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to the local climatic conditions (Grimmond 2007) because the urban environment alters the wind ﬂow, radiation balance, water and
heat balances (Landsberg 1981). Urban expansion without appropriate planning control leads to substantial environmental degradation (Betanzo 2007). As awareness of the impacts of urban expansion on local climate grows, urban planners and decision
makers have started to incorporate the climatic consideration into the planning process (Eliasson 2000).
To provide a better spatial understanding of local climate and help planners improve the urban form based on the climatic
consideration, several classiﬁcation schemes have been developed. They are the Urban Zones of Energy partitioning (UZE) (Loridan
and Grimmond 2012, Loridan et al. 2013), Urban Climatic Map (UCMap) system (Ren, Ng, and Katzschner 2011), Urban Climate
Zone (UCZ) scheme (Oke 2004, 2006) and Local Climate Zone (LCZ) scheme (Stewart and Oke 2012). The common theme of these
diﬀerent schemes is that all of them are established according to the information from urban indicators. These urban indicators
include but are not limited to the land use/land cover (LU/LC) pattern, topographic, surface geometry and climatic spatial information. Based on this information, the above mentioned zoning systems/schemes can depict the eﬀects of the spatially varied
urban environment on local climate modiﬁcations. Urban form and function classiﬁcation are standardized in the LCZ scheme,
making it possible to provide a more detailed spatial understanding of the variability of intra-urban air temperature, rather than a
simple description of urban-rural diﬀerence (Stewart and Oke 2012). The LCZ scheme was developed and serves as a global standard
for depicting diﬀerent urban morphologies (Stewart and Oke 2009). The scheme features 17 types of LCZ classes, including ten built
types (LCZ 1 to LCZ 10), and seven land cover types (LCZ A to LCZ G). A full list of LCZ classes is shown in.
The properties of each LCZ class can be diﬀerentiated by metadata of urban land use and morphological factors (Stewart and Oke
2012). LCZs generated following the highly standardized scheme can help examine the UHI phenomenon in diﬀerent cities. The
advantage of the LCZ scheme over tradition land-use classiﬁcation methods is that it also takes urban morphological details into
consideration, which advances urban climatic research. Therefore, LCZ has been used in many diﬀerent cities around the world for
mapping (Bechtel et al. 2015). Moreover, to generate an internationally standardized LCZ classiﬁcation database, a new project
—World Urban Database and Access Portal Tools (WUDAPT)— was initiated in 2012 (Mills et al. 2015). It aims to develop LCZ maps
for cities where detailed urban morphological data are not available using open-source remote sensing data. The performance of
WUDAPT data in urban climatic analysis and the subsequent urban planning processes, in terms of accuracy and relevance, therefore
requires comprehensive assessment (Stewart, Oke, and Krayenhoﬀ 2014).
In Hong Kong, a prior study has classiﬁed 17 weather stations in the weather monitoring network of the Hong Kong Observatory
(HKO) into LCZ scheme for UHI quantiﬁcation (Siu and Hart 2012). After that, to develop climate-adapted urban planning and design
strategies for the local practice, another study has further developed an LCZ classiﬁcation map (with a spatial resolution of 300 m) for
Hong Kong—a high-density large city with a highly heterogeneous urban environment (Zheng et al., 2018). The study's mapping
method was GIS-based and it was possible because suﬃcient and detailed data of urban indicators are available in Hong Kong from
the local planning department (PlanD). A set of LCZ maps with a ﬁner spatial resolution of 100 m (a WUDAPT level 0 product) was
also developed using the WUDAPT method to align the LCZ map of Hong Kong with worldwide research (Ren et al. 2016). The
mapping accuracy of both of the above studies was evaluated in the study of Wang et al. (2018). The spatial pattern of the resultant
LCZ maps showed a high consistency with the previous UCMaps system of Hong Kong. However, intra-LCZ site variations of urban
indicators were also detected in the built-up LCZ classes (particularly LCZ1-6, see.
Table 1 and Fig. 1) of the resultant maps. It conﬁrms the necessity of validation using measured air temperature data. The above
also indicates the potential of further optimization of the LCZ classiﬁcation procedure in a high-density urban scenario.
Mobile measurement using moving vehicles has been regarded a cost-eﬀective method to investigate intra-urban environmental
variability (Peters, Van Poppel, and Theunis 2012, Peppler 1929). It ﬁlls the monitoring gaps of the sparsely distributed ﬁxed
monitoring locations by providing more spatial information. This method has been increasingly adopted and continuously improved
Table 1
Criteria for GIS-based classiﬁcation of LCZs in Hong Kong. Values for LCZs 1 to 9 are from Stewart and Oke (2012). Criteria
for LCZs 10 to G are adapted from local urban planning datasets of Hong Kong (Wang et al., 2018).
LCZ Classes

Criteria of Classiﬁcation

LCZ
LCZ
LCZ
LCZ
LCZ
LCZ
LCZ
LCZ
LCZ
LCZ
LCZ

0.4 < λb < 0.6 and Zh > 25
0.4 < λb < 0.7 and 10 < Zh < 25
0.4 < λb < 0.7 and 3 < Zh < 10
0.2 < λb < 0.4 and Zh > 25
0.2 < λb < 0.4 and 10 < Zh < 25
0.2 < λb < 0.4, 3 < Zh < 10
0.6 < λb < 0.9, 2 < Zh < 4, 0.2 < Ψsvf < 0.5
0.3 < λb < 0.5, 3 < Zh < 10, Ψsvf > 0.7
0.1 < λb < 0.2, 3 < Zh < 10, Ψsvf > 0.8
LU/LC = Industrial Land
LU/LC = Woodland
(LCZ A/B were combined due to the lack of information on wood species.)
LU/LC = Shrub Land
LU/LC = Agricultural Land
LU/LC = Roads, Railway, Airport, Quarries, Rocky Shore
LU/LC = Badland, Vacant Development Land/Construction in Progress
LU/LC = Reservoirs, Streams and Nullahs

