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A B S T R A C T

World Database and Access Portal Tools (WUDAPT) Level 0 method announced a workflow of mapping Local Climate Zones (LCZs). However, the
low accuracy of LCZ classifications in Level 0 especially for the built-up areas caused by recognition of classes and operator bias is becoming an
obstacle for further study in WUDAPT Level 1 and 2. Since the landscape in Japan is complicated, the recognition of classes and operator bias may
exist for delineating training areas. This article argues an extended workflow of WUDAPT for mapping LCZs with pre-set recognition of classes and
parameter analysis. The building coverage ratio (BCR), building height (BH), pervious surface fraction (PSF) were intersected with LCZ map for
analysis and expound of the pre-set recognition of LCZ classes. Given the universality of WUDAPT workflow, a satellite method for deriving building
data based on free available data sources was proposed. Contributing to WUDAPT level 1 and 2, a LCZ classification of Sendai, as a representative of
Japanese large cities, was selected. The study will provide not only an improved methodology of development LCZ data, but also a new urban
morphological dataset and its corresponding parameters for mesoscale climate modelling and simulations in Japan.

1. Introduction

Although fast urbanization in the past decades has caused a series of environmental problems especially in the developing or low-
income regions and countries like most areas in Asia and sub-Saharan Africa, this trend is still continuing (Parnell and Walawege,
2011; Jones, 2017). Given climate change and high population density, cities in those countries are vulnerable. However, their urban
morphological data and land cover information may not be standardized, available and accessible for environment and climate-
related research and future local development. In Japan, the data and information for climate-related research are available but the
urban morphological data are not free to the public.

Local Climate Zones(LCZ), a climate-related classification of homogenous urban structure and land cover introduced by Stewart
and Oke (2012), has turned to be an international standard adopted world-wide in the studies of urban heat island (UHI) (Alexander
and Mills, 2014; Thapa Chhetri et al., 2017; Beck et al., 2018; Verdonck et al., 2018), the studies of surface urban heat island (SUHI)
analysis (Geletič et al., 2016; Cai et al., 2018; Wang et al., 2018a; Yang et al., 2019), and studies of meso-scale modelling (Kaloustian
and Bechtel, 2016; Alexander et al., 2016; Brousse et al., 2016; Hammerberg et al., 2018; Tse et al., 2018; Gál et al., 2018; Rafael
et al., 2019; Pokhrel et al., 2019; Pokhrel and González, 2020). The World Urban Database and Access Portal Tools (WUDAPT)
project aimed to capture consistent information or data on urban form and function for cities worldwide that can be provided as
urban canopy parameters (UCPs) used by urban weather, climate, hydrology and air quality modeling to simulate the effects of urban
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surfaces on the overlying atmosphere. Information is stored with three levels of detail (LOD). Nominal UCP range for each LCZ on
100-500m resolution is provided at level 0. While unique UCPs at Level 1 can be acquired by spatial sampling using the domains of
LCZs (level 0), the data of Level 2 on 2m resolution was described as complete coverage across the selected region. The nominal UCP
ranges for each LCZ on 100-500m resolution were provided at level 0. While unique UCPs at Level 1 can be acquired by spatial
sampling using the domains of LCZs (level 0), the data of Level 2 on 2m resolution were described as complete coverage based on the
information across region of interest (ROI). (Ching et al., 2019) Furthermore, Ching et al. (2019) proposed a Digital Synthetic City
(DSC) tool towards generating UCP of WUDAPT L1 and L2 for multi-scale urban atmospheric modeling, including meso-scale
modeling using Weather Research and Forecasting model (WRF) and micro-scale modelling using ENVI-met.

LCZ was defined as “hundreds of meters to several kilometers in horizontal scale” and lies between microscale and mesoscale
(Bechtel et al., 2015). The scale of LCZ varies across cities as previous studies reported, with 100m radius for Nagano, Japan, 200m
radius for Vancouver, Canada (Stewart et al., 2014) and 400m diameter for Nancy, France (Leconte, et al., 2015).Yet, WUDAPT level
0 methods required that training areas (TAs) should be bigger than 1km2 and adopt a majority filter in post-processing to classify
homogenous zones. It may prevent for selecting sufficient TAs in a smaller size which may confuse the users and reduce the accuracy
of LCZ map. To overcome this obstacle, a pre-processing filter method was proposed and made it possible to choose a smaller size of
TAs for mapping LCZ with a higher accuracy and reflect more detailed information (Verdonck et al., 2017).

LCZ scheme has 10 classes for built types and another 7 for land-cover types and sub-classifications of LCZ can be developed
according to local needs and situations (Stewart and Oke, 2012). As the precise UCPs of WUDAPT Level 1 (Mills et al., 2015) were
sampled with the LCZ data, it is crucially important to expound the obtained subclasses and assign reliable local parameters in each
LCZ type for local users. While the numbers of LCZ types for Nagano, Japan and Vancouver, Canada are 5 and 8 respectively, the 21
LCZs in Nagpur of India are adopted for satisfying its compact urban morphology (Stewart et al., 2014; Kotharkar and Bagade, 2018).
In addition, urban morphology in the largest cities of Japan is also unique compared with previous regions because of issues about
economy, culture and earthquake, etc.

In detection and computation of urban morphology, satellite-derived and GIS-derived building data can provide detailed in-
formation for classifying LCZ built types (Xu et al., 2017).There were three approaches for mapping LCZs including: 1) the satellite
imagery-based method; (Bechtel and Daneke, 2012; Bechtel et al., 2015; Danylo et al., 2016; Ren et al., 2016) 2) GIS-based methods;
(Lelovics et al., 2014; Geletič et al., 2016; Zheng et al., 2018) and 3) a combined method (Gál et al., 2015). GIS-based method shows
better accuracy than WUDAPT method for classifying the LCZ built types. (Wang et al., 2018a, 2018b) In the Human Influence
Experiment (HUMINEX), LCZ maps developed by different operators using various TAs for a single city show tremendous differences
because of a lack of knowledge regarding recommendations for delineating TAs and because of an inadequate number of iterations
(Bechtel et al., 2017, 2019) The keys to guarantee the accuracy are: i) to restrict the influences of human factors by regulating the
recognition of LCZs, ii) to carry out adequate number of iterations. (Bechtel et al., 2019). The GIS-based method was considered to be
more objective, yet it still needed a pre-setting of nominal UCP ranges of LCZs for classifying with decision-making algorithms. As the
urban morphology and land cover properties varies from cities, the pre-setting ranges cannot use the ranges from look-up table
directly but were subjectively determined by operators.

