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Highlight

e Screen-level air temperature were investigated via mobile measurements.

e Two LCZ maps of Hong Kong were evaluated using the measured air temperature data.
e Considerable temperature differences (0.5-2.5°C) were observed between LCZ classes.
e The applicability of LCZ in high-density heterogeneous urban contexts was confirmed.

e Intra-LCZ air temperature differences (up to 2 °C) in LCZs 1 to 6 were observed.
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Abstract

Urban heat island (UHI) has been identified as a threat to urban living quality in the context
of climate change. As awareness of the impacts of urban expansion on local climate increases,
urban planners/decision makers attempt to incorporate climatic considerations into the
planning process. An increasingly-used urban climatic analysis scheme— Local Climate
Zone (LCZ) classification— has been applied in Hong Kong, a high-density city with
heterogeneous an urban environment. This study aims to evaluate the LCZ mapping in such a
unique urban context using in-situ air temperature data. The fine-scale spatial variation of the
daytime and nighttime screen-level air temperatures was investigated via mobile
measurements during the summertime of 2016. The measured data were collated in
Geographic Information System (GIS) based on the current LCZ maps. Statistically
significant air temperature differences were observed between most LCZ classes, which
confirm the veracity of LCZ in high-density heterogeneous urban contexts. Higher
uncertainties in the site-averaged air temperature and considerable intra-LCZ air temperature
differences in LCZs 1 to 6 were observed. It indicates that the current LCZ procedures of
Hong Kong can be further refined for a better understanding of the climatic heterogeneity in

densely built urban areas.

Keywords: urban heat island; Local Climate Zone (LCZ); World Urban Database and Access

Portal Tools (WUDAPT); mobile measurement; high-density city; Hong Kong
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1. Introduction

Extreme weather events, such as heat waves, are becoming more frequent and intense amid
climate change (IPCC 2014). Such trend will have a tremendous effect on health
(McMichael, Woodruff, and Hales 2006, WHO 2003), particularly in highly urbanized and
sprawling cities (Stone, Hess, and Frumkin 2010). Furthermore, due to the Urban Heat Island
(UHI) phenomenon in highly urbanized areas, the impact of heat wave could be further
intensified (Tan et al. 2010). As one of the densest and most populated cities in the world,
Hong Kong is particularly susceptible to severe heat-related health consequences (Chan et al.
2012). Traditionally, the UHI intensity is described as the air temperature difference between
the urban area and its surrounding rural areas (Rizwan, Dennis, and Liu 2008). However,
under a heterogeneous urban context, this definition is inadequate to depict the intra-urban
differences in air temperature between different districts in a large city (Chen et al. 2012,

Stewart and Oke 2012, Oke 2004, Lowry 1977).

Urban form is closely related to the urban climate (Eliasson 1990). The forms of urban
planning and development are influential 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
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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

Table 1.

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
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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 300m) for Hong Kong—a high-density large city with a highly
heterogeneous urban environment (Zheng et al. 2017). 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 100m (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. (2017). 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 Figure 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
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and continuously improved 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, Simeghy, 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 and Kuttler 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 mid-density 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
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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 G1S-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.
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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. Figure 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. More than 70% of land (measuring approximately 1100
km?) 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 self-sustained in nature. As such, land utilization is characterized by the diverse
nature. In addition, the large population requires a high-density 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 (Figure 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. 2017):

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
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on the industrial land use type, and LCZ 1 to LCZ 9 were quantitatively differentiated based
on three building morphological factors - building surface fraction (4,,, [0-1]), building height
(Zp, unit: m), and sky view factor (¥, s, [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 4,, Zj,
terrain roughness class. Instead of including all morphological factors, only three key factors
were used as parameters for the LCZ classification in this study. For example, ¥, is
essentially correlated with H/W (Oke 1981). Moreover, it has been tested that the ¥, 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, ¥, 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 (zo > 2)”’] (Ng et al. 2011).
Therefore, we used Z,, for the classification. All building morphological factors were

calculated and mapped at a spatial resolution of 200m.

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 Figure 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 300m— 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-
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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 km? and 1.08 km?).

Table 1. Criteria for GI1S-based classification of LCZs in Hong Kong. Values for LCZs 1t0 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. 2017).