1-Compact High-rise
2-Compact Mid-rise
3-Compact Low-rise
4-Open High-rise
5-Open Mid-rise
6-Open Low-rise
7-Lightweight Low-rise
8-Large Low-rise
9-Sparsely Built
10-Heavy Industry
A-Dense Trees
LCZ B-Scattered Trees
LCZ C-Bush, Scrub
LCZ D-Low Plants
LCZ E-Bare Rock or Paved
LCZ F-Bare Soil or Sand
LCZ G-Water

168

Fig. 1. The satellite images - (a) and (b), current GIS-based LCZ map (c) (Zheng et al., 2018), and WUDAPT map (d) (Wang et al., 2018) of Hong Kong.
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in UHI investigation (Liu et al. 2016, Tsin et al. 2016, Stewart 2011). Air temperature data acquired by the mobile measurement
method have been used for many diﬀerent study purposes. For example, they were employed to characterize the urban-rural air
temperature diﬀerence (Hedquist and Brazel 2006, Unger, Sümeghy, and Zoboki 2001), correlate urban air temperature with remotely sensed land surface temperature (LST), understand the relationship between the microclimate condition and urban geometry
(Blankenstein et al., 2004, Tsin et al. 2016), and evaluate the cooling eﬀects of urban greenery (Lu et al. 2012). In Hong Kong, a few
prior air temperature studies have made use of mobile measurement in both urban built-up and rural areas (Nichol et al. 2009, Zheng
et al. 2015). The success of these studies conﬁrms the feasibility of monitoring microscale spatial variation of air temperature and the
potential of validating further studies using the mobile measurement method.
Recently, the mobile measurement method has gained popularity and success in LCZ classiﬁcation and spatialization studies
(Szymanowski and Kryza 2009, Alexander and Mills 2014). Observation-based LCZ studies are normally based on urban meteorological networks (Skarbit et al. 2017, Lehnert et al. 2015, Unger et al. 2015). The ﬁxed monitoring networks work well in middensity cities in Europe and North America that are more uniformly developed with discreet patterns of land use and urban form.
However, the geographic setting and urban contexts of many densely populated large cities (especially in Asia) are more heterogeneous and complex. Such geographic complexity with mixed forms results in large air temperature variations between and within
diﬀerent LCZ classes of the city at a relatively smaller spatial scale. Such spatial variations cannot be eﬀectively investigated by ﬁxed
monitoring networks alone. To evaluate LCZ classiﬁcation/mapping, a comprehensive understanding of the spatial variation of air
temperature needs to be acquired. The spatial advantages of mobile measurement make it ideal for investigating the relationship
between the urban built-up surface and the near-surface air temperature. Therefore, the mobile measurement method has been
further applied in the evaluation of the LCZ-based UHI assessment (Leconte et al. 2015, Kotharkar and Bagade 2018).
The mobile platform is particularly useful in the investigation of the screen-level environmental variation in Hong Kong because
of its unique urban environment (Shi, Lau, and Ng 2016). Previous mobile measurement case cities in North America and European
have been done in a relatively simple urban context that shows more uniformly discreet patterns of land use and urban form.
However, downtown areas in Hong Kong are high-density high-rise and their urban context is highly inhomogeneous in terms of
urban morphology and mixed land use at local scales. Its extreme heterogeneity and high-density high-rise environment can possibly
lead to a large diﬀerence between the ambient air temperature measured by the ﬁxed monitoring locations in the network of HKO
weather stations and the screen-level air temperature via mobile measurement. The consideration is particularly important in the
street canyons of the high-density downtown area. Under such circumstance, the screen-level air temperature measured using the
mobile platform has a better potential to reﬂect the actual situation of people's outdoor heat exposure and is more informative to UHI
investigation and health impact assessments.
This study uses mobile measurement to evaluate the performance of the current LCZ mappings (results from both the GIS-based
method and WUDAPT method) of Hong Kong in determining the spatial variation of UHI and informing urban climatic studies. In the
present study, air temperature diﬀerences between LCZ classiﬁcations and the intra-LCZ temperature variability were extracted from
the mobile measurement data set. Further assessments were then conducted for the current LCZ mapping schemes of Hong Kong. The
study results indicate that LCZ measurement and mapping systems in Hong Kong could be optimized through some improvement
strategies.
2. Materials, methods, and study area
2.1. The geographic and urban context of Hong Kong
Hong Kong is a subtropical city located on the southeast coast of China (22° 150′ N, 114° 100′ E. Fig. 3 shows the location). Its
subtropical maritime weather features hot humid summer with occasional showers and thunderstorms and warm winter. Hong Kong
has abundant natural green resources, a hilly topography, coastal landscapes and diverse geological features in its countryside. >
70% of land (measuring approximately 1100 km2) is vegetated mountainous areas and country parks (Taylor 1986). Only less than a
quarter of the land resources in regions with a relatively ﬂat topography and at a lower elevation are used for urban development
(PlanD 2015). The complex urban morphology due to mixed land use is primarily due to the geographical constraints and urban
development oriented to major transportation corridors. Urban centres were developed along transportation nodes and are selfsustained in nature. As such, land utilization is characterized by the diverse nature. In addition, the large population requires a highdensity and high-rise mode of development. Both natural and artiﬁcial land cover types in Hong Kong are very diverse. The mixture
of diﬀerent landscapes shapes the unique urban context of Hong Kong (Fig. 1-a, b).
2.2. Current LCZ classiﬁcation and spatial map of Hong Kong
2.2.1. GIS-based mapping
As mentioned, a GIS-based LCZ classiﬁcation has been developed for high-density Hong Kong. The criteria are described as
follows (Zheng et al., 2018):
First, built-up classes and land cover classes were separated by reclassifying the land use data of Hong Kong. Then, for built-up
classes (LCZ 1 to LCZ 10), LCZ 10 was identiﬁed based on the industrial land use type, and LCZ 1 to LCZ 9 were quantitatively
diﬀerentiated based on three building morphological factors - building surface fraction (λb, [0–1]), building height (Zh, unit: m), and
sky view factor (Ψsvf, [0–1]). Stewart and Oke (2012) proposed a set of standard values of geometric and surface cover properties for
LCZs. Among them, four parameters are about the urban surface roughness - canyon aspect ratio (H/W) and λb, Zh, terrain roughness
170