For solving the recognition problems caused by the number and naming of LCZ types, and sizes of training areas (TAs), we aim to
propose an extended workflow of WUDAPT level 0 method for controlling the human factors on delineating TAs and further study in
WUDAPT Level 1 and 2 by adding pre-set recognition of standard LCZ built types with suitable sub-classifications based on mor-
phology detection and analysis. According to the universality of WUDAPT workflow with availability publicly data source, a sa-
tellite–derived method for generating geometric parameters with free building data source based on digital surface model (DSM) and
digital elevation model (DEM) was proposed by comparing with the GIS-derived method. This paper also aims to improve the
classification accuracy of LCZ built types and provide geometric and land cover properties for Japanese cities so as to help better
understand the differences of urban structure between Japanese big cities and other cities in the world.

2. Study area

Sendai, the capital city of Miyagi Prefecture, is located at the northeast of Japan along the pacific coast. It’s the biggest city in the
Tōhoku region of Japan with a 2015 population of 1.08 million distributed over a land area of about 786 km2. Except for Tokyo 23
special wards, the population of Sendai ranks 11th in the 20 designated cities. (Table 1) Therefore, Sendai is ranked in the middle of
the system of designated cities, which suggests it is a typical designated city in Japan. Like other Japanese big cities, Sendai shows a
transit-oriented development urban structure overall that urban horizontal spread out from the transportation hub urban center along
subway to the suburban areas. (Fig. 1) However, from the view of microscale, Japanese cities maintained a heterogeneous urban
structure because of vertical development on separate buildings for the demands of space and economic.As Sendai is the only big city
suffered a huge loss in 2011 Tohoku earthquake and tsunami, some high-rise buildings were built up in the city center during the last
8 years.

3. Materials and methods

3.1. An extended workflow of WUDAPT level 0 method

WUDAPT level 0 method proposed by Bechtel et al. (2015) is a workflow of mapping Local Climate Zones (LCZs) with standard 10
built types and 7 land cover types. However, sub-classifications detection of LCZs according to local needs and situations, wasn’t
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announced clearly in previous researches. The low overall accuracy of LCZs classifications in Level 0 without sub-classifications was
reported in heterogeneous landscape cities like Hong Kong with 60.15% (Ren et al., 2016), Shanghai with 76.31%, and Hangzhou
with 75.5% (Cai et al., 2018). Even though these reported accuracies were qualified for mesoscale research in 1km resolution, they
became an obstacle for further study in WUDAPT Level 1 and 2. For bridging LCZ in mesoscale and micro-scale, an overlay and
deduction method of mapping LCZ based on grid analysis in different scales from 1km to 250m was proposed. (Kotharkar and Bagade,
2018) Nevertheless, considering the universality and convenience of WUDAPT level 0 in operation, we make an extended workflow

Table 1
The population of Tokyo 23 special wards and 20 designated cities in Japan (based on Statistics of Japan, 2015).

Major Cities 2015 Population Area (km2) Density (/km2)

Tokyo 23 S.W. 9,272,740 626.7 14,796
Yokohama 3,724,844 437.49 8,514
Osaka 2,691,185 225.21 11,950
Nagoya 2,295,638 326.45 7,032
Sapporo 1,952,356 1121.26 1,741
Fukuoka 1,538,681 343.39 4,481
Kobe 1,537,272 557.02 2,760
Kawasaki 1,475,213 143 10,316
Kyoto 1,475,183 827.83 1,782
Saitama 1,263,979 217.43 5,813
Hiroshima 1,194,034 906.53 1,317
Sendai 1,082,159 786.3 1,376
Chiba 971,882 271.76 3,576
Kitakyushu 961,286 491.95 1,954
Sakai 839,310 149.82 5,602
Niigata 810,157 726.45 1,115
Hamamatsu 797,980 1558.06 512
Kumamoto 740,822 390.32 1,898
Sagamihara 720,780 328.66 2,193

Fig. 1. Land use policy map of Sendai (based on Urban Development Bureau of Sendai, 2012).
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by adding pre-set recognition of standard LCZ types with subclasses and post-analysis by detecting geometric and land cover
parameters in each LCZ pixels based on available building datasets. (Fig. 2)

3.2. LCZ classification for Sendai based on WUDAPT level 0 method

3.2.1. Spectral data for classifying
In the case study of Sendai, four groups multi-spectral images from Landsat 8 Operational Land Imager (OLI)/Thermal Infrared

Sensors (TIRS) Level-1 were selected as input spectral data for training. (Table 2) The training data have been utilized in the previous
study of Zhou et al. 2020. The selection criterion is based on the images with cloud coverage smaller than 10%.

3.2.2. Training data for classifying LCZs based on pre-set recognition of classes
Based on our local knowledge, some sub-classifications existed in standard built types according to the heterogeneous urban

structure in Japan, such as the LCZ 2 (compact mid-rise) has the sub-classification of LCZ 24 (compact-middle rise with open high-
rise) and LCZ 42 (open high-rise with compact-middle rise), and LCZ 3 (compact low-rise) mixed with LCZ 35 (compact low-rise with
open mid-rise). (Fig. 3) These subclasses can be more accurate for describing and collecting the geometric properties which can help
to better understand the urban structure especially in heterogeneous cities. As a result, we defined 13 standard LCZ types (Stewart
and Oke, 2012) including 9 built types and 6 land cover types in Sendai based on WUDAPT criteria of the training areas greater than 1
km2. Subclasses should be used cautiously since the balance between accuracy and universality should be taken into account for the
definition of subclasses, and the climatic effect of the subclass should not be negligible. (Bechtel, B., et al., 2015) Therefore, so as to
remove the negligible subclasses such as the LCZ 35 and LCZ 56 which have the similar building heights with LCZ 3 and LCZ 5
respectively, only the subclasses of LCZ 24 and LCZ 42 mixed with high-rise and mid-rise buildings in Sendai were considered in this
study. Two sets of training samples for standard LCZ types at 1km scale and LCZ types sub-class mixed at 200m scale were selected for
comparison purposes.

