implications

intra-urban air temperature differentials in high-rise, high-density urban areas of Hong Kong: a GIS-based simulation ap
J. Climatol. 32 (1), 121–136.

Cheung, C., Fuller, R., Luther, M., 2005. Energy-efficient envelope design for high-rise apartments. Energ. Buildings 37 (1), 3
Chow, W.T., Pope, R.L., Martin, C.A., Brazel, A.J., 2011. Observing and modeling the nocturnal park cool island of an arid city

and vertical impacts. Theor. Appl. Climatol. 103 (1–2), 197–211.
Conrad, O., Bechtel, B., Bock, M., Dietrich, H., Fischer, E., Gerlitz, L., Wehberg, J., Wichmann, V., Böhner, J., 2015. System for

geoscientific analyses (SAGA) v. 2.1. 4. Geosci. Model Dev. 8 (7), 1991–2007.
Couclelis, H., 1992. People manipulate objects (but cultivate fields): beyond the raster-vector debate in GIS. Theories and

Spatio-temporal Reasoning in Geographic Space. Springer, pp. 65–77.
Davenport, A.G., Grimmond, C.S.B., Oke, T.R., Wieringa, J., 2000. Estimating the Roughness of Cities and Sheltered Country. Pa

ed at the 15th Conference on Probability and Statistics in the Atmospheric Sciences/12th Conference on Applied Climato
ican Meteorological Society, Ashville, NC.

Ellefsen, R., 1991. Mapping and measuring buildings in the canopy boundary layer in ten US cities. Energ. Buildings 16 (3),
Emmanuel, R., Krüger, E., 2012. Urban heat island and its impact on climate change resilience in a shrinking city: the case of G

Build. Environ. 53, 137–149.
Gál, T., Bechtel, B., Unger, J., 2015. Comparison of Two Different Local Climate Zone Mapping Methods.
Hart, M.A., Sailor, D.J., 2009. Quantifying the influence of land-use and surface characteristics on spatial variability in the ur

land. Theor. Appl. Climatol. 95 (3–4), 397–406.
HKBuildingDepartment, 2009. Sustainable Building Design Guidelines:Practice Note for Authorized Persons, Registered Stru

neers and Registered Geotechnical Engineers.
HKGovernment, 2015. Hong Kong: The Facts - Population.
HKPlanningDepartment, 2014. Land Utilization in Hong Kong. 2014 (Retrieved from). http://www.pland.gov.hk/pland_e

statistic/landu.html.
HKPlanningDepartment, 2016a. Kai Tak Planning Review.
HKPlanningDepartment, 2016b. Statutory Plan Index. (Retrieved from). http://www.pland.gov.hk/pland_en/info_serv/tp_p

sta_plan.pdf.
Houet, T., Pigeon, G., 2011. Mapping urban climate zones and quantifying climate behaviors–an application on Toulouse

(France). Environ. Pollut. 159 (8), 2180–2192.
Knutson, T.R., Tuleya, R.E., Kurihara, Y., 1998. Simulated increase of hurricane intensities in a CO2-warmed climate. Science

1018–1021.
Lau, K., Ren, C., Shi, Y., Zheng, V., Yim, S., Lai, D., 2015. Determining the optimal size of local climate zones for spatial mapp

density cities. Paper Presented at the 9th International Conference on Urban Climate. France, Toulouse.
Leconte, F., Bouyer, J., Claverie, R., Pétrissans, M., 2015. Using local climate zone scheme for UHI assessment: evaluation of

using mobile measurements. Build. Environ. 83, 39–49.
Lelovics, E., Unger, J., Gál, T., 2014. Design of an urbanmonitoring network based on local climate zonemapping and tempera

modelling. Clim. Res. 60, 51–62.
Liu, L., Zhang, Y., 2011. Urban heat island analysis using the Landsat TM data and ASTER data: a case study in Hong Kong. Rem

(7), 1535–1552.
Memon, R.A., Leung, D.Y., Liu, C.-H., 2010. Effects of building aspect ratio and wind speed on air temperatures in urban-like

yons. Build. Environ. 45 (1), 176–188.
Middel, A., Häb, K., Brazel, A.J., Martin, C.A., Guhathakurta, S., 2014. Impact of urban form and design on mid-afternoon mic

phoenix local climate zones. Landsc. Urban Plan. 122, 16–28.
Mills, G., Ching, J., See, L., Betchel, B., 2015. An Introduction to the WUDAPT Project. Paper Presented at the 9th International

on Urban Climate.
Ng, E., 2012. Towards planning and practical understanding of the need for meteorological and climatic information in th

high-density cities: a case-based study of Hong Kong. Int. J. Climatol. 32 (4), 582–598.
Ng, E., Ren, C., 2015. The Urban Climatic Map: A Methodology for Sustainable Urban Planning. Routledge.
Ng, E., Yuan, C., Chen, L., Ren, C., Fung, J.C., 2011. Improving the wind environment in high-density cities by understanding

phology and surface roughness: a study in Hong Kong. Landsc. Urban Plan. 101 (1), 59–74.
Ng, E., Yau, R., Wong, K.S., Ren, C., 2012. Final Report of Hong Kong Urban Climatic Map and Standards forWind Environment