Urban Climate 25 (2018) 167–186

Y. Shi et al.

class. Instead of including all morphological factors, only three key factors were used as parameters for the LCZ classiﬁcation in this
study. For example, Ψsvf is essentially correlated with H/W (Oke 1981). Moreover, it has been tested that the Ψsvf is a very good
indicator of intra-urban air temperature diﬀerentials in the high-rise high-density urban areas of Hong Kong (Chen et al. 2012).
Therefore, Ψsvf was used. The criteria for terrain roughness class were set up based on the Davenport et al. (2000)'s classiﬁcation,
which is not suitable for depicting high-density urban morphology [most of the built-up areas can only be classiﬁed into Class 8
“Skimming: City center (z0 ≥ 2)”] (Ng et al. 2011). Therefore, we used Zh for the classiﬁcation. All building morphological factors
were calculated and mapped at a spatial resolution of 100 m.
Table 1 shows the quantitative classiﬁcation scheme of the built-up classes. For rural areas, a total of seven land cover classes (LCZ
A - G) were further classiﬁed based on the land use type. The ﬁnalized LCZ map of Hong Kong is shown in Fig. 1-c. It has been found
that LCZ classiﬁcation results are often sensitive to the spatial scale of the LCZ site or mapping resolution, especially in Asia cities due
to their unique urban contexts and heterogeneous urban environment (Kotharkar and Bagade 2017). Therefore, it is necessary to
determine an appropriate spatial size of LCZ site before LCZ mapping. The map was produced at a spatial resolution of 300 m— the
optimal spatial size of the LCZ site of Hong Kong according to Lau, Ren, et al. (2015). It should be noted that LCZ 7 and LCZ 8 were
not detected by the GIS-based method, probably due to the extremely small areal proportion. The areas of LCZ 7 and LCZ 8 detected
by WUDAPT method were quite small as well (1.22 km2 and 1.08 km2).
2.2.2. WUDAPT mapping
Unlike the GIS-based LCZ classiﬁcation method, the WUDAPT level 0 mapping product follows a set of standard procedures for
data collection and processing (See et al. 2015). Following the procedure described by Bechtel et al. (2015), Landsat 8 satellite images
from the United States Geological Survey (USGS) were chosen as the data source for the WUDAPT mapping of Hong Kong. Using the
method of visual interpretation, training samples were selected to represent each LCZ class with the help from urban planning experts
familiar with the urban context of Hong Kong. WUDAPT identiﬁes LCZ classes by random forest algorithm. This machine learning
algorithm builds a decision tree based on the spectral features/patterns contained by the training samples. As a result, the WUDAPT
level 0 map at a ﬁner spatial resolution of 100 m was produced (Fig. 1-d).
2.3. Measuring screen-level air temperature using mobile platform
In this present study, mobile measurement campaigns were conducted during the summertime of the year of 2016. The spatial
distribution of both the daytime and nighttime screen-level air temperature was investigated. The measured air temperature data
were collated with the current LCZ classiﬁcations/WUDAPT maps of Hong Kong.
2.3.1. Mobile measurement platform
A light-colored Toyota bB mini MPV vehicle installed with microclimate sensors was used as the mobile platform for all measurement campaigns in this present study (Fig. 2 and Table 2). The air temperature (Ta, °C) and relative humidity (RH, %) were
measured and logged at a time interval of one second using TESTO™ 480 Thermometers with the sensor - Humidity and Temperature

Fig. 2. The mobile measurement platform.
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Table 2
Summary of measurement equipment installed on the mobile measurement platform.
Installed instruments

Measured parameter

Measuring interval

Accuracy of the instruments

Data category

TESTO™ 480 Thermometers & Humidity
and Temperature Probe Ø 12 mm

Air temperature (Ta, °C) &
Relative humidity (RH, %)

1 s (1 Hz frequencymeasurement)

Meteorological data

Garmin™ GPS Map 62 s Handheld
Navigator
Video Camera

Latitude, Longitude, Altitude

1 s (1 Hz frequencymeasurement)
30FPS

Ta: ± 0.3 °C
(−20 to +70 °C)
RH: ± 2%
(2 to 98%)
Error within ± 3.7 m (12Feet)
N.A.

