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1. Introduction
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Urbanization in China has reached an unprecedented level with 54.77% of the population living i
2014 (National Bureau of Statistics of China, 2014).With continuous urbanization and the increasing
nications between differentmetropolitan cities, the idea of megaregionswas introduced as a new fr
for national policy of spatial development (The state council of People's Republic of China, 2016). The
megaregions in China with the Pearl River Delta, the Yangtze River Delta (YRD), and the Capital
three leading megaregions. Although these three megaregions occupy 1.6% of the total area of Ch
of the total population in China reside in these three megaregions (Amekudzi et al., 2012). Such a
ulation density results in enormous pressure on the urban systems and challenges to the sustaina
development of the urban agglomerations.

Urban development converts natural landscape into artificial constructions and pavements, resu
tered climatic conditions in urban areas and the formation of urban heat island (UHI) phenomen
1982, 1987). The concept of Local Climate Zone (LCZ) was developed to quantify the relationship
urban morphology and UHI phenomenon (Stewart and Oke, 2012). It provides a standardized fr
to characterize cities according to the surface properties. Each LCZ class is assumed to be homog
terms of surface properties and the effect on air temperature. One of the major advantages of the L
fication system is thenewperspective of definingUHI byusing the temperature differences among L
rather than the traditional urban-rural difference. It therefore emphasizes the importance of intra-u
perature comparison to analyze the influence of heterogeneous urban morphology on the formatio
climate.

For the nature of LCZ classification, air temperature is the most suitable meteorological paramet
alyzing the temperature differences among LCZ classes. However, the coverage of ground-level, obse
meteorological stations is generally limited, resulting in poor spatial resolution for verifying the diff
air temperature between LCZ classes. As such, alternative temperature data is necessary formore co
sive assessment of the effect of urban morphology on local climatic conditions. Satellite images pro
tinuous coverage, high integrity and real-time data acquisition over large areas (Voogt and Oke,
addition, satellite images acquired during night-time were found to have stronger relationship
land surface and the adjacent air (Stoll and Brazel, 1992) so they provide a representation of air tem
sufficient for UHI studies at city scale (The state council of People's Republic of China, 2016). As n
temperature increases at a higher rate than daytime temperature in urban areas due to UHI phe
(Schrijvers et al., 2015), LST derived from night-time satellite imagery is a suitable alternative as an
of urban heat island.

This paper aims to determine the relationship between LST and LCZ classes with the YRD mega
lected as a case study. Night-time Aster satellite images of Shanghai and Hangzhou were used to in
LST from the YRD megaregion, which were subsequently classified to show the surface UHI intensi
proved method of the World Urban Database and Portal Tool (WUDAPT) was also used to develo
map of the YRD megaregion. Air temperature data from weather observational stations was us
against the LST pattern of LCZ classes. LST of different LCZ classes can therefore be characterized i
inform urban climate researchers and urban planners about the influence of LCZ on local climate,
more sustainable urban planning in megaregions in China.

2. Materials and methodology
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2.1. Study area: Yangtze River Delta

The YRD region is composed of the territory of Shanghai, southern Jiangsu Province and northern
Province (Fig. 1). The terrain of this region is generally flat and low-lying floodplain with some hilly
cated in the south of Hangzhou. The YRD region has a subtropical monsoon climate with annual m
perature of 15–16 °C and annual precipitation of 1000–1400 mm. Rapid urbanization in this r
given rise to one of the largest megalopolis in the world, covering an area of 99,600 km2 and hom
the83-million urbanpopulation (National Development andReformCommission, 2016). This region
ed in the present paper due to the similar geographic characteristics and urbanmorphology of the Y



Two typical cities in the YRDmegaregion under rapid urban development were selected as case studies in
the present paper, namely Shanghai and Hangzhou. Shanghai is located in the centre of the alluvial terrace of
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Fig. 1. Location of the study area.
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the Yangtze River delta. It has the highest population density in China and is one of the most vigo
nomic zones in the world (Shanghai Municipal Statistics Bureau, 2011). It is divided into 18 cou



divisions with nine districts in the city core collectively identified as urban areas. Hangzhou is the capital of
the Zhejiang Province and has the highest population in the province. It is located in the southern part of
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the YRD and now one of China's most prosperous major cities. Hangzhou municipality area incl
urban districts, two county-level cities and two counties.

Previous studies showed that there is significant UHI phenomenon in the YRD region, charact
more hot days, higher maximum air temperature and longer duration of high temperature in ur
than outer suburbs and peri-urban areas (Wang and Zheng, 2013; Zhang et al., 2013). UHI intensi
region reaches 4.7 °C (Dong et al., 2014) and the areas experiencing intense UHI have rapidly exp
particular, the average UHI intensity in Shanghai reaches 2.4 °C in summer (Ding et al., 2014) while
imum UHI intensity reaches 5.6 °C in Hangzhou (Wang and Liu, 1982).