3.2.3. LCZ map generated by WUDAPT level 0 method
Random forest classifier was proved qualified for LCZ classification. (Bechtel, 2011; Bechtel and Daneke, 2012) Even though the

filter method in WUDAPT L0 used to be doubted and revised, such as an integrated GIS filter method in post-process (Gál et al., 2015)
and a contextual filter method in pre-process (Verdonck et al., 2017), none of them increased the output accuracy apparently. The
WUDAPT L0 method is still the prevailing method for LCZ classification. (Ching et al., 2018; Ching et al., 2019; Bechtel et al., 2019)

According to the WUDAPT L0 method, the training data and spectral data were input to Saga GIS for classifying LCZs with random
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Fig. 2. An extended workflow of WUDAPT level 0 method.

Table 2
Spectral data for LCZ classification (Zhou et al., 2020).

Satellite image Entity ID Date

Landsat 8 LC08_L1TP_107033_20150502 05/02/2015
LC08_L1TP_107033_20150806 08/06/2015
LC08_L1TP_107033_20151212 12/12/2015
LC08_L1TP_107033_20160317 03/17/2016
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forester classifier. In the post-classification filtering process, the majority filter of 3 pixels was used to erase the fragments. Both
automated cross-validation approach based on confusion matrix (Kaloustian and Bechtel, 2016; Bechtel et al., 2016; Bechtel et al.,
2019) and manual review of visual comparison based the imagery from google earth (Bechtel et al., 2019) were adopted for the
quality control of LCZ classification.

3.3. Deriving geometric properties

3.3.1. Fishnet of LCZ map
A region including the majority of urban areas of Sendai was selected for deriving geometric properties (Fig. 4). The clipped raster

file of LCZ map (Fig. 5, a) output by Saga GIS was utilized for creating a polygon fishnet, a feature class containing a net of
rectangular cells (Fig. 5, b). Each cell of the fishnet was 100m length the same size with the 100m resolution of LCZ raster file.
Meanwhile, the position of each fishnet cell should match with the coordinate of the corresponding raster pixel. The values re-
presenting LCZ types were then assigned in each cell of the fishnet (Fig. 5, c).

3.3.2. Building data derived by GIS method and Satellite-based method
WUDAPT L1 and L2 (Mills et al., 2015; Wang et al., 2018a, 2018b) appealed to collect the detailed information cities all around

the world. However, the building data which is the key for deriving geometric properties are not available or costly in some countries
or regions.

In this study, a satellite-based method using free data source of DEM, DSM and building footprint for generating building data in
Japan was proposed. (Table 3) The building footprints data of Sendai are free available from the website of the Geospatial In-
formation Authority of Japan (GSI). Open Street Map (OSM) can also provide data of building footprint but didn’t be adopted here.

DEM with 5m resolution (Fig. 5, d) and 30m resolution were obtained from GSI and ASTER Global Digital Elevation Model
(GDEM), respectively. DSM with 30m was obtained from Advanced Land Observing Satellite World 3D - 30m (AW3D30) released by
Japan Aerospace Exploration Agency (JAXA). The height accuracy of AW3D30 was reported as 4.40 m (RMSE). (Tadono et al., 2016)
Commercial data DSM with 5m resolution (Fig. 5, e) from Remote Sensing Technology Center of Japan (RESTEC) and DEM 5m was
taken as a comparison group with the group of DSM 30m and DEM 30m which are freely available to the world.

In each building polygon, building height was assigned with the average height of obtained dots from the difference of DSM and
DEM (Fig. 5, f). As the DSM and DEM with 30m resolution were too coarse to assign building height, it was resampled to raster files
with 5m resolution (Fig. 6). Meanwhile, we took commercial GIS data of 2009 and 2019 from ESRI as control groups.

Fig. 3. Training examples for LCZ mapping in Sendai, Japan from Google earth.
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Fig. 4. LCZ maps of Sendai on 100m resolution generated by standard LCZ training samples (a) and sub-classification mixed LCZ training samples
(b).

Fig. 5. The raster file of selected region of LCZ map (a) and its corresponding fishnet (b); fishnet assigned by LCZ types (c); 5m resolution DSM (d)
and DEM (e) of the selected region for morphology analysis; the difference of DSM and DEM in 5m resolution (f).
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3.3.3. Geometric properties calculation
Geometric properties of LCZ built types include mean building height (BH), building surface fraction (BSF), sky view factor (SVF)

and aspect ratio (H/W). (Stewart and Oke, 2012) However, there was no standardized way in the calculation of aspect ratio because
of the complex street geometry. (Houet and Pigeon, 2011; Lelovics et al., 2014; Zheng et al., 2018) SVF which can be calculated from
building data (Chen et al., 2012; Gál and Unger, 2014; Xu et al., 2017) or DSM raster data (Zheng et al., 2018; Zhou et al., 2020) is
highly relevant with the BH and BSF. For comparing the differences between GIS method and satellite-based method directly and
objectively, only the properties of BH and BSF were calculated within each cell of the LCZ fishnet. Cross-grid building polygons were
clipped with LCZ fishnet and separated into corresponding grid cells so as to avoid erroneous duplication. (Ng et al., 2011) In
addition, since the Building Coverage Ratio (BCR) which is the synonym for the BSF is widely used in the urban planning in Japan
(Japan International Cooperation Agency, 2007), the BCR will be used instead of BSF in the following parts.

BH is the area-weighted mean building height (Salamanca et al., 2011; Xu et al., 2017; Zheng et al., 2018) in each cell of LCZ
fishnet, calculated as:

=
∑ ∗

∑
=

=

BH BA
BA

BH
( )i

n
i i

i
n

i

1

1 (1)

where BAi represents plan area of the buildings at the ground level; BHi is the building height; n is the number of buildings in a grid
cell. BCR is the percentage of building’s footprint area over a grid’s area, calculated as:

Table 3
Description of the data for morphology analysis of GIS method and satellite-based method.