Referential video
records

Driving video records

GPS data

Probe Ø 12 mm. The geographical position of each measurement was simultaneously recorded with a Garmin™ GPS Map 62 s
Handheld Navigator. A wide-angle video camera was installed at the front windshield of the vehicle to continuously record the
surroundings during the entire process of each measurement campaign, providing a reference for the identiﬁcation of any other
inﬂuential factors of the temperature and humidity measurements. All microclimate sensors used in the mobile measurement were
calibrated before the mobile measurement campaigns. They were solely used for the mobile measurement in this study and were
maintained appropriately by professional technicians to ensure reliability.
2.3.2. Protocols of the mobile measurement campaigns
Two measurement routes with a total length of approximately 90 km were designed to cover a broad range of LCZ sites (Fig. 3).
The length of route-1 was 35 km, and route-2 was 55 km. Route-1 covered more built-up areas, while route-2 passed through more
land cover classes. The routes were also designed based on the areal proportion of diﬀerent LCZ classes. As a result, the composition
of the route length in diﬀerent LCZ classes is proportional to the areal proportion of diﬀerent classes in the LCZ map mentioned above
(Fig. 4). Most of the built-up urban areas of Hong Kong are in regions with a relatively ﬂat topography and at a lower elevation (The
mean elevation is approximately 24 m. Most of the built-up areas is below the elevation of 60 m. See Fig. 3). Therefore, hilly areas
were also avoided during the design of the mobile measurement routes. The elevation of most parts of the two routes approximately
ranged from 10 m to 60 m without steep slopes. Moreover, most parts of the routes were far from the coastline with a distance of
larger than 1000 m. The few road segments closer to the coastline were approximately 100 m to 200 m from it. A couple of pilot tests
were conducted before the mobile measurement campaigns to make sure that both routes could be completed within 2 h. This time
limit was set to minimize the spatial uncertainties in the data introduced by changes in the background weather conditions.
A total of 12 runs of the mobile measurement were completed under the typical hot weather condition of Hong Kong (Table 3).
The Ta and RH of the days for measurement approximately ranged from 29 °C to 34 °C and 60% to 80% respectively. The sky
condition measured as cloudiness (Oktas, 0-clear sky to 8-overcast) was also recorded. Three time periods of a day were measured to
investigate the diﬀerence in the spatial variation in air temperature in diﬀerent stages of a diurnal cycle.
2.3.3. Mobile measurement data processing and data analysis
Although we have controlled the time period of each measurement to avoid signiﬁcant background weather changes, the eﬀect of
temporal trend of Ta and RH should be removed from the spatially distributed data. As the meteorological data from HKO are only
available on an hourly basis, we performed a linear detrending for each hour of the period of measurements to remove the temporal
eﬀect in the measurement data based on literature (Comrie 2000, Jonsson 2004). As shown in Fig. 3, there are several HKO weather
stations close to the two measurement routes. Firstly, a 1 Hz-temporally resolved linear trend was generated to represent the
background weather changes at each station during each measurement run. Then, the 1 Hz frequency-measured data points of Ta and
RH were separated into diﬀerent partitions based on their corresponding closest HKO weather station. Temporal correction was then
conducted for each data partition using their corresponding time period based on the 1 Hz-temporally resolved linear trend mentioned above. Based on the background meteorological records shown in Table 3, a day-to-day temporal correction was also performed to remove the temporal diﬀerence between the two mobile measurement routes.
To avoid the inﬂuence of the anthropogenic heat from vehicular exhaust, and to make the results of present study comparable
with other LCZ/WUDAPT mobile measurement studies, all measurement data corresponding to a driving speed < 15 km/h or >
60 km were excluded from the dataset (the driving speed at each second was calculated in GIS). The driving speed criteria used here
are consistent with a previous mobile measurement study in France (Leconte et al. 2015). Streets in Hong Kong, with its compact
urban form, are often occupied by intense traﬃc and other activities. Under such context, some abnormal data points inﬂuenced by
anomalous heat sources and sinks were observed in our measurement data. These abnormal data show up as spikes in the measurement data sequence. For example, there were abnormally high Ta observations (with a Ta > 35 °C lasting a few seconds during
the nighttime measurement) caused by a suddenly passing-by heavy-duty truck or a double-decker bus emitting a large amount of the
vehicular heat exhaust. We also observed some cool spots in the measurement data (with a Ta < 25 °C in the afternoon) caused by
the cool airﬂow from the air conditioners in roadside shops. These data were screened out before further analysis was conducted. In
this study, we used a median ﬁlter to remove the spikes mentioned above.
A median ﬁlter is a nonlinear ﬁltering algorithm widely used for noise reduction in the data sequence. It eliminates unwanted
spikes in the signal without blurring any features of the original data sequence (Huang, Yang, and Tang 1979). This makes the median
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Fig. 4. The areal proportion and corresponding composition of the route length in diﬀerent LCZ classes.
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Table 3
Summary of the meteorological conditions of the days during the mobile measurement. All data shown in this table are based on the weather records
of the HKO meteorological stations (The time of sunset and sunrise during the survey dates are approximate 6:00 and 19:00. Run No.12 was a
supplemental measurement because there was an instrumental error during the evening run on 27 Oct 2016. As shown in the table, the weather
conditions of these two dates were similar).
Run no.

Date

Time period

Routes

Air temp. (Ta, °C)

Relative humidity (RH, %)

Mean wind speed
(v, m/s)

Sky condition
(Oktas)

1
2
3
4
5
6
7
8
9
10
11
12

17-Jul-16
23-Jul-16
23-Jul-16
24-Aug-16
24-Aug-16
24-Aug-16
25-Aug-16
25-Aug-16
25-Aug-16
27-Oct-16
27-Oct-16
15-Aug-17

09:00–11:00
14:00–16:00
19:00–21:00
09:00–11:00
14:00–16:00
19:00–21:00
09:00–11:00
14:00–16:00
19:00–21:00
09:00–11:00
14:00–16:00
19:00–21:00

Route-1
Route-1
Route-1
Route-1
Route-1
Route-1
Route-1
Route-1
Route-1
Route-2
Route-2
Route-2

30.5–31.4
32.1–32.4
30.1–30.4
29.8–31.3
33.0–33.3
29.4–29.9
29.9–31.4
33.9–34.3
30.0–30.4
28.9–29.7
32.6–34.0
29.3–30.0

71–77
64–66
75–77
65–70
60–63
75–81
72–78
63–64
75–78
73–81
59–65
73–75

2.8
3.8
0.6
1.9
3.5
3.5
2.2
3.4
1.3
1.9
3.0
1.4

3
3
3
4
3
3
4
2
2
5
2
2

ﬁlter a suitable method for processing the mobile measurement data with inherent spatial characteristics. A general 1-D median ﬁlter
is shown as follows:


x (n) = median [y (n − T ),…, y (n − 1), y (n), y (n + 1),…, y (n + T )]

(1)

x (n) was calculated within a moving window with the size of W = 2T + 1. The spikes within the range of the
where the median 
moving window were detected by re-sorting the data in the moving window and the out-of-range values were replaced by the
x (n) . The moving window W slid along the entire data sequence to eliminate all suspected spikes. To determine an
calculated median 
appropriate W for the median ﬁlter of the mobile measurement data, all data were imported into GIS for semivariogram (γ )̂ modelling. γ ̂ is deﬁned as a function of distance and shown as the following equation (O'Sullivan and Unwin 2014):

γ ̂=

1
2n (d)

∑

(Tai − Taj )2
(2)

si − sj = d

All spatially distributed mobile measurement data points were paired (si and sj). d is the distance between the two points of each
pair. Tai and Taj are the observed Ta at si and sj. n(d) is the total number of the pairs of all spatial points. As a function of d, the value of
the semivariogram continues to increase until a certain limit [usually deﬁned as a value of 95% of the sill, σ(0)] at a certain distance
of d = r. The r can be identiﬁed by ﬁtting a semivariogram curve using ordinary least squares (OLS). The number of the data points in
a corresponding circular area (with a diameter = r) was used as the size W of the moving window in the median ﬁltering of the data
sequence. At the end of the above process, the unwanted data spikes caused by the random impacts were removed.
After the above preprocessing, all data were mapped in GIS combined with the GIS- and WUDAPT-based LCZ classiﬁcation maps
for further analysis. The present study concerns two kinds of diﬀerences/variations in Ta – diﬀerences between diﬀerent LCZ classes
(ΔTa, LCZ X−LCZ Y) and the intra-LCZ variability (σTa, LCZ X). The ΔTa, LCZ X−LCZ Y is deﬁned as:

∆Ta,

LCZ X − LCZ Y

= |Ta, LCZ X − Ta, LCZ Y |

(3)

where ΔTa, LCZ X−LCZ Y is the absolute diﬀerence of averaged Ta between LCZ X and LCZ Y. Ta, LCZ X and Ta, LCZ Y are the mean of the
measured Ta in LCZ X and LCZ Y respectively. The Ta, LCZ X is deﬁned as:

Ta, LCZ X =

1
n

n

∑i =1

Ta, LCZ X i

(4)

where n is the total number of all Ta data points measured in all area of the LCZ X. Ta, LCZ Xi is the measured value of Ta at the location
i on the mobile measurement route. The σTa, LCZ X is deﬁned as:

σTa,

LCZ X

=

1
n

n

∑i =1 (Ta,LCZ X i − Ta,LCZ X )2

(5)

where σTa, LCZ X is the standard deviation of all Ta data points measured in LCZ X. A one-way analysis was performed for the
processed Ta dataset mentioned earlier in this section by diﬀerent LCZ classes. For the data of each LCZ class, the Analysis of Variance
(ANOVA) test and Student's t-test were performed to compare the average air temperatures in diﬀerent LCZ classes (Ta, LCZ X , Ta, LCZ Y ,
etc.). The above tests were also used to determine if there is any signiﬁcant diﬀerence in the average air temperatures among LCZ
classes (at a signiﬁcant level of α = 0.05).
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Fig. 5. The spatial variation of measured screen-level Ta and RH along the two measurement routes during daytime and nighttime. (Fig. S1-S3 in the
Supplementary material show the enlarged plots of the Ta panels).

3. Results
3.1. Mobile measurement data analysis results
The spatial variation of measured screen-level Ta and RH along the two measurement routes during daytime and nighttime is
plotted in Fig. 5. There were three time slots. The measurement periods of 9:00–11:00 and 14:00–16:00 were combined to represent
daytime conditions; the period of 19:00–21:00 was used to reﬂect nighttime conditions. A considerable air temperature diﬀerence
between high-density urban built-up area (LCZs 1 to 6) and other LCZ classes was observed. The highest temperature was observed in
the high-density downtown area of Kowloon (mainly LCZ 1, LCZ 4. The bottom left part of the route map, near the HKO and KP
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Fig. 6. The resultant semivariogram model and the ﬁtted curve based on the mobile measurement Ta data. The semivariogram reached 95% of the
upper limit (the sill, σ(0)) at a distance of 342.31 m.

weather stations). Relatively higher temperatures also appear in the Shatin new town in the New Territories (mainly LCZ4, close to
the SHA weather station).
Fig. 6 shows the resultant semivariogram model and ﬁtted curve based on the mobile measurement Ta data. The semivariogram
reached 95% of the upper limit (the sill, σ(0)) at a distance of approximately 340 m. Therefore, this spatial scale was identiﬁed as an
appropriate spatial scale to calculate the size of the moving window for the median ﬁltering. The size of the moving window was
determined to be 30 (because it takes an average of approximately 30s to pass through a distance of 340 m during the mobile
measurement campaigns).
3.2. Air temperature diﬀerence and LCZ classiﬁcations
3.2.1. Variation in air temperature among diﬀerent LCZ classes
One-way analysis was performed for the Ta data by diﬀerent LCZ classes based on both the 300 m-resolution GIS-based LCZ map
(Fig. 7) and the 100 m-resolution WUDAPT map (Fig. 8) of Hong Kong. Both daytime and the nighttime Ta data were analyzed. For
the data of each LCZ class, an Analysis of Variance (ANOVA) test was performed to calculate the Ta, LCZ X . The Student's t-test was
performed to compare the Ta, LCZ X of diﬀerent LCZ classes (at a signiﬁcant level of α = 0.05).
A signiﬁcant diﬀerence can be found in the air temperature between built-up classes (LCZ 1 to LCZ 10) and land cover classes (LCZ
A to LCZ G) for both the GIS LCZ map and the WUDAPT map. It implies that both versions of LCZ classiﬁcations can well represent the
urban-rural contrast in screen-level air temperature. The Student's t-test results show that there are signiﬁcant Ta diﬀerences between
most of the built-up classes (LCZ 1 to LCZ 10), which indicates that both versions of LCZ classiﬁcation maps have successfully
depicted the intra-urban air temperature diﬀerence (in the built-up area). In Hong Kong, the densely populated areas largely consist
of six built-up classes, from LCZ 1 to LCZ 6 (labelled in Fig. 3). Therefore, the present study paid more attention to these six classes
due to their relevance to urban living. The ordered diﬀerence reports were prepared using the Student's t-test for the daytime and
nighttime air temperature diﬀerences based on two versions of the LCZ classiﬁcation maps. As a result, the ΔTa, LCZ X−LCZ Y of each
pair of LCZs 1 to 6 was calculated and shown in Fig. 9 and Fig. 10.
By comparing the above results of LCZ 1 to LCZ 6 (Table 4), some common ﬁndings about air temperature diﬀerences can be
summed up:
(1) LCZ 1 compact high-rise area has the highest air temperature during nighttime. It is approximately 0.9 °C higher than the LCZ 2
compact mid-rise area and 0.5–1.1 °C higher than the LCZ 4 open high-rise area. This result is similar to other cities and within
our expectation. The compactly arranged buildings in LCZ 1 slow down the night heat dissipation process.
(2) During daytime, the Ta diﬀerences between LCZ 1, LCZ 2, and LCZ 3 are commonly smaller than those during nighttime. The GISbased results show that the pattern of Ta, LCZ 1 > Ta, LCZ 2 > Ta, LCZ 3 remains unchanged across the day.
(3) ΔTa, LCZ 2−LCZ 4 and ΔTa, LCZ 2−LCZ 5 are relatively small, indicating that besides the urban morphological indicators used in the
LCZ classiﬁcation system, there are other underlying variables that have an inﬂuence on the screen-level air temperature in the
complex geographic setting of Hong Kong. These underlying inﬂuential variables include but are not limited to relief, terrain,
proximity to water bodies, rural soil moisture, sea breeze, unevenly distributed anthropogenic heat sources, and highly heterogeneous vegetation species, etc.
(4) The GIS-based results also indicate that Ta, LCZ 6 and Ta, LCZ 5 are higher than Ta, LCZ 4 and Ta, LCZ 1 during daytime. During daytime,
the total incoming solar radiation in LCZ 5 and LCZ 6 is much larger than LCZ 1 and LCZ 4 because of less shading. Similarly,
relatively high daytime air temperature is also observed in other cases (Quanz et al. 2018, Skarbit et al. 2017). It should be noted
that, the situation could vary between diﬀerent cities. It is highly dependent on their individual latitudes (which can aﬀect the
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Fig. 7. The one-way analysis result of the daytime (a) and nighttime air temperature (b) by the 300 m-resolution GIS-based LCZ classiﬁcation map.