2.2. Data

Landsat 8 level 1 images of the YRD regionwith a horizontal resolution of 30mwere downloaded
United States Geological Survey Landsat Data Access Portal. Only 10 Landsat images were selected d
presence of clouds and their shadowwhich causesmisclassification and false detection of land cover
Woodcock, 2012). Therefore, satellite images from August to October were preferred due to the
coverage, leading to more intensified UHI phenomenon (Dong et al., 2014).

Night-time Aster images were also acquired from the National Aeronautics and Space Adminis
the present paper since they can better represent the temperature pattern of the YRD region
(Nichol and To, 2012). Average air temperature on Sept. 1, 2015 from 28 open available national we
servational stations in the YRD region was also used to validate the temperature pattern of LCZ. Air
ture on Aug. 23, 2015 was not selected as it was rainy and may not present the temperature pattern
on this date.

2.3. LCZ mapping and validation

2.3.1. LCZ mapping method
LCZ classification generally requires detailed urbanmorphological data in order to classify the ci

ing to its surface characteristics. However, such data are usually unavailable due to technological li
and government policies. TheWUDAPT methodology was developed to be part of a global protocol
information about form and function of cities. It was designed according to the requirements of un
free availability of data and software, objectivity, computational cost, and convenient application. A
workflowwas therefore developed that uses freemulti-temporal Landsat imagery, training data dig
Google Earth template and a Random Forest classifier. The algorithm is implemented as a tool in SAG
open source software (Bechtel et al., 2015), which consists of three major steps: a) pre-processing o
images; b) digitalization of training samples in Google Earth; c) classification in SAGA GIS.

The existingWUDAPTmethodology is at city scale. However, the process of selecting training sam
preprocessing satellite images is very time-consuming for the classification of individual city, esp
large regions that cover a number of cities. An improvedWUDAPTmethodwas proposed to generat
LCZ map, which is designed to classify a large region in the first place and extract the cities in t

Table 1

Satellite images acquired in the present paper.

Satellite image Entity ID Acquisition date Satellite image Entity ID Acquisition date

Landsat 8 LC81200392013287 2013/10/15 Landsat 8 LC81180392015215 2015/08/04
LC81200402013287 2013/10/15 LC81190402015215 2015/08/04
LC81190372014075 2014/03/17 LC81190392015286 2015/10/14
LC81190382014075 2014/03/17 LC81190402015286 2015/10/14
LC81200372014274 2014/10/02
LC81200382014322 2014/11/19 Aster AST_L1A.003:2185968921 2015/08/23
LC81180382015215 2015/08/04 AST_L1A.003:2187758991 2015/09/01



correspondingly, instead of classifying each city individually. It applies atmospheric correction to the satellite
images of the region in order to eliminate the atmospheric difference among the images, which can improve
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the image quality in comparisonwith the existingmethod. LCZmaps, with the efficiency and accura
sification significantly improved, can therefore be provided to researchers and potential users at both
and city scales. This methodology has been applied to develop LCZmaps for 57 Chinese cities and re
et al., 2016; Ren et al., 2016a).

In the present paper, 10 Landsat images covering the entire YRD megaregion were selected for t
fication. Training samples of the six YRD cities were produced using the improved methodology w
tains four major steps as below:

1. Preprocessing of the Landsat data: Seamless mosaic and atmospheric correction were applied
Landsat images to eliminate the atmospheric difference and subsequently combined into one im
image was then resampled from 30 to 100 m to get a representation of the spectral signal of lo
urban structures rather than smaller objects.

2. Digitization of training areas in Google Earth: Representative areas of each LCZ class were selected
gons as training samples (Table 2). Each LCZ class contains about 50 polygons. The training samp
typical YRD cities including Shanghai, Hangzhou, Nanjing,Wuxi, Suzhou, and Yangzhouwere use
sequent classification.

In particular, compact low-rise (LCZ 3), open low-rise (LCZ 6) and Lightweight low-rise (LCZ7)m
similar in Google earth images as they are all low-rise buildings. The major differences are green s
construction materials. Low-rise buildings with abundance of greenery will be chosen as LCZ 6. Goo
viewcan providemore detailed and clearer images that can present their buildingmaterials to distin
3 and LCZ 7. Low-rise buildings constructed by Lightweight construction materials (e.g., wood, that
gated metal) will be selected as LCZ 7.

Also, The Landsat images have been acquired in different years (2013–2015) and many land u
have been changed meanwhile due to rapid urbanization. In order to eliminate the inconsisten
land covers in different years, places that are likely to change such as construction sites, vacant dev
areas and bare land will not be selected as training samples.

3. Classification in SAGA GIS: The preprocessed Landsat images and the selected training areas of t
YRD megaregion were inputted into SAGA GIS. The LCZ classification of study areas was then c
and conducted by random forest classifiers according to the similarity between the training sam
the rest of study areas. The LCZ map of the YRD megaregion was therefore generated.