Method Data Data source Date Free or not

GIS method 2009 building data of Sendai ESRI Japan 2008 No
2019 building data of Sendai ESRI Japan 2018 No

Satellite-based method Building footprints of Sendai GSI (or OSM) 2018 Free
DEM with 5m resolution GSI 2016 Free
DSM with 5m resolution AWD3D standard of RESTEC 2014 No
DEM with 30m resolution ASTER GDEM 2018 Free
DSM with 30m resolution AW3D30 released by JAXA 2018 Free

Fig. 6. An example of 5m resolution dot array resampled from the DSM in 30m resolution.
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where BAi represents plan area of the buildings at the ground level; Agrid is the area of one grid cell (100×100m); n is the number of
buildings in a grid cell. The mean value and standard deviation of BH and BCR were generated by counting the fishnet grid cells for
each LCZ built types and then compared with the ones suggested by Stewart and Oke (2012).

3.3.4. Land cover properties calculation
The land cover properties of LCZ are an impervious surface fraction (ISF) and a pervious surface fraction (PSF). As PSF and BCR

contained the information of ISF, only PSF was selected for calculating land cover properties. Assuming that the surface of an urban
area only includes vegetation cover and impervious surfaces, PSF can be estimated as fractional vegetation cover by using Normalized
Difference Vegetation Index (NDVI). (Van de Voorde et al., 2011; Kaspersen et al., 2015; Zhou et al., 2020) The Landsat 8 L1 product
of Sendai on a summer day (08/06/2015) was adopted for NDVI and PSF, which were calculated as:
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where γNIR and γR are the top of atmosphere (TOA) reflectance acquired in the near-infrared and red regions, respectively, and NDVI0
and NDVIs are the value of soil NDVI (non-vegetated surface) and the highest value of NDVI (dense vegetation) in the selected area,
respectively.

4. Results and analysis

4.1. Evaluation the accuracy of LCZ classifications

The two LCZ maps of Sendai generated by two different training areas are shown in Fig. 4. Given that WUDAPT L0 method is
based on the supervised classification, the selection of training and validation samples is highly dependent on local expert knowledge.
(Wang et al., 2018b) For reducing subjective influences on the comparison, validation samples for the LCZ types without sub-
classifications in standard LCZ map were taken as the same with the sub-classification mixed LCZ map. The overall accuracy (OA) and
kappa coefficient (KC) of standard LCZ classification of Sendai are 92.59% and 91.71% (Table 4) while OA and KC of sub-mixed LCZ
classification are 92.10% and 91.17% (Table 5). The accuracies of former one are slightly higher than the latter one. Out of our
expectations, it shows selecting training samples of sub-classification at 200m scale didn’t improve but reduce the accuracy at 1km
scale. In the Table 5, we can find misclassification existed in LCZ 24, LCZ 2 and LCZ 42 that contributes to the increasing uncertainty
of classification. However, both of these LCZ maps of Sendai show overall satisfactory classification results. It shows that number of
LCZ types, and sizes of TAs doesn’t significant affect the accuracy a lot under a regulated recognition of LCZs.

Table 4
Confusion matrix for LCZ classification of Sendai.

Class Reference Sum Row User
Accuracy

LCZ 2 LCZ 3 LCZ 5 LCZ 6 LCZ 8 LCZ 9 LCZ 10 LCZ A LCZ B LCZ D LCZ E LCZ F LCZ G

LCZ classification
output

LCZ 2 120 0 0 0 0 0 0 0 0 0 0 0 0 120 1.00
LCZ 3 1 238 6 10 14 4 0 0 1 0 0 0 0 274 0.87
LCZ 5 0 2 92 7 2 3 0 0 4 0 0 0 0 110 0.84
LCZ 6 1 8 1 159 0 5 0 0 4 0 0 0 0 178 0.89
LCZ 8 2 7 4 4 295 4 1 0 0 0 0 0 0 317 0.93
LCZ 9 0 0 3 8 0 226 0 0 12 0 0 6 0 255 0.89
LCZ10 0 0 0 0 1 0 89 0 0 0 0 0 0 90 0.99
LCZ A 0 0 0 0 0 0 0 309 12 0 0 0 0 321 0.96
LCZ B 0 0 0 8 0 2 0 0 249 0 0 0 0 259 0.96
LCZ D 0 0 1 1 0 54 0 0 2 212 0 0 0 270 0.79
LCZ E 0 0 0 0 0 0 0 0 0 0 23 0 0 23 1.00
LCZ F 0 0 0 0 0 0 0 0 0 0 0 27 0 27 1.00
LCZ G 0 0 0 0 0 0 0 0 0 0 0 0 524 524 1.00

Sum Column 124 255 107 197 312 298 90 309 284 212 23 33 524
Output Accurate 0.97 0.93 0.86 0.81 0.95 0.76 0.99 1.00 0.88 1.00 1.00 0.82 1.00
Overall Accuracy 0.9259
Kappa Coefficient 0.9171
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Table 6
Mean building height for the built types of standard LCZ map of Sendai and proposed range of Stewart and Oke (2012) (unit: meter).

LCZ classification ESRI (2019) ESRI (2009) DSM5 DSM30 Stewart & Oke

Standard built types Mean SD Mean SD Mean SD Mean SD Range of BH

LCZ 2 19.91 9.61 17.59 8.59 14.86 7.17 13.84 7.86 10.00–25.00
LCZ 3 7.69 3.57 7.48 3.37 3.51 2.77 3.94 2.92 3.00–10.00
LCZ 5 8.94 6.11 8.46 5.87 5.06 4.64 5.17 4.54 10.00–25.00
LCZ 6 6.49 2.77 6.43 2.77 2.72 2.01 3.39 3.07 3.00–10.00
LCZ 8 6.90 4.12 6.33 3.60 3.83 4.05 3.93 4.03 3.00–10.00
LCZ 9 3.94 3.25 4.17 3.05 1.16 1.99 1.46 2.73 3.00–10.00
LCZ 10 5.22 3.27 4.84 2.65 5.06 6.89 4.52 6.35 5.00–15.00

Table 7
Mean building height for the built types of sub-class mixed LCZ map of Sendai and proposed range of Stewart and Oke (2012) (unit: meter).