LCZ Classes Criteria of Classification

LCZ 1-Compact High-rise 04<A,<06and Z, > 25

LCZ 2-Compact Mid-rise 04<1,<07and10<Z, <25

LCZ 3-Compact Low-rise 04<1,<07and3<Z, <10

LCZ 4-Open High-rise 0.2<A,<04andZ, > 25

LCZ 5-Open Mid-rise 02<1,<04and10<Z, <25

LCZ 6-Open Low-rise 02<2,<04,3<Z,<10

LCZ 7-Lightweight Low-rise | 0.6<4,<0.9,2<Z;, <4,02<¥,r <05

LCZ 8-Large Low-rise 0.3<2,<05,3<Z7, <10, ¥, >0.7

LCZ 9-Sparsely Built 01<2,<0.2,3<Z,<10,¥,,>08

LCZ 10-Heavy Industry LU/LC = Industrial Land

LCZ A-Dense Trees LU/LC = Woodland

LCZ B-Scattered Trees (LCZ A/B were combined due to the lack of information on wood species.)
LCZ C-Bush, Scrub LU/LC = Shrub Land

LCZ D-Low Plants LU/LC = Agricultural Land

LCZ E-Bare Rock or Paved LU/LC = Roads, Railway, Airport, Quarries, Rocky Shore

LCZ F-Bare Soil or Sand LU/LC = Badland, Vacant Development Land/Construction in Progress
LCZ G-Water LU/LC = Reservoirs, Streams and Nullahs

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

10



OCoO~NOUITAWNE

features/patterns contained by the training samples. As a result, the WUDAPT level 0 map at

a finer spatial resolution of 100m was produced (Figure 1-d).

(b) A zoomed-in image of Ko
area showing the diversity and
heterogeneity of the land use/lan
cover pattern.

LCZ classes Legend
I Lc2 1-compact highvrise [0 LCZ 6-open low-ise [ Lz C-scrublbush
I Lc2 2-compact mideise [ | LCZ 8-large low rise [ ] ez low plants
I Lc23-compact low-rise || LCZ S-sparsely built I L E-bere rockipaved
[ ccz4-openhigh-rise [ LCZ 10-heavy industry [ ] ez F-tare soilsand
B cz5openmivrise [l LOZ A/B-densescattered tress [ LCZ G-water

Shenzhen City
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(c) GIS-based LCZ classification map 5 * HongRong ] | (c) WUDAPT method classification map 5 " Hong Kong Isfand

Figure 1. The satellite images - (a) and (b), current GIS-based LCZ map (c) (Zheng et al.

2017), and WUDAPT map (d) (Wang et al. 2017) of Hong Kong.

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 (Figure 2 and

11
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Table 2). The air temperature (T,, °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 Probe @ 12 mm. The geographical position of each measurement
was simultaneously recorded with a Garmin™ GPS Map 62s 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.

= i TESTO™ 480

| 2 Thermometers & Humidity & Temperature
- Probe @ 12 mm

| Total Height:2.40m

Video Camera (Inside)

Garmin GPS Map 62s
Handheld Navigator (Inside)

3.90m

"~ 170m
(a) The diagrammatic sketch of /

s - (b) A picture of the equipment set
the mobile measurement platform. ~__ < on the top of the vehicle.

Figure 2. The mobile measurement platform.
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Table 2. Summary of measurement equipment installed on the mobile measurement platform.

Installed Instruments Measured Measuring Accuracy of the  Data Category
Parameter Interval Instruments
TESTO™ 480 Air temperature 1s (1Hz T,: +0.3 °C Meteorological
Thermometers & Humidity ° ; frequency- data
and Temperature Probe @ (rrlj’rnicd?tf(ilei:a?/ov)e measurement) (-20 to +70 °C)
12 mm ’ RH: £2 %
(2 to 98 %)
Garmin™ GPS Map 62s Latitude, 1s (1Hz Error within GPS data
Handheld Navigator Longitude, Altitude frequency- +3.7m (12Feet)
measurement)
Video Camera Driving video 30FPS N.A. Referential
records video records

2.3.2. Protocols of the Mobile Measurement Campaigns

Two measurement routes with a total length of approximately 90km were designed to cover a
broad range of LCZ sites (Figure 3). The length of route-1 was 35km, and route-2 was 55km.
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 (Figure 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 24m. Most of the built-up areas is below the
elevation of 60m. See Figure 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 10m to 60m without steep slopes. Moreover, most parts of the routes were far
from the coastline with a distance of larger than 1000m. The few road segments closer to the
coastline were approximately 100m to 200m 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 hours. This time limit was set to minimize the spatial uncertainties in the data

introduced by changes in the background weather conditions.