4. Extraction of the cities in the YRD region: The boundaries of the municipalities were used to sepa
tract themunicipalities in the YRD region. The LCZmaps of the 16municipalities were generated
the method in Step 3.

2.3.2. Accuracy assessment
Accuracy assessment was conducted to evaluate the performance of the random forest classifie

accuracy of LCZ classification in the YRD megaregion. Random forest (Liaw and Wiener, 2002) w
as the classifier for the WUDAPT methodology due to its high accuracy and computational perf
Moreover, it does not require urbanmorphology parameters that vary across LCZ classes in a city, w
siderably simplifies theworkflow. In addition, random forest provides an unbiased error estimatew
quiring additional testing data (Bechtel et al., 2015).

A new set of samples for all LCZs was randomly collected as reference data to estimate the clas
error. In order to maintain the objectivity, the number of new samples for each LCZ class was set
the number of each LCZ class previously developed. By comparing the developed LCZ classes with
ence data, the assessment results were obtained and summarized in a confusion matrix of which th
of confusion between the resultant classifications and the ground truth can be calculated.

2.4. LST retrieval

The present study employs single channel algorithm to retrieve LST from remote sensing data b
its relatively simple data requirements and high accuracy (Jiménez-Muñoz, 2003). It is a commo



approach to estimate LST based on thermal-infrared remote sensing image data (Jiménez-Muñoz et al., 2006).
The single channel algorithm only requires one thermal-infrared channel and uses the same equation and co-
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Table 2
Snapshots of different LCZ classes in the YRD megaregion from Google Earth.

LCZ 1: Compact high-rise

• Tightly packed buildings with more
than 10 stories

• Little or no green space
• Built by concrete, steel, stone and glass

; 100%Þ ¼ }fixed310t1}

LCZ 2: Compact mid-rise

• Tightly packed buildings with three to
nine stories

• Little or no green space
• Built by stone, brick, tile and concrete

; 100%Þ ¼ }fixed310t2}

LCZ 3: Compact low-rise

• Tightly packed buildings with one
to three stories

• Little or no green space
• Built by concrete, steel, stone and
glass

;100%Þ ¼ }fixed310t3}

LCZ 4: Open high-rise

• Openly arranged buildings with more
than 10 stories

• Abundance green space
• Built by concrete, steel, stone and glass

; 100%Þ ¼ }fixed310t4}

LCZ 5: Open mid-rise

• Openly arranged buildings with three
to nine stories

• Abundance of green space
• Built by concrete, steel and glass

; 100%Þ ¼ }fixed310t5}

LCZ 6: Open low-rise

• Openly arranged buildings with one
to
three stories

• Abundance of green space
• Built by wood, brick, tile and concrete

;100%Þ ¼ }fixed310t6}

LCZ 7: Lightweight low-rise

• Lightweight building materials
with one to two stories

• Few or no trees
• Land cover is hard-packed

;100%Þ ¼ }fixed310t7}

LCZ 8: Large low-rise

• Large, openly arranged buildings with
one to three stories

• Few green space
• Land cover is mostly paved

; 100%Þ ¼ }fixed310t8}

LCZ 9: Sparsely built

• Sparse arrangement of small or
medium-sized buildings in
natural setting

• Abundance of pervious cover

;100%Þ ¼ }fixed310t9}

LCZ 10: Heavy industry

• Low-rise and mid-rise industrial
structures (towers, tanks, stacks)

• Few or no trees

;100%Þ ¼ }fixed310t10}

LCZ A: Dense trees

• Heavily wooded landscape of
deciduous and/or evergreen trees

;100%Þ ¼ }fixed310t11}

LCZ B: Scattered trees

• Lightly wooded landscape of
deciduous and/or evergreen trees

;100%Þ ¼ }fixed310t12}

LCZ C: Bush, scrub

• Open arrangement of bushes, shrubs
and short, woody trees

; 100%Þ ¼ }fixed310t13}

LCZ D: Low plants

• Grass or herbaceous plants/crops

; 100%Þ ¼ }fixed310t14}

LCZ E: Bare rock or paved

• Rock or paved cover

; 100%Þ ¼ }fixed310t15}

LCZ F: Bare soil or sand

• Soil or sand cover

; 100%Þ ¼ }fixed310t16}

LCZ G: Water

• Large, open water bodies

;100%Þ ¼ }fixed310t17}
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efficients for different sensors while the split-window algorithm requires simultaneous data from at
sensor channels (Wan, 1996). In addition, it only requires atmospheric moisture content and lan
emissivity as parameters, making it widely applied in UHI studies.