LCZ classification ESRI (2019) ESRI (2009) DSM5 DSM30 Stewart & Oke

Subclass mixed built types Mean SD Mean SD Mean SD Mean SD Range of BH⁎

LCZ 24 24.46 12.58 21.18 11.17 18.45 7.75 17.11 6.85 17.5–32.5
LCZ 2 18.75 7.05 16.49 6.04 14.01 7.08 13.06 6.62 10.00–25.00
LCZ 3 (35) 7.59 3.40 7.39 3.20 3.49 2.78 3.90 2.97 3.00–10.00
LCZ 42 21.97 10.45 21.44 11.49 16.75 9.22 15.91 8.20 17.5–32.5
LCZ 5 (56) 8.46 5.60 8.07 5.42 4.49 4.14 4.81 4.21 6.5–13.5
LCZ 6 6.38 2.65 6.31 2.59 2.69 1.81 3.45 2.89 3.00–10.00
LCZ 8 7.05 4.13 6.55 3.70 3.83 4.00 3.90 3.95 3.00–10.00
LCZ 9 4.07 3.32 4.25 3.11 1.20 2.03 1.47 2.83 3.00–10.00
LCZ 10 5.21 3.19 4.76 2.67 4.92 6.91 4.44 6.32 5.00–15.00

⁎ The thresholds of BH ranges for LCZ subclass were designated as “sharing BH threshold between parent LCZ and sub-LCZ (Mean)± a half of the
smaller BH range length between parent-LCZ and sub-LCZ (SD)”.
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Fig. 7. Comparison of the mean building height and standard deviation obtained from various building data sources for standard LCZ built types and
sub-class mixed LCZ built types.
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4.2. Comparison of the mean building heights generated from various building data sources

Mean building heights (BH) and their standard deviation (SD) generated from various building data sources for the built types of
standard and sub-class mixed LCZ map of Sendai are shown in Tables 6 and 7. All the LCZ built types’ mean BH and SD calculated
based on DSM and DEM are generally smaller than the ones calculated by GIS method except the SD of LCZ 10 (heavy industry). (Fig
7) As the story heights of all the built types were taken as 3 meter in GIS method, heights of some industry buildings are under-
estimated. However, we can find that BH and related SD generated by satellite method and GIS method have similar trends for
depicting height differences that shows both of these two methods can show clear differences in LCZ built types. Except LCZ 5 and
LCZ 9, all the mean BH of LCZ built types in standard LCZ map can match with the proposed range of Stewart and Oke (2012).
Meanwhile, only slight differences existed in the results from DSM with 30m resolution and 5m resolution which proves that free
DSM data can be adopted in satellite method.

As for the comparison of the standard and sub-class mixed LCZ maps of Sendai, the sub-class LCZ 24 and LCZ 42 show detailed BH
information with much higher SD compared with the LCZ 2 of standard LCZ map. (Fig 7) The precise descriptions unavoidably
increased the heterogeneous of a climate zone which goes against to the original intention of WUDAPT L0 for digitalizing LCZs with
homogenous characteristics. However, these sub-class LCZs can help the local experts to get a better understanding of the standard
LCZ built types so as to make more accurate choices when select training samples for different research purposes. It should be noticed
that the mean BH in LCZ 56 of Sendai became similar with the one of Stewart and Oke (2012) when considering the subclass of LCZ 5.

4.3. Evaluation for geometric and land cover properties of Sendai

The average and SD of BCR and PSF for the built types of standard and sub-class mixed LCZ maps of Sendai were shown in Tables
8 and 9. Since the BCR from GSI (2018), which is free to the public is as the same as the BCR from ESRI (2019), only ESRI 2019 was
selected. BH, BCR, PSF ranges of the standard LCZs and subclass mixed LCZs determined for Sendai were compared to those re-
commended by Stewart and Oke (2012). (Fig. 8)

For the standard LCZ map, the average BHs of all LCZ built types, except for LCZ 5, can be divided into the ranges recommended
by Stewart and Oke (2012). The coincident range was not found in the BCR of LCZ 3. Moreover, the average BCRs of LCZs in Sendai
were generally less than the minimum values of the recommended ranges. In addition, the PSF of LCZ 5, 6, 9, 10 were also found to be
less than the threshold proposed by Stewart and Oke (2012). For the sub-class mixed LCZ maps, all the BHs for Sendai were divided
into the recommended ranges. The average BCR of LCZ 24 and LCZ 42 can also be explained well by using the lookup table. It implies
that the subclass mixed LCZ map can be used for the description and recognition of the standard LCZ map.

Considering the BCRs and PSFs for Sendai can show clear differences among different LCZ built types especially for compact and

Table 8
BCR and PSF for the built types of the standard LCZ map of Sendai.

LCZ classification BCR (ESRI 2019) PSF Stewart&Oke

Standard built types Mean SD Mean SD Rang of BCR Rang of PSF

LCZ 2 31.54% 13.48% 3.98% 4.31% 40%-70% <20%
LCZ 3 24.22% 9.33% 7.59% 3.94% 40%-70% <30%
LCZ 5 15.55% 12.09% 16.63% 11.25% 20%-40% 20%–40%
LCZ 6 19.66% 10.07% 16.18% 8.51% 20%-50% 30%–60%
LCZ 8 20.01% 15.82% 5.21% 4.32% 30%-50% <20%
LCZ 9 5.50% 7.96% 33.74% 16.67% 10%-20% 60%–80%
LCZ 10 11.26% 13.66% 7.06% 5.42% 20%-40% 40%–50%

Table 9
Building coverage ratio for the built types of the sub-class mixed LCZ map of Sendai.