amount of incoming solar radiation) and climate types (which can lead to diﬀerent levels of the temperature variation between
day and night), etc. The above further conﬁrms the signiﬁcance of shadings in the improvement of screen-level thermal environment under the meteorological condition of subtropical cities, such as Hong Kong.
However, the pattern of Ta, LCZ 6 / Ta, LCZ 5 > Ta, LCZ 4 / Ta, LCZ 1 does not appear in the WUDAPT-based results. It can be attributed to
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Fig. 8. The one-way analysis result of the daytime (a) and nighttime air temperature (b) by the 100 m-resolution WUDAPT method LCZ classiﬁcation map.

the fundamental diﬀerence between the two classiﬁcation methods. The GIS-based method largely depends on real morphological
features while the WUDAPT method is a workﬂow basing entirely on Landsat imagery and random forest classiﬁcation scheme (Mills
et al. 2015). In the WUDAPT method, radiation could be a signiﬁcant factor because it aﬀects the remote sensing signal in diﬀerent
spectral bands of the satellite images. Signiﬁcant diﬀerences have been observed between GIS and WUDAPT results in the Ta of LCZ 6
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Fig. 9. The ordered diﬀerence reports of the daytime and nighttime air temperature by the 300 m-resolution GIS-based LCZ classiﬁcation.
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Fig. 10. The ordered diﬀerence reports of the daytime and nighttime air temperature by the 100 m-resolution WUDAPT method LCZ classiﬁcation.
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Table 4
Summary of the pattern of air temperature diﬀerences among LCZs 1 to 6 based on the GIS-300 m and WUDAPT-100 m versions of the LCZ
classiﬁcation map of Hong Kong.
LCZ classiﬁcation

Daytime/nighttime

GIS-300 m

Daytime

Ta, LCZ 6 > Ta, LCZ 5 > Ta, LCZ 1 > Ta, LCZ 4 ≈ Ta, LCZ 2 > Ta, LCZ 3

GIS-300 m

Nighttime

Ta, LCZ 1 > Ta, LCZ 6 > Ta, LCZ 5 > Ta, LCZ 4 > Ta, LCZ 2 > Ta, LCZ 3

WUDAPT-100 m

Daytime

Ta, LCZ 3 > Ta, LCZ 1 > Ta, LCZ 4 > Ta, LCZ 5 > Ta, LCZ 2 > Ta, LCZ 6

WUDAPT-100 m

Nighttime

Ta, LCZ 1 > Ta, LCZ 3 > Ta, LCZ 2 ≈ Ta, LCZ 5 > Ta, LCZ 4 > Ta, LCZ 6

a

Summary of the pattern of air temperature diﬀerences among LCZs 1 to 6

a

Ta, LCZ X > Ta, LCZ Y indicates that the air temperature in LCZ X is signiﬁcantly diﬀerent from LCZ Y (higher). Ta, LCZ X ≈ Ta, LCZ Y indicates that no

statistically signiﬁcant air temperature diﬀerence was found between LCZ X and LCZ Y.