Two night-timeAster Level 1B imageswith 90mhorizontal resolutionwere used to acquire LST f
hai and Hangzhou. Band 13 of the Aster images was selected for calculation using four major steps

1. The digital number values of Band 13 of the Aster images were converted to radiance (Lsen) usin
conversion coefficient of 5.69 × 10−3 (ERSDAC, 2010);

Unlabelled image
Unlabelled image
Unlabelled image
Unlabelled image
Unlabelled image
Unlabelled image
Unlabelled image


2. Black body temperature was computed using Eq. (1) derived from the inversion of Plank's function
(Sobrino, 2010):
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K
 ð1Þ

ð2Þ

ð3Þ

9.82 K. γ

Jiménez-
Tsen ¼ 2

ln
K1

Lsen
þ 1

� �

γ ≈
Tsen

2

K2Lsen

δ ≈ Tsen−
Tsen

2

K2

where K1 and K2 are radiation constants. For Band 13, K1 = 865.25 W·m−2·sr−1·μm−1, K2 = 134
and δ are two parameters dependent on the Planck's function.

3. Surface emissivity (ε) was retrieved using the Normalized Difference Vegetation Index (NDVI;
Muñoz et al., 2006). The surface emissivity for Band 13 was calculated using Eq. (5):
� �

ð4Þ

ð5Þ
(PV = 0)
PV ¼ NDVI−NDVIS
NDVIV−NDVIS

2

ε ¼ 0:986þ 0:022PV

where NDVIV and NDVIS are the NDVI values of full vegetation cover (PV = 1) and bare soil
respectively.

4. LST was then retrieved using the following general equation (Jiménez-Muñoz, 2003):
� �

ð6Þ

ospheric
Ts ¼ γ
1
ε

ψ1Lsen þ ψ2ð Þ þ ψ3 þ δ

where TS and ε is the LST and surface emissivity respectively, and ψ1, ψ2 and ψ3 are referred to as atm
functions.

2.5. Surface UHI intensity classification
ngzhou is
ng et al.,
f LST can
The surface UHI, which can be represented by LST (Schrijvers et al., 2015), in Shanghai and Ha
classified into five levels according to the standard deviation from the mean value (Table 3; Zha
2013). The advantage of using mean value and standard deviation is that the spatial differentials o
be revealed regardless of the temporal variation of the actual LST values.

Table 3
Threshold values for LST classification. μ and SD are themean value and the standard deviation of LST

respectively (Chen et al., 2016; Zhang et al., 2013).

LST category Range

Very low TS b μ − 1 SD
Low μ − 1 SD ≤ TS b μ − SD/3
Medium μ − SD/3 ≤ TS b μ + SD/3
High μ + SD/3 b TS b μ + 1 SD
Very high TS ≥ μ + 1 SD



2.6. Testing against LST with air temperature
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Buffer analysis was applied to the 28 observational stations to determine their most represen
and 300-meter buffer is most suitable for air temperature analysis (Stewart, 2011). The majority
in the buffer area of each station was determined as the most representative of the station. Afterw
average air temperature of the weather observational stations representing same LCZ class was cal

3. Results and analysis

3.1. LCZ maps of the YRD megaregion

Fig. 2 is the LCZ map of the YRDmegaregion produced by the improvedWUDAPT method. It cap
morphological characteristics of both rural and urban areas and detects the spatial pattern of pote
phenomenon. As shown in Fig. 2, the vegetation in the central and northern YRD is dominated by
(LCZ D) while the southern and southwestern parts of the YRD megaregion are mainly mixed fo
The vegetation pattern is consistent with the geographic characteristics of the YRD with low-lyin
floodplain in the northern half of the YRD and mountainous terrain in the southwest.

Shanghai has the largest urban areas among all the YRD cities according to the LCZ map. The ur
have expanded to adjacent cities, namely Suzhou,Wuxi and Changzhou. These four cities have been
ed into a large city groupwith no obvious non-urban areas between the cities. Large urban areas are
tified in the two sub-provincial-level cities, Hangzhou and Nanjing. There are also many isolat
settlements in the northern part of YRD,which aremainly suburbs and prefecture-level cities that ar
heat sources of the YRD region.

Downtown areas of ShanghaiMunicipality, especially in city centre where the CBDs and comme
are situated, are extremely dense and compact so they aremainly classified into the LCZ 1–4which a
tially of high UHI intensity. Compact urban land cover is also found in the northern suburbs. Also, the
also detects LCZ 10 (heavy industry) in Baoshan district in the north and Minhang district in the
Shanghai that are sources of anthropogenic heat.

The LCZmap of Hangzhou indicates that LCZ A (dense trees) occupies most of rural areas in the
region. Urban settlements are concentrated in the northeastern downtown area. They are not as
Shanghai since mainly LCZ 2–5 are found in this region where the UHI phenomenon possibly occur
tion, the continuously connected downtown area and suburbs indicate potential aggregation of the
nomenon in Hangzhou. The rest of the counties and county-level cities are mostly classified i
(compact low-rise).