LCZ classification BCR (ESRI 2019) PSF Stewart&Oke

Subclass mixed built types Mean SD Mean SD Range of BCR1 Range of PSF2

LCZ 24 34.09% 13.84% 2.78% 2.13% 30%-70% <20%
LCZ 2 31.58% 12.61% 3.36% 2.97% 40%-70% <20%
LCZ 3 (35) 24.24% 9.32% 7.59% 3.94% 30%-70% <30%
LCZ 42 29.65% 17.27% 9.32% 7.59% 20%-55% 30%-40%
LCZ 5 (56) 15.50% 11.66% 16.63% 11.25% 20%-40% 20% - 40%
LCZ 6 20.39% 9.91% 16.18% 8.51% 20%-50% 30% - 60%
LCZ 8 20.47% 15.35% 5.21% 4.32% 30%-50% <20%
LCZ 9 5.88% 8.04% 33.74% 16.67% 10%-20% 60% - 80%
LCZ 10 11.67% 13.82% 7.06% 5.42% 20%-40% 40% – 50%

1 The BCR range of LCZ subclass was extended from the BCR range of parent LCZ to half the BCR range of sub-LCZ;
2 The PSF range of LCZ subclass was designated as the PSF of the parent LCZ.
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open built types and the specific landscapes of Japanese cities, the discrepancies of BCR and PSF between Sendai and lookup table
may be caused by the reason that areas of parking lots, parks, streets which designed as public facilities or earthquake emergency
escape places were mixed in the LCZ built types of Sendai. Meanwhile, our local recognition of the classes and operator bias also
affected the results even under selecting the LCZ subclasses. As in the extended workflow (Fig. 2), the pre-set recognition of classes
and TAs should be adjusted if the specific research, such as a comparison study between different cities needs that the properties of
local built types should fall into the suggested ranges, for example, LCZ 6 should be revised to LCZ 6E to represent the low PSF.

5. Discussion

5.1. Influences of human factors on the accuracy of LCZ map

LCZ was named because of the classes are local in scale, the climate in nature and zonal in representation from hundreds of meters
to several kilometers in the horizontal scale. (Stewart and Oke, 2012) The scale of LCZ varies from microscale of building block level;
mesoscale up to global models. (Bechtel et al., 2015) Since the WUDAPT L0 requires training samples to be bigger than 1km2 to avoid
getting a noisy output, the existences of heterogenous geometric and land cover in standard LCZs are inevitable (Bechtel et al., 2019).
Like in Sendai, the standard LCZ 2 (compact mid-rise) actually mixed with some high-rise buildings and low-rise buildings. These

LCZ range for Sendai LCZ range from Stewart and Oke (2012) Coincident LCZ range Sendai LCZ average
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Fig. 8. Geometric and land cover properties’ ranges of the standard LCZs and subclass mixed LCZs determined for Sendai, compared to those
recommended by Stewart and Oke (2012).
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uncertain urban forms may confuse the operators with insufficient knowledge of WUDAPT for selecting TAs. In the Human Influence
Experiment (HUMINEX), large differences between LCZ maps for a single city developed with various TAs by different operators were
found because of ignorance of recommendations for delineating TAs and inadequate numbers of iterations. (Bechtel et al., 2017)
HUMINEX’s results suggested that at least ten individual TA sets from untrained operators should be used for one city to produce an
LCZ map of good quality. (Bechtel et al., 2017; Bechtel et al., 2019)

Theoretically, if selected TAs 100% covered the research region and the class-recognition of TAs was consistent with the vali-
dation samples, the TAs must include all the validation samples for sure. It means more training pixels of certain LCZ type will get
higher accuracy output without considering the class-recognition. Since the process of delineating TAs and selecting validation
samples in WUDAPT L0 are all subjective and increasing the training pixels are technically easy to handle, the most important for
increasing the accuracy of LCZ map should be relatively unified recognition of classes.

In this study, we found that it was difficult to select enough number of TAs at the criterion size (> 1 km2) for certain LCZ types.
Some TAs which are< 1km2 but> 200m width were selected to guarantee the training pixels. Even though the flawed selecting
process contributed to the relatively noisy LCZ maps (Fig. 4), the OA and KP of confusion matrix in the 2 kinds of LCZ maps for Sendai
showed satisfying results (Tables 4, 5). Besides enough pixels of TAs and iterative times of adjustment, it is mainly because of our pre-
set recognition of standard LCZ classifications and their sub-classes.

. It was difficult to get a unified recognition of the classes for different operators since even in the iteration process for delineating
TAs operated by a single person, different situations occurred. Therefore, so as to help increase the recognition of classes and reduce
the operator bias, we suggest that the new operators can propose the relationship of the standard LCZ classes and corresponding sub-
classification (Fig 3) before delineating TAs. It will help to better understand the fuzziness of specific LCZ types.

5.2. Applicability of satellite-based method for morphology analysis

Compared with WUDAPT L0 method, GIS-based method is more objective and accurate for classifying LCZs. (Lelovics et al., 2014;
Gál et al., 2015; Wang et al., 2018b) However, it needs plenty of layers of datasets, including different kinds of morphology maps and
land cover maps. Moreover, building data obtained from the GIS database is not always available or cost-prohibitive, especially in
developing countries.

The satellite-based method based on free DSM 30m and DEM 30m data for detecting BH and BCR can be consistent with the global
applicable WUDAPT L0 method and contribute to WUDAPT L1 and L2. Even though the mean building heights and standard de-
viation derived by satellite method were underestimated, it keeps the similar characteristics with the ones calculated by ESRI
building data that shows it is qualified for helping to better distinguish the LCZ built types. However, we just evaluated the building
footprints from GSI which is only available for Japanese cities without comparing with the data from OSM. Some polygons of building
footprints from OSM in the urban areas may not be available. Hence appropriate ROI (Fig. 4) including sufficient building footprints
should be selected cautiously when OSM data are used in satellite method for morphology analysis.

5.3. Characteristics of urban structure in Japanese cities

Both standard and sub-class mixed LCZ maps of Sendai are consistent with the land use policy map (Fig. 1) which shows the urban
horizontal spread out from the transportation hub urban center along with subways to the suburban areas. The transit-oriented
development (TOD) of urban is evidently revealed in the maps that compact building types are generally located at or closed to the
region covered by rapid transit. What’s more, the majority of commercial buildings which are compact mid- or high-rise (see LCZ 24
in Fig. 4b) are built up near the Sendai station. Since the Namboku (South-north) line was built up in 1987 and Tozai (east-west) line
was an open operation in 2015, the form of compact areas in Sendai which affected more by Namboku line is inclined to the direction
of north-south development. TOD is not a specific phenomenon in Sendai but a general situation in Japanese large cities. It can help
other researchers to better understand the overall urban layout of Japanese large cities based on the TOD concept.