in both daytime and nighttime. The Ta of WUDAPT LCZ 6 is much lower than GIS LCZ 6 because many sparsely-built villages (LCZ 9
sites in the GIS-based LCZ map) with a low Ta in the coastal area of Sai Kung were mistaken as LCZ 6 by the WUDAPT classiﬁcation.
There are also noticeable diﬀerences in the nighttime Ta of LCZ 3 because many open low-rise areas (LCZ 6 sites in the GIS-based LCZ
map) were identiﬁed as the LCZ 3 by the WUDAPT classiﬁcation. The above observation implies that the criteria for the determination of the compactness of low-rise areas should be further reﬁned in WUDAPT. In other words, it is important to diﬀerentiate
between “compact” and “open” more accurately. The pattern of Ta in LCZ7 - LCZ9 is not stable because the areas of these LCZ classes
are extremely small in Hong Kong (as mentioned earlier in Section 2.2.1).
3.2.2. Intra-LCZ variability
The σTa, LCZ X of each LCZ class was calculated (Table 5). The results show that all daytime σTa, LCZ X are approximately two
times larger than nighttime, because of the inﬂuence of solar radiation. To be more speciﬁc, even in a high-density urban context with
a homogeneous morphological form, the incoming shortwave solar radiation is still unevenly distributed at diﬀerent locations due to
the complicated shading of the densely constructed building clusters. It further leads to considerable spatial variability in screen-level
air temperatures. The above spatial variabilities have been observed in the urban context of Hong Kong in a previous study (Shi et al.
2015). In that study, the spatial distribution of daytime screen-level air temperature was separately measured in the two study areas
of Tsim Sha Tsui, Kowloon (mainly LCZ 1) and Tai Po, New Territories (LCZ 5 and LCZ 2). A range (measured as the Ta, max, LCZ
X − Ta, min, LCZ X) of up to 2 °C was measured in both study areas (Fig. 11). Moreover, the pattern of σTa, LCZ 1 > σTa, LCZ 2 > σTa,
LCZ 3 does not change across daytime and nighttime, which further proves the inﬂuence of the shading eﬀect of high-rise buildings on
the intra-LCZ variability of screen-level air temperature.
By comparing the σTa, LCZ X (LCZ 1 to LCZ 6) calculated based on the two diﬀerent versions of LCZ classiﬁcation maps, it was
found that the GIS-300 m version of LCZ classiﬁcation map produced a much smaller σTa, LCZ 3, σTa, LCZ 6 than the WUDAPT-100 m
version (almost 50% smaller). The smaller σTa, LCZ X in low-rise building areas indicates that the GIS-based LCZ classiﬁcation method
provides a more accurate classiﬁcation for these areas than WUDAPT. The reason is that the GIS-based method involves a large
amount of precise building data from surveying. Such data are not used in the current WUDAPT method. However, it was also found
that both the GIS-300 m and WUDAPT-100 m LCZ classiﬁcation maps produce a relatively large σTa, LCZ 1, σTa, LCZ 4 of 1.8–2.0 °C
and a σTa, LCZ 2, σTa, LCZ 5 of 1.3–2.0 °C. The above σTa, LCZ X is already larger than many of the ΔTa, LCZ X−LCZ Y (refers to the Fig. 9
and Fig. 10). The results of σTa, LCZ X > ΔTa, LCZ X−LCZ Y reveal that there are still other inﬂuential variables of screen-level air
temperature that are not being considered in the current two versions of LCZ classiﬁcation maps of Hong Kong (as indicated, for
example, the unevenly distributed anthropogenic heat sources, heterogeneous vegetation species, and inﬂuence of incoming solar
radiation). It has been clearly identiﬁed that the dominant microclimate impact factors are diﬀerent across LCZ sites (Shi et al. 2015).
Taking the two LCZ sample sites shown in Fig. 11 as an example, we identiﬁed that the dominant eﬀect of air temperature in the Tsim
Sha Tsui site (LCZ 1) was building morphology (measured as SVF). In contrast, urban greening and the surrounding vegetated
mountainous topography were more inﬂuential in the air temperature in the Tai Po site (LCZ 2 and LCZ 5). Therefore, the eﬀects of
complex terrain, relief, water bodies, soil moisture, etc. are also parts of the inﬂuencing factors of the observed intra-LCZ variability
of air temperature of Hong Kong. A similar micro-scale variability of air temperature was also observed in other cases (Quanz et al.
Table 5
Summary of the intra-LCZ variability of air temperature (σTa,
the LCZ classiﬁcation map of Hong Kong.
LCZ Class
(LCZ 1 to LCZ 6)

LCZ
LCZ
LCZ
LCZ
LCZ
LCZ

01
02
03
04
05
06

Compact High-rise
Compact Mid-rise
Compact Low-rise
Open High-rise
Open Mid-rise
Open Low-rise

Indicator (°C)

σTa,
σTa,
σTa,
σTa,
σTa,
σTa,

LCZ 1
LCZ 2
LCZ 3
LCZ 4
LCZ 5
LCZ 6

LCZ X,

o

C) in LCZ 1 to LCZ 6 based on the GIS-300 m and WUDAPT-100 m versions of

GIS-300 m version

WUDAPT-100 m version

Daytime

Nighttime

Daytime

Nighttime

1.89
1.31
0.66
1.97
1.45
0.75

0.79
0.88
0.31
0.81
0.61
0.49

1.74
0.82
1.19
2.02
2.05
1.49

0.90
1.00
0.66
1.00
1.06
0.41
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Fig. 11. The daytime screen-level air temperature in the two study areas respectively. Modiﬁed from Shi et al. (2015).

2018). They need to be taken into consideration in further LCZ/WUDAPT urban climate research.
3.2.3. Inﬂuencing building morphological factors of air temperature
It has been found that building morphology has a considerable inﬂuence on the intraurban spatial variability of air temperature,
especially in the high-density urban context of Hong Kong (Shi, Katzschner, and Ng 2018). In the present study, a multivariate
analysis was performed in order to identify the most important building morphological factors of the intraurban variability of air
temperature. To be more speciﬁc, a series of correlation analysis between the site-averaged daytime/nighttime air temperature and
the three building morphological factors - λb, Zh, Ψsvf (adopted in the LCZ classiﬁcation process of this study; Section 2.2.1) were
conducted. The results (Table 6) show that both the Zh and Ψsvf have a signiﬁcant correlation with site averaged temperature. The
inﬂuence of building morphology on air temperature is even stronger during nighttime. The inﬂuence of Ψsvf on the urban air
temperature diﬀerences has been indicated by local researchers (Chen et al. 2012), and further validated by the LCZ scheme and
mobile measurement data in this study.
4. Discussion and conclusions
4.1. GIS-based method and WUDAPT method of LCZ classiﬁcation in the high-density urban scenario
The LCZ classiﬁcation mapping study of Hong Kong is one of the ﬁrst applications of the LCZ system in such an extremely compact
and high-density urban scenario under the subtropical climatic condition. It has been reported by some researchers that the LCZ
scheme is not always suitable for the Asian cities due to their unique urban contexts and the combination of land-use and building
morphology. They commented that the criteria should be slightly modiﬁed to adapt to the local context (Kotharkar and Bagade
2017). However, the above concern does not seem to materialize in the present study. Although the built-up areas of Hong Kong are
extremely dense, the standard morphological values of LCZ classes proposed by Stewart and Oke (2012) were strictly followed during
the classiﬁcation process. In the present study, no modiﬁcation was made to the classiﬁcation criteria. However, there are still certain
advantages and disadvantages of using the two LCZ mapping methods. Table 7 provides a brief discussion about the limitation and
potential of the two methods for future urban climate studies. It could be expected that a combination of both methods would provide
a more robust and accurate LCZ classiﬁcation/map for further urban climatic research.
4.2. Evaluating the current LCZ/WUDAPT mappings of Hong Kong by mobile measurement
The current LCZ/WUDAPT mappings in Hong Kong were evaluated by mobile measurement campaigns. Signiﬁcant variations in
air temperature between diﬀerent LCZ classes were observed. In the present study, the mobile measurement campaigns have
overcome the monitoring gaps of sparsely distributed ﬁxed weather stations and provide more comprehensive spatial information of
screen-level air temperature at a ﬁner spatial scale. By investigating the actual measured data from the mobile measurement, this
study illustrates that both the urban-rural contrast and diﬀerences in screen-level air temperature between LCZ classes can be appropriately depicted for Hong Kong by using the current LCZ maps (both the GIS-300 m and WUDAPT-100 m versions). The study
results evaluate the usefulness of the LCZ classiﬁcation mapping for Hong Kong in delivering reliable data to urban climate
Table 6
The Pearson Correlation Coeﬃcient (R) between the LCZ site-averaged air temperature and building morphological parameters.