3.2. Validation and accuracy assessment

The confusion matrices present the user and producer accuracy of each LCZ class as well as the o
curacy and the Kappa coefficient (Tables 4–6). The overall accuracy is 66.53% and the Kappa coefficie
for the LCZmap of the YRD region. The overall accuracy of the LCZmaps of Shanghai and Hangzhou
and 75.5% respectively. They show acceptable accuracy for the classification at both regional and c
and can be used for further studies. The improved methodology is more capable of differentia
cover characteristics due to its higher accuracy. Moreover, the LCZmap of Shanghai exhibits the low
racy for built-up areas (30.3%) since the urban areas in Shanghai are compact with mixed LCZ type

There are also variations in the accuracy of different LCZ classes. In particular, LCZ 1 and 2 show
poor classification results with the producer accuracy lower than 50% in the LCZ maps of the YRD r
Shanghaiwhereas the LCZmapofHangzhouhas lowproducer accuracy in LCZ 1 and 3. Themisclassi
LCZ 1–3 is likely due to the limited information of Landsat images about building height.

In addition, there are misclassifications in vegetation cover like LCZ B and C since it is difficult fo
dom forest classifier to distinguish vegetation with various height and density. It is also because th
imagery does not contain sufficient information about the height and density of vegetation. On
hand, the misclassification is resulted from the inconsistent dates of the images obtained from Goo
and Landsat data since the density and height of vegetation may vary across different seasons. T
multi-temporal Landsat images are required to provide more accurate results.



Fig. 2. LCZ maps in the YRD megaregion. Insert.
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Image of Fig. 2


Table 4
Confusion matrix of the LCZ map of the YRD region.

LCZ 1 2 3 4 5 6 7 8 9 10 A B C D E F G No. classified
pixels

User
accuracy

1 15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 16 93.75%
2 0 34 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 36 94.44%
3 0 7 43 2 6 0 5 0 0 0 0 0 0 0 0 0 0 63 68.25%
4 11 14 1 46 14 3 1 0 11 7 0 5 1 0 7 13 2 136 33.82%
5 3 3 0 6 55 0 0 1 0 2 0 0 0 0 0 0 0 70 78.57%
6 0 1 1 0 0 12 0 1 2 1 0 2 1 0 1 0 0 22 54.55%
7 0 0 2 0 0 0 2 0 0 0 0 0 0 0 0 0 0 4 50.00%
8 2 1 0 0 0 0 0 87 0 0 0 2 0 0 5 0 0 97 89.69%
9 0 0 0 0 0 0 0 0 4 0 0 0 0 0 0 0 0 4 100.00%
10 0 16 1 11 5 1 0 0 0 43 0 1 0 0 7 5 0 90 47.78%
A 0 1 3 0 1 17 4 11 3 1 98 3 0 4 0 9 0 155 63.23%
B 0 0 0 0 0 0 0 0 0 0 0 8 0 0 0 2 0 10 80.00%
C 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0 0 4 100.00%
D 4 0 0 2 3 1 0 3 20 7 8 3 7 48 0 6 0 112 42.86%
E 0 0 0 0 0 0 2 0 0 2 0 1 0 0 78 0 0 83 93.98%
F 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 11 0 12 91.67%
G 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 62 63 98.41%
No. ground truth
pixels

35 77 51 67 84 35 16 103 40 63 106 25 13 52 99 46 65 977

Producer accuracy 42.86% 44.16% 84.31% 68.66% 65.48% 34.29% 12.50% 84.47% 10.00% 68.25% 92.45% 32.00% 30.77% 92.31% 78.79% 23.91% 95.38%
Overall accuracy 66.53% Built-ups accuracy 54.65% Land coverings accuracy 62.80%
Kappa 0.6373
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Table 5
Confusion matrix of the LCZ map of Shanghai.

LCZ 1 2 3 4 5 6 7 8 9 10 A B C D E F G No. classified
pixels

User
accuracy

1 1 0 0 5 1 0 1 1 0 0 0 0 0 0 0 0 0 9 11.11%
2 1 4 5 4 1 0 3 0 0 0 0 0 0 0 0 0 0 18 22.22%
3 0 5 42 5 0 2 2 5 0 2 0 0 0 1 6 0 0 70 60.00%
4 1 1 0 30 8 7 0 0 0 0 2 0 0 16 0 0 0 65 46.15%
5 0 4 2 4 4 3 2 1 0 0 0 0 0 5 1 0 0 26 15.38%
6 0 1 0 4 6 35 1 0 0 0 2 0 0 21 0 2 0 72 48.61%
7 1 3 6 0 0 2 8 0 0 0 0 0 0 4 0 0 0 24 33.33%
8 0 0 5 1 0 1 0 24 0 1 0 0 0 0 2 1 0 35 68.57%
9 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 2 100.00%
10 4 4 7 24 3 4 2 3 0 2 0 1 0 66 1 5 2 128 1.56%
A 0 0 0 2 0 0 1 0 0 0 14 1 0 0 0 0 0 18 77.78%
B 0 0 0 0 0 3 0 0 0 0 0 1 0 7 0 1 0 12 8.33%
C 0 0 0 0 0 1 0 0 0 0 0 2 3 11 0 2 0 19 15.79%
D 0 0 0 2 0 1 1 0 2 1 0 0 2 295 1 0 0 305 96.72%
E 0 0 7 1 0 0 0 12 0 0 0 0 0 3 32 2 0 57 56.14%
F 0 0 0 0 0 0 0 0 1 0 1 0 0 77 0 4 0 83 4.82%
G 0 0 0 0 1 0 0 0 0 0 0 0 0 4 0 939 944 99.47%
No. ground
truth pixels