Study.
Oke, T.R., 1981. Canyon geometry and the nocturnal urban heat island: comparison of scale model and field observations. J

(3), 237–254.

http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0005
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0005
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf9000
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf9000
http://help.arcgis.com/EN/ARCGISDESKTOP/10.0/HELP/index.html#//009z00000076000000.htm
http://pro.arcgis.com/en/pro-app/help/analysis/geostatistical-analyst/understanding-a-semivariogram-the-range-sill-and-nugget.htm
http://pro.arcgis.com/en/pro-app/help/analysis/geostatistical-analyst/understanding-a-semivariogram-the-range-sill-and-nugget.htm
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0020
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0020
http://dx.doi.org/10.3390/ijgi4010199
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0030
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0030
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0035
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0040
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0040
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0040
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0045
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0050
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0050
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0055
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0055
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0060
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0060
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0065
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0065
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0065
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0070
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0075
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0075
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0080
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0085
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0085
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0090
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0090
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0095
http://www.pland.gov.hk/pland_en/info_serv/statistic/landu.html
http://www.pland.gov.hk/pland_en/info_serv/statistic/landu.html
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0105
http://www.pland.gov.hk/pland_en/info_serv/tp_plan/images/sta_plan.pdf
http://www.pland.gov.hk/pland_en/info_serv/tp_plan/images/sta_plan.pdf
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0115
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0115
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0120
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0120
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0120
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0125
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0125
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0130
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0130
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0135
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0135
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0140
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0140
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0145
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0145
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0150
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0150
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0155
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0155
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0160
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0160
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0165
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0170
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0170
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0175
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0175
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0180
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0180


Oke, T.R., 2004. Initial Guidance to Obtain Representative Meteorological Observations at Urban Sites.
Orlowsky, B., Gerstengarbe, F.-W.,Werner, P., 2008. A resampling scheme for regional climate simulations and its performance compared

to a dynamical RCM. Theor. Appl. Climatol. 92 (3–4), 209–223.
olombo, Sri

ctoral). The

: the case of

orld Urban
nternational

ent impact
posium on

deep pedes-

t. J. Remote

andle/2429/

00.
s and model

, 201–211.
lim. Res. 27,

–41.
ature differ-

v/Features/

onit. Assess.

nsity City of

ensity High-
se, France.

448 Y. Zheng et al. / Urban Climate 24 (2018) 419–448
Perera, N.G.R., Emmanuel, R., Mahanama, P.K.S., 2012. Mapping “Local Climate Zones” and Relative Warming Effects in C
Lanka. Paper Presented at the 8th International Conference on Urban Climate, Dublin, Ireland.

Ren, C., 2010. Application of Urban Climatic Map to Urban Planning of High Density Cities - A Case Study of Hong Kong (Do
Chinese University of Hong Kong.

Ren, C., Ng, E.Y.y., Katzschner, L., 2011. Urban climatic map studies: a review. Int. J. Climatol. 31 (15), 2213–2233.
Ren, C., Lau, K.L., Yiu, K.P., Ng, E., 2013. The application of urban climatic mapping to the urban planning of high-density cities

Kaohsiung, Taiwan. Cities 31, 1–16.
Ren, C., Cai, M., Wang, R., Xu, Y., Ng, E., 2016. Local Climate Zone (LCZ) Classification by Using the Method of World Urban W

Database and Access Portal Tools (WUDAPT): A Case Study in Wuhan and Hangzhou. Paper Presented at the Fourth I
Conference on Countermeasure to Urban Heat Island Singapore.

Ren, C., Fung, J.C.-H., Tse, J.W.P., Wang, R., Wong, M.M.F., Xu, Y., 2017. Implementing WUDAPT product into urban developm
analysis by using WRF simulation result-a case study of the Pearl River Delta Region. Paper Presented at The 13th Sym
Urban Environment.

Santamouris, M., Papanikolaou, N., Koronakis, I., Livada, I., Asimakopoulos, D., 1999. Thermal and air flow characteristics in a
trian canyon under hot weather conditions. Atmos. Environ. 33 (27), 4503–4521.