13
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Figure 3. The two routes designed for the mobile measurement of the screen-level air

temperature in different LCZ classes of Hong Kong.
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Area/Length Proportion

._
W
2
S

= GIS300m_Area

= GIS300m_Length
WUDAPT100m_Arca
WUDAPT100m_ILength

LCZ Classes (LCZA-G)

Figure 4. The areal proportion and corresponding composition of the route length in

different LCZ classes.

A total of 12 runs of the mobile measurement were completed under the typical hot weather

condition of Hong Kong (Table 3). The T, and RH of the days for measurement

14
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approximately ranged from 29°Cto 34°Cand 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.

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 | Date Time Period Routes Air Relative Mean Wind | Sky
No. Temp. Humidity | Speed Condition
(Ta, °Q (RH, %) (v, m/s) (Oktas)
1| 17-Jul-16 09:00-11:00 Route-1 30.5-31.4 | 71-77 28 |3
2 | 23-Jul-16 14:00-16:00 Route-1 | 32.1-32.4 | 64-66 383
3 | 23-Jul-16 19:00-21:00 Route-1 | 30.1-30.4 | 75-77 06 |3
4 | 24-Aug-16 09:00-11:00 Route-1 | 29.8-31.3 | 65-70 19 | 4
5 | 24-Aug-16 14:00-16:00 Route-1 | 33.0-33.3 | 60-63 353
6 | 24-Aug-16 19:00-21:00 Route-1 | 29.4-29.9 | 75-81 353
7 | 25-Aug-16 09:00-11:00 Route-1 | 29.9-31.4 | 72-78 22 |4
8 | 25-Aug-16 14:00-16:00 Route-1 | 33.9-34.3 | 63-64 34 |2
9 | 25-Aug-16 19:00-21:00 Route-1 | 30.0-30.4 | 75-78 132
10 | 27-Oct-16 09:00-11:00 Route-2 | 28.9-29.7 | 73-81 19 |5
11 | 27-Oct-16 14:00-16:00 Route-2 | 32.6-34.0 | 59-65 302
12 | 15-Aug-17 19:00-21:00 Route-2 29.3-30.0 | 73-75 1412

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 T, 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 Figure 3, there are several HKO weather stations

15
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close to the two measurement routes. Firstly, a 1Hz-temporally resolved linear trend was
generated to represent the background weather changes at each station during each
measurement run. Then, the 1Hz frequency-measured data points of T, 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 1Hz-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 > 60km 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 T, observations (with a T, > 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 T, < 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.

16
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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 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)] Eqg. 1

where the median X(n) was calculated within a moving window with the size of W = 2T + 1.
The spikes within the range of the moving window were detected by re-sorting the data in the
moving window and the out-of-range values were replaced by the calculated median x(n).
The moving window W slid along the entire data sequence to eliminate all suspected spikes.
To determine an appropriate W for the median filter of the mobile measurement data, all data
were imported into GIS for semivariogram () modelling. ¥ is defined as a function of

distance and shown as the following equation (O'Sullivan and Unwin 2014):

L1 2
@ d(Tai ~Ta) Eq. 2

Si—S]'=

All spatially distributed mobile measurement data points were paired (s; and s;). d is the
distance between the two points of each pair. T,; and T, are the observed T, at s; and s;.
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, a(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.
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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 T, — differences between different LCZ classes

(ATg 1cz x-1czy) and the intra-LCZ variability (0T, 1cz x). The AT, 1cz x—1cz v 1S defined as:

ATq ez x-1czy = |Ta,LCZX - Ta,LCZYl Eg. 3

where AT, ¢z x—1cz v 1S the absolute difference of averaged T, between LCZ X and LCZ Y.