8 22 74 82 24 59 21 46 5 6 19 5 5 510 43 17 941 1887

Producer accuracy 12.50% 18.18% 56.76% 36.59% 16.67% 59.32% 38.10% 52.17% 40.00% 33.33% 73.68% 20.00% 60.00% 57.84% 74.42% 23.53% 99.79%
Overall accuracy 76.31% Built-ups accuracy 31.34% Land coverings accuracy 81.73%
Kappa 0.6618
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Table 6
Confusion matrix of the LCZ map of Hangzhou.

LCZ 1 2 3 4 5 6 7 8 9 10 A B C D E F G No. classified
pixels

User
accuracy

1 11 1 0 7 0 0 0 0 0 0 0 0 0 0 0 0 1 20 55.00%
2 2 19 6 0 10 1 0 3 1 1 0 0 0 1 0 0 0 44 43.18%
3 0 1 8 0 1 0 1 18 0 0 0 0 0 0 1 0 0 30 26.67%
4 23 3 0 49 0 2 2 0 0 0 0 0 0 3 0 0 4 86 56.98%
5 0 1 0 0 15 0 2 0 0 0 0 1 0 0 0 0 0 19 78.95%
6 0 0 1 3 2 22 12 0 3 0 0 0 0 1 0 0 2 46 47.83%
7 0 0 5 0 0 0 15 3 0 0 0 0 0 0 0 0 0 23 65.22%
8 0 1 0 2 1 0 0 12 0 0 0 0 0 0 4 3 0 23 52.17%
9 0 0 0 2 0 2 0 0 5 0 0 0 0 19 0 0 1 29 17.24%
10 0 1 1 1 0 0 0 0 0 5 0 0 0 0 0 0 0 8 62.50%
A 0 0 0 0 0 0 0 0 0 0 162 3 0 0 0 0 0 165 98.18%
B 0 0 0 0 0 3 0 0 0 0 2 31 0 0 0 0 0 36 86.11%
C 0 0 0 0 0 0 0 0 0 0 0 2 14 0 0 0 0 16 87.50%
D 0 0 1 2 0 2 7 0 4 0 1 6 0 122 0 5 2 152 80.26%
E 0 0 0 0 0 0 0 0 0 0 0 0 0 0 45 0 0 45 100.00%
F 0 0 0 0 1 0 3 0 0 0 0 4 0 31 1 10 0 50 20.00%
G 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 216 216 100.00%
No. ground truth pixels 36 27 22 66 30 32 42 36 13 6 165 47 14 177 51 18 226 1008
Producer accuracy 30.56% 70.37% 36.36% 74.24% 50.00% 68.75% 35.71% 33.33% 38.46% 83.33% 98.18% 65.96% 100% 68.93% 88.24% 55.56% 95.58%
Overall accuracy 75.50% Built-ups accuracy 45.87% Land coverings accuracy 83.22%
Kappa 0.7220
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3.3. Classification of surface UHI intensity
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The surface UHI of Shanghai and Hangzhou were classified according to Table 3. Fig. 3 shows t
pattern of surface UHI classified in Shanghai and Hangzhou based on the LST acquired from n
Aster thermal images. In Shanghai, the surface UHI intensity reaches up to 4.2 °C in downtown ar
centre and northern part of Shanghai. High LSTwas extensive found in the southern suburbs while
extremely high LST values were observed outside city centre due to the presence of point sources lik
tories in the north of Baoshan and the south of Minghang. It is also notable that the distribution of h
dominant in the city.

Surface UHI ismore prominent inHangzhouwith large area of high LST found in the downtown a
northwestern part of the city. The temperature difference between the downtown and surround
areas reaches up to 12 °C in LST. In particular, Hangzhou Bay in the southeast has a surface UHI in
10 °C since it is an economic development zone surrounded by Hangzhou, Shanghai and Ningbo, l
such the prominence of surface UHI in this area.