The BH, BCR, PSF and their corresponding SDs for standard and sub-class mixed LCZ maps of Sendai have been given in this study.
It shows the diversity and complexity of urban morphology in Sendai under the relatively simple overall urban layout. For the vertical
differences in the standard LCZ map, only the mean BH of LCZ 2 is significantly different, and mean BHs of other built types are quite
similar such as LCZ 3 is similar with LCZ 5, even though their SDs somehow have shown the diversity. (Table. 6) However, if
considering the sub-classifications (Table. 7), we can clearly illustrate the inner logic. The presence of compact low-rise with open
mid-rise (LCZ 35) is because of that some hotels, offices, certain types of shop buildings are set up to provide public services for
residents, similar in LCZ 56, some low-rise residential buildings are mixed inside the zone.

This kind of mixture type is generally caused by the urban land use planning system in Japan (Japan International Cooperation
Agency, 2007). Here, we listed the main land use zone (LUZ) categories of each LCZ built types of Sendai in Table 10 based on the
digital land use map of Sendai (Urban Development Bureau of Sendai, 2016) which was shown in Fig 9b. The image of each land use
zone (LUZ) category (Japan International Cooperation Agency, 2007) can be found in the appendix of Zhou et al. 2020. All the land
use zone (LUZ) categories in urban areas of Japan were included in the case of Sendai. (Table 10) The LCZ map generated by the
standard LCZ training samples (Fig. 9a) were generally consistent with the LUZ map (Fig. 9b) that validated the feasibility of the
extended workflow of mapping LCZ for large Japanese cities proposed in this study. Yet, it should be noticed that the floor area ratio
(FAR), which means the ratio of total floor area divided by land (site) area, was not listed in WUDAPT scheme, and the definition for
the thresholds of BCR in LUZ designed especially for Japanese cities were quite different with the nominal ranges of BCR (BSF) in
WUDAPT lookup table.

X. Zhou, et al. Urban Climate 33 (2020) 100660

13



Ta
bl
e
10

M
ai
n
la
nd

us
e
zo

ne
ca
te
go

ri
es

of
ea
ch

st
an

da
rd

LC
Z
bu

ilt
ty
pe

s
in

Se
nd

ai
(U

rb
an

D
ev

el
op

m
en

t
Bu

re
au

of
Se

nd
ai
,
20

16
;J

ap
an

In
te
rn
at
io
na

l
C
oo

pe
ra
ti
on

A
ge

nc
y,

20
07

;Z
ho

u
et

al
.,
20

20
).

LC
Z
cl
as
se
s

LC
Z
su
bc

la
ss

La
nd

U
se

Zo
ne

ca
te
go

ry
M
ax

.B
C
R
to

th
e
ci
te

ar
ea

1
(%

)
M
ax

.F
A
R
to

th
e
ci
te

ar
ea

1
(%

)
Pe

rm
it
te
d
bu

ild
in
g
ty
pe

s

LC
Z
2

LC
Z
2 4

LC
Z
4 2

C
om

m
er
ci
al

Zo
ne

80
40

0,
60

0,
70

0,
80

0
Ba

nk
s,

ci
ne

m
a,

re
st
au

ra
nt
s,

de
pa

rt
m
en

t
st
or
es
;

re
si
de

nt
ia
l
bu

ild
in
gs

&
sm

al
l
fa
ct
or
y
bu

ild
in
gs

LC
Z
3

LC
Z
3 5

C
at
eg

or
y
I
R
es
id
en

ti
al

Zo
ne

60
20

0
R
es
id
en

ti
al

bu
ild

in
gs
;

sh
op

s,
offi

ce
s
an

d
ho

te
ls

w
it
h
a
fl
oo

r
ar
ea

<
30

00
m

2

C
at
eg

or
y
II
R
es
id
en

ti
al

Zo
ne

60
20

0
R
es
id
en

ti
al

bu
ild

in
gs
;

sh
op

s,
offi

ce
s
an

d
ho

te
ls

as
w
el
l
as

bu
ild

in
gs

w
it
h
K
ar
ao

ke
bo

ot
hs

C
at
eg

or
y
I
Ex

cl
us
iv
el
y
Lo

w
-r
is
e
R
es
id
en

ti
al

Zo
ne

50
80

Se
e
in

pe
rm

it
te
d
bu

ild
in
g
ty
pe

s
of

LC
Z
6

LC
Z
5

LC
Z
5 6

C
at
eg

or
y
I
M
id
/h

ig
h-
ri
se

O
ri
en

te
d
R
es
id
en

ti
al

Zo
ne

60
20

0
M
ed

iu
m

to
hi
gh

re
si
de

nt
ia
l
bu

ild
in
gs
;

ho
sp
it
al

an
d
un

iv
er
si
ty

bu
ild

in
gs
;

C
er
ta
in

ty
pe

s
of

sh
op

bu
ild

in
gs

w
it
h
a
fl
oo

r
ar
ea

<
15

0m
2

C
at
eg

or
y
II
M
id
/h

ig
h-
ri
se

O
ri
en

te
d
R
es
id
en

ti
al

Zo
ne

60
20

0
M
ed

iu
m

to
hi
gh

re
si
de

nt
ia
l
bu

ild
in
gs
;

ho
sp
it
al

an
d
un

iv
er
si
ty

bu
ild

in
gs
;

ce
rt
ai
n
ty
pe

s
of

sh
op

bu
ild

in
g
w
it
h
a
fl
oo

r
ar
ea

<
15

00
m

2

N
ei
gh

bo
rh
oo

d
C
om

m
er
ci
al

Zo
ne

80
30

0
D
ai
ly

sh
op

pi
ng

fa
ci
lit
ie
s;

R
es
id
en

ti
al
,s

ho
p
bu

ild
in
gs
,s

m
al
l
fa
ct
or
y
bu

ild
in
gs

LC
Z
6

LC
Z
6 E

2
C
at
eg

or
y
I
Ex

cl
us
iv
el
y
Lo

w
-r
is
e
R
es
id
en

ti
al

Zo
ne

40
,5

0
60

,8
0

Lo
w

ri
se

re
si
de

nt
ia
l
bu

ild
in
gs
;

Lo
w

ri
se

re
si
de

nt
ia
l
bu

ild
in
gs

w
hi
ch

ar
e
al
so

us
ed

as
sm

al
l
sh
op

s
or

offi
ce
s;

el
em

en
ta
ry
/j
un

io
r
hi
gh

bu
ild

in
gs

C
at
eg

or
y
II
Ex

cl
us
iv
el
y
Lo

w
-r
is
e
R
es
id
en

ti
al

Zo
ne

50
80

Lo
w

ri
se

re
si
de

nt
ia
l
bu

ild
in
gs
;