Spronken-Smith, R.A., Oke, T.R., 1998. The thermal regime of urban parks in two cities with different summer climates. In
Sens. 19 (11), 2085–2104.

Stewart, I.D., 2011. Redefining the Urban Heat Island. University of British Columbia (Retrieved from). https://circle.ubc.ca/h
38069.

Stewart, I.D., Oke, T.R., 2012. Local climate zones for urban temperature studies. Bull. Am. Meteorol. Soc. 93 (12), 1879–19
Stewart, I.D., Oke, T.R., Krayenhoff, E.S., 2014. Evaluation of the ‘local climate zone’ scheme using temperature observation

simulations. Int. J. Climatol. 34 (4), 1062–1080.
Svensson, M.K., 2004. Sky view factor analysis–implications for urban air temperature differences. Meteorol. Appl. 11 (03)
Unger, J., 2004. Intra-urban relationship between surface geometry and urban heat island: review and new approach. C

253–264.
Unger, J., Lelovics, E., Gál, T., 2014. Local Climate Zone mapping using GIS methods in Szeged. Hung. Geogr. Bull. 63 (1), 29
Upmanis, H., Chen, D., 1999. Influence of geographical factors and meteorological variables on nocturnal urban-park temper

ences–a case study of summer 1995 in Göteborg, Sweden. Clim. Res. 13 (2), 125–139.
Weier, J., Herring, D., 2000. Measuring Vegetation (NDVI & EVI). (from). http://earthobservatory.nasa.go

MeasuringVegetation/.
Wong, N.H., Yu, C., 2005. Study of green areas and urban heat island in a tropical city. Habitat Int. 29 (3), 547–558.
Xu, S., 2009. An approach to analyzing the intensity of the daytime surface urban heat island effect at a local scale. Environ. M

151 (1–4), 289–300.
Zheng, Y., 2016. Planning Strategies for Urban Heat Island Mitigation: An Application of Local Climate Zone into the High-de

Hong Kong. (Doctor). The Chinese University of Hong Kong.
Zheng, Y., Ren, C., Shi, Y., Lau, K.L., Yim, H.L.S., Lai, D., Ho, J., NG, E., 2015. Applying “Local Climate Zone (LCZ)” into a High-d

rise Cities - A Pilot Study in Hong Kong. Paper Presented at the 9th International Conference on Urban Climate, Toulou

http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0185
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0190
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0190
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0195
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0195
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0200
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0200
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0205
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0210
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0210
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0215
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0215
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0215
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0220
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0220
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0220
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf9005
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf9005
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0225
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0225
https://circle.ubc.ca/handle/2429/38069
https://circle.ubc.ca/handle/2429/38069
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0235
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0240
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0240
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0245
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0250
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0250
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0255
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0260
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0260
http://earthobservatory.nasa.gov/Features/MeasuringVegetation/
http://earthobservatory.nasa.gov/Features/MeasuringVegetation/
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0270
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0275
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0275
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0280
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0280
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0285
http://refhub.elsevier.com/S2212-0955(17)30044-5/rf0285

	GIS-based mapping of Local Climate Zone in the high-density city of Hong Kong
	1. Introduction
	1.1. Background
	1.2. The need of applying the LCZ classification system in Hong Kong
	1.3. LCZ mapping methods

	2. Method
	2.1. Context
	2.2. Data
	2.3. Analysis of spatial autocorrelation
	2.4. Kolmogorov–Smirnov test
	2.5. Workflow

	3. Testing the spatial sensitivity of LCZ classification
	3.1. Spatial autocorrelation of building height
	3.2. Geolocation sensitivity test of LCZ classification results

	4. GIS-based LCZ classification and urban geometric analysis
	4.1. Development of land surface analysis maps for LCZ classification
	4.1.1. Building height (BH) map
	4.1.2. Building surface fraction (BSF) map
	4.1.3. Sky view factor (SVF) map
	4.1.4. Aspect ratio/height width ratio (H/W) map
	4.1.5. Pervious surface fraction (PSF) map
	4.1.6. Impervious surface fraction (ISF) map
	4.1.7. Land use (LU) map

	4.2. LCZ classification based on the land surface analysis maps
	4.2.1. LCZ classification based on building forms
	4.2.2. LCZ classification based on land cover types

	4.3. Spatial distribution pattern of LCZs in Hong Kong
	4.4. Urban geometric properties of LCZs

	5. Discussion
	5.1. GIS-based LCZ classification method
	5.2. Spatial sensitivity of LCZ classification
	5.3. LCZ application in land surface description and communication for UHI studies
	5.4. LCZ application in climatic planning

	6. Conclusion
	Acknowledgements
	Appendix A
	References