Tq1czx and Ty 1oz y are the mean of the measured T, in LCZ X and LCZ Y respectively. The

Tq1cz x 1s defined as:

1 n
Tarczx = ;Z 1Ta,LCZXi Eq. 4
1=

where n is the total number of all T, data points measured in all area of the LCZ X. T, ;¢ X;

is the measured value of T, at the location i on the mobile measurement route. The 6T, ;cz x

is defined as:

T = l " T — 2 Eq. 5
OlaLczx nla: 1( a,LCZX; aLczX)
1=

where 0T, ;7 x IS the standard deviation of all T, data points measured in LCZ X. A one-way
analysis was performed for the processed T, 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 (T, 1cz x» TaLcz v, €1C.). 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 a = 0.05).
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3. Results

3.1. Mobile Measurement Data Analysis Results

The spatial variation of measured screen-level T, and RH along the two measurement routes
during daytime and nighttime is plotted in Figure 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 weather stations). Relatively higher temperatures also appear in

the Shatin new town in the New Territories (mainly LCZ4, close to the SHA weather station).
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Figure 5. The spatial variation of measured screen-level T, and RH along the two
measurement routes during daytime and nighttime. (Figure S1-S3 in the supplementary

material show the enlarged plots of the T, panels).
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Figure 6 shows the resultant semivariogram model and fitted curve based on the mobile
measurement T, data. The semivariogram reached 95% of the upper limit (the sill, a(0)) ata
distance of approximately 340m. 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 340m during the mobile measurement campaigns).

430
3.82 - . B
3.34 5otk :
287
239
1.91
1.43
0.96
048
0

134 269 403 537 672 806 940 1074 1209 1343

d (meter
=Modecl curve -« Binned + Averaged ( )

Model: 1.363*Nugget + 1.961*Stable(342.310,0.491)

Figure 6. The resultant semivariogram model and the fitted curve based on the mobile
measurement T, data. The semivariogram reached 95% of the upper limit (the sill, 6(0)) at a

distance of 342.31m.
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 T, data by different LCZ classes based on both the
300m-resolution GIS-based LCZ map (Figure 7) and the 100m-resolution WUDAPT map
(Figure 8) of Hong Kong. Both daytime and the nighttime T, data were analyzed. For the data
of each LCZ class, an Analysis of Variance (ANOVA) test was performed to calculate the
Tacz x- The Student’s t test was performed to compare the T, ;¢ x of different LCZ classes
(at a significant level of a. = 0.05).
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Figure 7. The one-way analysis result of the daytime (a) and nighttime air temperature (b) by

the 300m-resolution GIS-based LCZ classification map.
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Figure 8. The one-way analysis result of the daytime (a) and nighttime air temperature (b) by

the 100m-resolution WUDAPT method LCZ classification map.

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
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there are significant T, 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
Figure 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 AT, ;cz x—1cz v Of each pair of LCZs 1 to 6 was

calculated and shown in Figure 9 and Figure 10.

Ordered Differences Report Comparisons for each pair using Student'’s t

Daytime Air Temperature ( C) / GIS-300m

Level - Level Difference Std Err Dif LowerCL  Upper CL p-Value
LCZ 06_Open Low-rise LCZ 03_Compact Low-rise 1.75 0.116 153 198 <0001~
LCZ 05_Open Mid-rise LCZ 03_Compact Low-rise 1.22 0.105 1.02 143 <0001 *
LCZ 01_Compact High-rise LCZ 03_Compact Low-rise 1.04 0.099 0.84 1.23 <0001 ¢
LCZ 04_Open High-rise LCZ 03_Compact Low-rise 0.92 0.099 0.73 112 <0001 *
LCZ 06_Open Low-rise LCZ 02_Compact Mid-rise 0.88 0.081 072 1.04 <0001 ¢
LCZ 02_Compact Mid-rise  LCZ 03_Compact Low-rise 0.87 0111 0.66 1.09 <0001~
LCZ 06_Open Low-rise LCZ 04_Open High-rise 0.83 0.064 0.70 0.95 <0001 *
LCZ 06_Open Low-rise LCZ 01_Compact High-rise 0.71 0.064 0.59 084 <0001 *
LCZ 06_Open Low-rise LCZ 05_Open Mid-rise 0.53 0.074 0.38 0.67 <.0001
LCZ 05_Open Mid-rise LCZ 02_Compact Mid-rise 0.35 0.066 0.22 048 <.00071 *
LCZ 05_Open Mid-rise LCZ 04_Open High-rise 0.30 0.043 022 0.38 <0007 *
LCZ 05_Open Mid-rise LCZ 01_Compact High-rise 0.18 0.043 0.10 0.27 <0001 *
LCZ 01_Compact High-rise LCZ 02_Compact Mid-rise 0.17 0.054 0.06 027 00023 *
LCZ 01_Compact High-rise  LCZ 04_Open High-rise 012 0.022 0.07 016 <0001 *
LCZ 04_Open High-rise LCZ 02_Compact Mid-rise 0.05 0.055 -0.06 016 0.3641