3.4. Relationships between LST and LCZ classes

Fig. 4 shows the differences of LST from the mean value for each LCZ class. In general, there are
iations in LST across LCZ classes while the pattern is similar between the two cities despite of the h
ferences observed in Hangzhou. The LST of built-up LCZ classes is generally higher than that of the l
classes, reiterating the high UHI intensity in urban areas. In particular, LCZ 1 (compact high-rise
highest LST among the built-up LCZ classes with mean values of 27.3 °C and 20.8 °C for Shanghai a
zhou respectively. LCZ 9 (sparsely built) shows opposite trend in the two cities with 0.2 °C above
Shanghai but 1.8 °C below mean in Hangzhou. The complex and diverse urban morphology of this
in YRD is the predominant reason for such an opposite trend since most of the LCZ 9 areas in Hang
located in mountain areas and villages surrounded by farmland and forest. In contrast, LCZ 9 in Sh
generally found in suburbs which experienced rapid urbanization and extensive conversion of land

Lower LST is generally observed in land cover LCZ classes due to the extensive pervious surface
land cover. LCZ A exhibits the lowest LST in both cities with mean values of 26.1 °C and 15.4 °C ob
Shanghai and Hangzhou respectively. However, there are certain inconsistencies in LST of land cov
due to the temporal difference in vegetation. Above-mean valueswere observed in LCZ E (bare rock
in which some of them are concrete paved areas like airport and scattered settlements. LCZ G has th
LST due to the highest heat capacity, which cools off slower than other LCZ classes during night-tim
Fig. 3. Spatial variation of surface UHI in Hangzhou (left) and Shanghai (right).



After incorporating air temperature, it can be found that the existing 28 stations can represent 8 LCZ clas-
ses, namely LCZ 2, LCZ 3, LCZ4, LCZ 5, LCZ 8, LCZ A, LCZ D and LCZ E. Also, air temperature has the same var-
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Fig. 4. Temperature differences (°C) from mean LST for each LCZ class.
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iation of mean temperature difference with LST difference. The built -up LCZs except LCZ 8 are
mean valuewhile vegetation like LCZ D and LCZ E has lower air temperature. The similar variation t
firms the traditional LCZ definition as well as the LST patterns of each LCZ.

4. Discussion

4.1. Representation of urban morphology of the YRD cities

4.1.1. Regional level
The LCZmaps produced byusing the improvedWUDAPTmethodologywere found to be represen

the urban morphology at both city and regional scales. The urban areas in the YRD megaregion can
fied into four urban agglomerations since the urban morphology is similar with no remarkable de
among the cities within the agglomerations (Fig. 5). Region A is comprised of Shanghai municip
the surrounding Kunshan in Suzhou and Nantong. The dominant land use in this area is urban and
areas with much commercial activity. The urban sprawl of the cities in the region has expande
their administrative boundaries. It has the highest level of urbanization among the four region
urban areas are extremely concentrated and compacted, merging into a large spatial agglomeratio
B is the Suzhou-Wuxi-Changzhou urban agglomeration to the west of Shanghai. The built-up areas
gion are mainly industrial and commercial. High level of urbanization is being experienced in this r
they are likely to develop into a megalopolis in the future.

On the other hand, Region C, located in the Hangzhou Bay including cities like Hangzhou, Sha
Ningbo, have expanded closely to one another along the coast and contains most of the compact co
areas. In the north of the YRDmegaregion, Region D consists of Nanjing, Zhenjiang, and Yangzhou, w
jing as the centre of urban development. The urban area is relatively sparse and smaller than the
three regions in terms of the size of the city. The urban sprawl of the cities in this region is relatively
dent and has not spread together. Due to the rapid economic development in the YRDmegaregion,
regions are expected to merge and form a megalopolis in the future.

4.1.2. City level
Despite of themerging trend in the YRDmegaregion, cities exhibit their own characteristics in ur

phology due to their corresponding rates and scenarios of urban development. In Shanghai municip
1 dominates since buildings, especially those in commercial areas, are high-rise and the urban areas
ing into larger metropolis. In contrast, newly developed districts such as Pudong and Baoshan are w
lated with homogeneous urban morphology. Downtown areas like Changning district are more ir
size and urban form since they are at the early stage of urban development.

Cities at sub-provincial level such as Nanjing andHangzhou have less built-up areas than Shangh
ipality. High-rise buildings and CBDs are generally sparsely located in the city centre and often m
mid-rise buildings. The block size is usually around 300m. For prefecture-level cities likeWuxi and Y
residential areas dominate and are mostly classified into LCZ 4 and 5. The blocks in these cities are



small and disperse with block size less than 100m. The land use is highly mixed in these cities and the length
of a land with homogeneous urban morphology is only around 70–80 m.
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Fig. 5. Urban agglomerations identified in the YRD megaregion.