Daytime air temperature (Ta, daytime)
Nighttime air temperature (Ta, nighttime)

Building surface fraction (λb)

Building height (Zh)

Sky view factor (Ψsvf)

0.14
0.33

0.34
0.48

−0.33
−0.47
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Table 7
A brief summary of the advantages and disadvantages of GIS-based and WUDAPT method for LCZ classiﬁcation mapping in high-density urban
scenario.

Input data requirement

Classiﬁcation Criteria/
Procedure

Spatial resolution of outputs

The accuracy of the
classiﬁcation results

Potential applications

GIS-based Method

WUDAPT Method

This method has a high requirement for the input datasets. It
requires comprehensive and high-quality urban land use and
building surveying datasets from local authorities, which
might not always be available.
Diﬀerent cities may have diﬀerent classiﬁcation criteria/
procedures, depending on their own reality of urban scenario
and data availability. In some cases, the original LCZ scheme
has to be slightly modiﬁed/adjusted based on the local context
in order to avoid “unclassiﬁed areas”.

All required data, software and generated results of WUDAPT
are free and can be publicly accessed. It makes this method
work well with the lack of precise urban morphology data.
The feasibility of this method is high.
The WUDAPT method strictly follows a standardized working
procedure for data collection and data processing. The method
takes the advantages of machine-learning and remote-sensing
technology. The whole working procedure ensures a high
working eﬃciency and makes the automation process
possible.
A uniﬁed global standard spatial resolution – 100 m was used,
which could be a big advantage in the integration/collation of
the LCZ data from diﬀerent cities/regions. It is also an ideal
data platform for intercity cross comparison studies and other
worldwide collaboration research.

The spatial resolution of the resultant GIS-based LCZ maps
usually ranges from 200 m to 500 m depending on the local
context/situations. Sensitivity tests are usually required to
determine a suitable resultant spatial resolution. The spatial
resolution of 200–500 m for the GIS method is a suitable scale
for local climate studies.
High accuracy could be expected because the method takes full
advantages of the accurate, comprehensive and detailed urban
datasets from local authorities. The standard values proposed
by the LCZ scheme and the application of GIS produce more
objective and robust results. At the district level, the GIS-based
method detects more urban form details than the WUDAPT
method. The GIS results are more detailed/accurate than the
WUDAPT results in investigating urban built-up areas (LCZs 1
to 6).
Urban planning/design optimization; Site selection for UHI
and microscale urban climate/thermal comfort studies. Etc.

The accuracy of the resultant classiﬁcation highly depends on
the selection of training samples. The subjective artiﬁcial
visual interpretation method may introduce certain biases/
errors to the classiﬁcation results. Well-trained experts with a
good understanding of local urban context must be involved to
ensure the classiﬁcation accuracy. However, the WUDAPT
method classiﬁes land cover types more accurately because it
employs remote-sensing technology.
Enhanced Input dataset for improving the mesoscale and
region scale weather forecast and climatic modelling. Etc.

researchers as well as local planners and architects. By classifying the urban morphological variables, land use, and surface properties
that directly inﬂuence the spatial variability of screen-level air temperature (such as building height, ground coverage ratio, sky view
factors, and the fraction of vegetation), the two current LCZ maps are readily applicable for further local urban climate research.
4.3. Limitations
The eﬀects of atmospheric mixing could vary under diﬀerent synoptic types. There are only a limited number of the measurements
in the present study, and more measurement campaigns should be conducted to cover diﬀerent weather/synoptic types of Hong Kong.
In addition, it needs to be recognized that the eﬀects of complex terrain, relief, water bodies, soil moisture, etc. are also parts of the
inﬂuencing factors of the observed inter- and intra-LCZ variability of air temperature of Hong Kong. However, the heterogeneous and
complex geography of Hong Kong means that the above eﬀects vary from site to site. Hence, they are diﬃcult to be fully investigated
in one single study. Further investigations need to be conducted by selecting locally representative sites within the LCZ classes such as
what has been done by Bokwa et al. (2015). Last but not the least, the current study still focusses on the LCZ/WUDAPT mapping.
Therefore, the priority was given to the spatial coverage of the measurement data. In order to improve the representativeness of the
data, follow-up work should also focus on improving the mobile measurement and data extraction methods.
4.4. Future work - dealing with the intra-LCZ variability
The intra-LCZ variability caused by the high-density heterogeneous urban environment was observed by this study, especially in
LCZ 1 to LCZ 6. It implies that further reﬁnement of the classiﬁcation method/mapping procedure is necessary to improve the
classiﬁcation accuracy for both the GIS-based and WUDAPT methods. Bokwa et al. (2015) have conducted an in-depth study on the
investigation of the inﬂuence of relief on the urban air temperature. Similar investigations are highly necessary in Hong Kong. In the
future, WUDAPT level 1 & 2 data should be considered, since they can provide complete coverage of the urban landscape and include
information of individual building elements and features (Xu et al. 2017).
Intra-LCZ variability is also important to urban planning and design because environmental diversity is an important element in
improving the environmental quality of urban areas. A diverse urban environment provides a wide range of thermal environments
that accommodate diﬀerent needs of urban dwellers (Lau, Lindberg, et al. 2015a, b). It also allows for a wider choice of planning
measures to mitigate the heat island eﬀect. Therefore, future work should focus on the interpretation of the classiﬁcation maps based
on the underlying inﬂuential variables of screen-level air temperature mentioned above. Further adjustments and reﬁnements based
on the unique local situation/context could provide better information/reference for future urban climate studies. Considering the
aforementioned limitations of the present study, future work should also focus on the improvement of the mobile measurement
method and extraction of reliable and representative temperature data.
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