El
em

en
ta
ry

ju
ni
or

hi
gh

sc
ho

ol
bu

ild
in
gs
;

C
er
ta
in

ty
pe

s
of

sh
op

bu
ild

in
gs

w
it
h
a
fl
oo

r
ar
ea

<
15

0m
2

LC
Z
8

-
A
re
as

w
he

re
no

La
nd

U
se

Zo
ne

s
is

de
si
gn

at
ed

-
-

-
LC

Z
9

LC
Z
9 E

Q
ua

si
-I
nd

us
tr
ia
l
Zo

ne
60

20
0

Li
gh

t
in
du

st
ri
al

fa
ci
lit
ie
s
an

d
se
rv
ic
e
fa
ci
lit
ie
s

In
du

st
ry

Zo
ne

60
20

0
A
ll
ty
pe

s
of

fa
ct
or
y
bu

ild
in
g;

R
es
id
en

ti
al

an
d
sh
op

bu
ild

in
gs

Ex
cl
us
iv
el
y
In
du

st
ri
al

Zo
ne

60
20

0
A
ll
ty
pe

s
of

fa
ct
or
y
bu

ild
in
gs

LC
Z1

0
LC

Z
10

E
Ex

cl
us
iv
el
y
In
du

st
ri
al

Zo
ne

60
20

0
A
ll
ty
pe

s
of

fa
ct
or
y
bu

ild
in
gs

“E
”
in

LC
Z
6

E
is

th
e
ba

re
ro
ck

or
pa

ve
d
(L
C
Z
E)

su
rf
ac
e.

1
Th

e
m
ax

im
um

va
lu
es

of
BC

R
an

d
FA

R
to

th
e
ci
te

ar
ea

fo
r
ea
ch

LU
Z
ar
e
di
ve

rs
e
in

di
ff
er
en

t
ar
ea
s
of

va
ri
ou

s
Ja
pa

ne
se

ci
ti
es
.

X. Zhou, et al. Urban Climate 33 (2020) 100660

14



Taking an example of the Category I Residential Zone classified into standard LCZ 3, this zone is designated to protect the
residential environment which naturally contains low-rise residential buildings and some mid-rise commercial buildings. Meanwhile,
the maximum of FAR of a commercial zone which belongs to standard LCZ 2 has four different thresholds but is corresponding to only
one threshold of BCR. It shows that the Japanese government has planned via LUZs to make the vertical heterogeneous urban
structure so as to guarantee the various possibilities of the urbanization development. As for the BCR of LUZ categories, the lowest
threshold of BCR is 40% of Category I Exclusively Low-rise Residential Zone concluded in LCZ 6 while the highest threshold of BCR is
80% of Commercial Zone in LCZ 2. Given the capital accumulation process within the profit-seeking, the BCRs of some blocks in
Sendai are closely reached to the thresholds. However, as what we found in Section 4.3, mean BCR and PSF for each built type in
Sendai are generally smaller than the proposed ranges of Stewart and Oke (2012), areas of parking lots, parks, streets which designed
as public facilities or earthquake emergency escape places were mixed in the LCZ built types when classifying LCZs in mesoscale.
Therefore, so as to get an accurate result, deriving geometric and land cover properties for mesoscale simulation of a specific city
should be based on an overall analysis of all the pixels obtained in each LCZ built types rather than adopt certain reference datasets of
other cities directly.

6. Conclusions

In this study, we proposed an extended workflow of WUDAPT L0 method and got a satisfied result of LCZ map for Sendai City by
validating using references samples and LUZ map. Compared with the WUDAPT L0 method, the new extended workflow has two
significant improvements:

Firstly, it solved the recognition problems caused by the number and naming of LCZ types. As LCZ sub-classification can help
operators to get an easier understanding of LCZs with fuzziness, the pre-set recognition of standard LCZ types and its corresponding
sub-classification is a key to delineate TAs for getting high accuracy of cross-validation. Considering the recognition of the classes and
operators bias varies from person to person, making demonstrations on which sub-classifications included in standard LCZ built types
is important for sharing output LCZ map with other researchers.

Fig. 9. (a) LCZ map with100m resolution generated by standard LCZ training samples; (b) land use map of Sendai (Zhou et al.,2020).
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Secondly, the GIS-based method introduced in the extended workflow effectively solved the subjective problems which may
existed in the pre-set recognition and provided options to explicit spatial resolution of BH, BCR and PSF rather than from lookup table
of WUDAPT L0. For generating BH, a satellite-based method adopted DSM and DEM with 30m which were globally applicable
datasets was proposed. It is qualified for morphology analysis of LCZ built types and consistent with the universality of WUDAPT L0.

However, this study only evaluated the building footprint data which are free available in Japan. Further research on the eva-
luation of datasets from OSM should be done in the future to improve the method. Moreover, the extended means is only useful in the
determination of geometric and land cover properties of UCPs. The thermal, radiative and metabolic properties for LCZ in the lookup
table of WUDAPT L0 were not addressed, such as surface admittance, surface albedo and anthropogenic heat output. These properties
still need to utilize the lookup table or further investigated.

From this study, we conclude that decreasing effects of human factors and adding properties analysis so as to get a high accuracy
of LCZ map are feasible via the proposed extended workflow of WUDAPT L0 method. This new extended workflow is not only
accessible for Japanese cities but also can be adopted globally. WUDAPT L0 product has been ready to provide the required para-
meter information which can enable analyzing of intra-urban differentiation for urban climate models. (Bechtel et al., 2019) Such as
in the Weather Research and Forecasting (WRF) model, WUDAPT land use can be replaced with United States Geological Survey
(USGS) land use for simulation. (Brousse et al., 2016; Tse et al., 2018) This article provides BH, BCR, PSF of the LCZ classifications in
Sendai, which is a representative large Japanese city. It can help other researchers to better know the urban structure differences
between Japanese big cities and other cities in the world, meanwhile, provide a new dataset for mesoscale climate modelling and
simulations in Japan.
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