Nighttime Air Temperature (C) / GIS-300m

Level - Level Difference 5td Err Dif LowerCL  Upper CL p-Value
LCZ 01_Compact High-rise LCZ 03_Compact Low-rise 2.50 0.062 2.38 2,62 <0007 *
LCZ 06_Open Low-rise LCZ 03_Compact Low-rise 2.26 0.073 2.11 240 <0007 ¢
LCZ 05_Open Mid-rise LCZ 03_Compact Low-rise 211 0.067 198 2.24 <0001 *
LCZ 04_Open High-rise LCZ 03_Compact Low-rise 1.98 0.062 1.86 210 <0001 *
LCZ 02_Compact Mid-rise  LCZ 03_Compact Low-rise 1.54 0069 141 1.68 <0007 ¢
LCZ 01_Compact High-rise  LCZ 02_Compact Mid-rise 0.95 0.036 0.88 1.02 <0001 ¢
LCZ 06_Open Low-rise LCZ 02_Compact Mid-rise 0.71 0.053 0.61 0.82 <0007 *
LCZ 05_Open Mid-rise LCZ 02_Compact Mid-rise 0.57 0.043 048 0.65 <0007 *
LCZ 01_Compact High-rise LCZ 04_Open High-rise 0.52 0.016 049 0.55 <0007 *
LCZ 04_Open High-tise LCZ 02_Compact Mid-rise 0.44 0.035 0.37 0.50 <0007 *
LCZ 01_Compact High-rise LCZ 05_Cpen Mid-rise 0.38 0030 033 044 <0007 *
LCZ 06_Open Low-rise LCZ 04_Cpen High-rise 0.28 0.042 0.20 036 <0007+
LCZ 01_Compact High-rise LCZ 06_Cpen Low-rise 0.24 0.042 0.15 0.32 <0007+
LCZ 06_Open Low-rise LCZ 05_Open Mid-rise 0.15 0.04% 005 024 00032~

LCZ 05_Open Mid-rise LCZ 04_Cpen High-rise 013 0030 0.08 019 <0007 *

Figure 9. The ordered difference reports of the daytime and nighttime air temperature by the

300m-resolution GIS-based LCZ classification.
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Ordered Differences Repart Comparisons for each pair using Student's t

Daytime Air Temperature () [ WUDAPT-100m

Level - Level Difference Std Err Dif LowerCL UpperCL p-Value
LCZ 03_Compact Low-rise  LCZ 06_Open Low-rise 4.38 0.094 4.20 457 <0001 nr
LCZ 01_Compact High-rise LCZ 06_Open Low-rise 416 0.067 4.03 429 <0001 "
LCZ 04_Open High-rise LCZ 06_Open Low-rise 358 0.067 345 371 <0001
LCZ 03_Compact Low-rise  LCZ 02_Compact Mid-rise 279 0.225 2.35 3.23 <.00017
LCZ 01_Compact High-rise LCZ 02_Compact Mid-rise 256 0.214 2.14 298 00017
LCZ 05_Open Mid-rise LCZ 06_Cpen Low-rise 223 0.074 2.08 237 <0001*
LCZ 03_Compact Low-rise  LCZ 05_Cpen Mid-rise 2.16 0.076 2.01 231 <.00017
LCZ 04_Open High-rise LCZ 02_Compact Mid-rise 1.98 0.214 1.56 240 <0001 7
LCZ 01_Compact High-rise LCZ 05_Cpen Mid-rise 193 0.036 1.86 200 <0001
LCZ 02_Compact Mid-rise  LCZ 06_Cpen Low-rise 1.60 0.224 1.16 2.04 <0001
LCZ 04_Open High-rise LCZ 05_Cpen Mid-rise 135 0.036 1.28 142 <0001*
LCZ 03_Compact Low-rise  LCZ 04_Open High-rise 0.81 0.069 0.67 094 <0001"
LCZ 05_Open Mid-rise LCZ 02_Compact Mid-rise 063 0.217 0.21 1.06 000367
LCZ 01_Compact High-rise  LCZ 04_Open High-rise 058 0.019 0.55 0.62 <0001*
LCZ 03_Compact Low-rise  LCZ 01_Compact High-rise 0.22 0.069 0.09 0.36 000127
Nighttime Air Temperature { ) /WJUDAPT-100m

Level - Level Difference Std Err Dif LowerCL UpperCL p-Value
LCZ 01_Compact High-rise  LCZ 06_Open Low-rise 245 0.142 217 272 <0001~
LCZ 03_Compact Low-rise  LCZ 06_Open Low-rise 1.80 0.151 1.60 219 <0001 *
LCZ 02_Compact Mid-rise  LCZ 06_Open Low-rise 1.56 0.147 1.27 1.84 <.0001 *
LCZ 05_Open Mid-rise LCZ 06_Open Low-rise 149 0.147 1.20 1.78 <0001 *
LCZ 04_Open High-rise LCZ 06_Open Low-rise 138 0.142 1.10 166 <0001~
LCZ 01_Compact High-rise  LCZ 04_Open High-rise 1.06 0.016 1.03 1.09 <0001~
LCZ 01_Compact High-rise  LCZ 05_Open Mid-rise 0.96 0.040 0.88 1.03 <0001~
LCZ 01_Compact High-rise  LCZ 02_Compact Mid-rise 0.89 0.039 0.81 097 <.0001 *
LCZ 01_Compact High-rise LCZ 03_Compact Low-rise 0.55 0.054 0.44 066 <0001 *
LCZ 03_Compact Low-rise  LCZ 04_Open High-rise 0.51 0.054 0.41 062 <.0001*
LCZ 03_Compact Low-rise  LCZ 05_Open Mid-rise 041 0.065 0.28 0.53 <.0001*
LCZ 03_Compact Low-rise  LCZ 02_Compact Mid-rise 0.34 0.065 0.21 047 <0001 =
LCZ 02_Compact Mid-rise  LCZ 04_Open High-rise 0.17 0.039 0.10 025 <.0001*
LCZ 05_Open Mid-rise LCZ 04_Open High-rise 0.1 0.040 0.03 019 0.0074 *
LCZ 02_Compact Mid-rise  LCZ 05_Open Mid-rise 0.07 0.054 -0.04 017 02190

the 100m-resolution WUDAPT method LCZ classification.

Figure 10. The ordered difference reports of the daytime and nighttime air temperature by

Table 4. Summary of the pattern of air temperature differences among LCZs 1 to 6 based on

the G1S-300m and WUDAPT-100m versions of the LCZ classification map of Hong Kong.

LCZ Daytime/ | Summary of the pattern of air temperature differences

Classification Nighttime | among LCZs1to6?

GIS-300m Daytime | T, 1 cz6 > Tarczs > Tapcz1 > Tarcza = Tarczz > Taiczs
GIS-300m Nighttime | T 1 cz1 > Tarcze > Tarczs > Tarcza > Tarczz > Taiczs
WUDAPT-100m | Daytime | T, 73 > Tarcz1 > Tarcza > Tarczs > Tarczz > Tarcze
WUDAPT-100m | Nighttime | 7", 74 > Torcz3 > Tarczz = Tarczs > Tarcza > Tarcze

a: Tyrczx > Tauczy indicates that the air temperature in LCZ X is significantly different from LCZ Y (higher).

Torczx = Tqiczy indicates that no statistically significant air temperature difference was found between LCZ X and
LCZY.
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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 T, differences between LCZ 1, LCZ 2, and LCZ 3 are commonly

smaller than those during nighttime. The GIS-based results show that the pattern of T, ;07 >

Tarcz2 > Tarcz3 remains unchanged across the day.

(3) ATy 1cz 2-1cz 4 @nd AT, ¢z 2—1cz 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 T, ;7 ¢ and T, ;¢ 5 are higher than T, ;- , and
T, 1cz 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 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
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improvement of screen-level thermal environment under the meteorological condition of

subtropical cities, such as Hong Kong.

However, the pattern of T 10726 / Tarczs > Tarcz 4 | TaLcz 1 does not appear in the
WUDAPT-based results. It can be attributed to 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 T, of LCZ 6 in both daytime and nighttime. The T, 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 T, in the coastal area of Sai Kung were mistaken as LCZ
6 by the WUDAPT classification. There are also noticeable differences in the nighttime T, 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 T, 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 0T, 1z x of each LCZ class was calculated (Table 5). The results show that all daytime
0Ty 1cz 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
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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
Tamaxiczx — Taminicz x) OF up to 2°C was measured in both study areas (Figure 11).
Moreover, the pattern of 6T, ;cz1 > 0Tg1cz2 > 0Tq 173 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.

Table 5. Summary of the intra-LCZ variability of air temperature (6T, ¢z x, °C) in LCZ 1 to

LCZ 6 based on the GIS-300m and WUDAPT-100m versions of the LCZ classification map of

Hong Kong.
LCZ Class Indicator GIS-300m version WUDAPT-100m version
(LCZ1to LCZ6) (°C) Daytime Nighttime Daytime Nighttime
LCZ 01 Compact High-rise 0Ta1cz1 1.89 0.79 1.74 0.90
LCZ 02 Compact Mid-rise 0Tq1cz2 131 0.88 0.82 1.00
LCZ 03 Compact Low-rise 0Ta1cz3 0.66 0.31 1.19 0.66
LCZ 04 Open High-rise 0Ta1cz4 1.97 0.81 2.02 1.00
LCZ 05 Open Mid-rise 0Ty 1cz5 1.45 0.61 2.05 1.06
LCZ 06 Open Low-rise 0Ta1cz6 0.75 0.49 1.49 0.41
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Figure 11. The daytime screen-level air temperature in the two study areas respectively.

Modified from Shi et al. (2015).

By comparing the 6T, ¢z x (LCZ 1 to LCZ 6) calculated based on the two different versions
of LCZ classification maps, it was found that the G1S-300m version of LCZ classification
map produced a much smaller 6T, ;.c7 3, 0T, 1cz ¢ than the WUDAPT-100m version (almost
50% smaller). The smaller 0T, ¢z 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-300m and WUDAPT-100m LCZ classification
maps produce a relatively large 6T, 1cz1, 0Tg 1cz4 0f 1.8 —2.0°Cand a 0T, 1cz2, 0Ty 1025
of 1.3 -2.0°C. The above 0T, ¢z x is already larger than many of the AT, ;cz x—1cz v (refers
to the Figure 9 and Figure 10). The results of 6T, ;.cz x > AT, 1cz x—1cz v 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 Figure 11 as an example, we identified that the
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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. 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 - 4, Zp,, Y, (adopted in the LCZ classification process of this study;
Section 2.2.1) were conducted. The results (Table 6) show that both the Z, and ¥, have a
significant correlation with site averaged temperature. The influence of building morphology
on air temperature is even stronger during nighttime. The influence of ¥, 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.
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Table 6. The Pearson Correlation Coefficient (R) between the LCZ site-averaged air

temperature and building morphological parameters.

Building surface - - Sky view factor
fraction (,) Building height (Z,,) Paup)
Daytime air temperature 014 0.34 -0.33
(Ta,daytime)
Nighttime air temperature 033 0.48 -0.47
(Ta,nighttime)

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.
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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.

GIS-based Method

WUDAPT Method

Input data
requirement

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.

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.

Classification
Criteria/Procedure

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".

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.

Spatial resolution
of outputs

The spatial resolution of the resultant
GIS-based LCZ maps usually ranges
from 200m to 500m 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.

A unified global standard spatial resolution
— 100m 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 accuracy of
the classification
results

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
GI1S-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).

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.

Potential
applications

Urban planning/design optimization; Site
selection for UHI and microscale urban
climate/thermal comfort studies. Etc.

Enhanced Input dataset for improving the
mesoscale and region scale weather forecast
and climatic modelling. Etc.

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
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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-300m and WUDAPT-100m versions). The study results evaluate the usefulness
of the LCZ classification mapping for Hong Kong in delivering reliable data to urban climate
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
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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 G1S-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. 2015). 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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Figure S - 2. The spatial variation of measured screen-level T, along the two measurement
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Figure S - 3. The spatial variation of measured screen-level Ta along the two measurement
routes during the evening (19:00-21:00).