499M. Cai et al. / Urban Climate 24 (2018) 485–502
Small building blocksmixedwith dominant LCZ classes cause problems in selecting training sam
Google Earth, which affect the accuracy of LCZmapping using theWUDAPTmethod. In this study, it w
that training sampleswith size larger than 100m2 improvedmapping results since they provide suf
formation for the classification. On the other hand, sample with area less than 100 m2 cannot cover
of the Landsat image so the chance of generating an erroneous classification is considerably increased
likely to cause pixel mixing due to uncertainties about the location of different physical landscape.
large samples of homogeneous urbanmorphologywere absent in some cities likeWuxi, leading to p
ping results when they were applied to satellite images of 100m resolution. In order to improve the
result, the small samples and the original Landsat data of 30m resolutionwere used for classification
Landsat data can better represent the spectral information of the samples and the classification acc
therefore been improved. Sub-classification of themix LCZs types can also be helpful for improving
ping result.

4.2. Implications for urban planning

As the LCZ classification scheme is based on the impact of urban morphology on temperature va
the city, the LCZmaps are able to indicate the spatial distribution of theUHI phenomenon,which con



more climate-sensitive urban planning. The LCZ map visualizes the spatial characteristics so urban planners
and architects are able to better understand the thermal environment in the decision-making process. In ad-
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dition, the LST characteristics of LCZ classes are helpful to minimize the impacts of urbanization
urban vegetation and land use planning.

More severe UHI phenomenon was found in the central and southern parts of the YRD megar
to the higher level of urban development. Frequent communications between the cities in this p
region facilitate the emergence of these cities into megalopolis. Therefore, more careful planning
are required for future urban development with respect to UHI mitigation. For the dense urban
Shanghai, Hangzhou and Nanjing, further urban development should be avoided or carefully de
order to alleviate the high temperature. Green patches with low UHI intensity can also be str
used to effectively mitigate UHI phenomenon. For areas with high UHI, it is also important to
the thermal environment through measures such as efficient energy use, building materials and o
logical measures (Chen et al., 2016).

The urban areas of prefecture-level cities such as Wuxi and Suzhou are sparsely distributed. H
the cities have sprawled from city centre to urban fringe and suburban areas while local hotspots e
new towns where a large area of vegetation was converted to impervious surface cover. It sug
urban development in these areas should be carefully planned and designed, for example, provid
space, preservingurban greenery and enhancing ventilation. Thesemeasures are able to provide coo
to mitigate the UHI intensity in these areas.

The extensive industrial zones in the YRDmegaregion such as Baoshan district in Shanghai and H
Bay also exhibit high LST andworsen the thermal environment. Furthermeasures should be conside
only limit the building density, but also restrict the anthropogenic heat release of the industrial are
land cover such as green space (LCZ A–D) and open space (LCZ E and F) are beneficial to the sur
areas. Low building density is therefore preferred in order to maximize the cooling effect and pr
blockage of ventilation from these areas.

4.3. Further work
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This study provides information about urbanmorphology and potential UHI patterns and can thu
cilitate climate-sensitive urban planning and design. In response to global climate change, the Na
mate Change Adaptation Plan (2004–2010) and National Ecological Protection and Construction P
proposed to mitigate the UHI phenomenon and improve the living quality of urban environment
Development and Reform Commission, 2013, 2016). To facilitate these planning strategies, lan
urbanmorphological data are required, but access to these data is generally limited in China. LCZm
fore offer a freely available option for urban planners and urban climate researchers to acquire the
information for climate-sensitive planning.

Besides, the Chinese government highlights the importance of promoting ecological progress in
teenth Five-Year Plan due to the shortage of resource and energy (Ministry of Environmental Pro
China, 2016). The construction of eco-cities has thus become the new direction and goal of China's
velopment. Since 2012, 272 eco-cities have already been planned (Lin, 2013). The LCZ map can pro
urban form data for eco-city evaluation. The evaluation criteria such as Ventilation Potential Index, u
island proportion index (UHPI) and Ecological cold area ratio (Ministry of Housing and Urb
Development of China, 2015) are characterized by sky view factor, surface roughness, UHI inte
NDVI, which can be well represented in the LCZ map.

In addition, the 100 m resolution LCZ information acquired by the improvedWUDAPT can provi
sary information for urban planning and eco-city evaluation not only at mesoscale, but also local a
scale. These will be useful in developing planning strategies for the regional and city group plan, ci
plan, community plan and building design to mitigate the UHI effects and ensure the well-being of
tants of the country.

Furthermore, under future climate change, the frequency and duration of heat waves are expec
crease in China (Wang and Zheng, 2013). The understanding of potential UHI patterns can be ad
riskmanagement of heatwave events in the future. LCZmaps can also identify hot spots and potenti
lematic areas that require attention in heat wave studies.



4.4. Limitations
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The present study focuses on the LST and corresponding UHI patterns in summer. Seasonal var
UHI patterns would help to understand the LST characteristics due to urban morphology more com
sively. Multi-temporal satellite images are required to further investigate the relationship betwee
LCZ classes in different seasons. As the Landsat images do not provide satisfactory differentiatio
cover LCZ classes, NDVI can provide an alternative source of data formore accurate classification of v
covers. Stereo images can also be used to extract urbanmorphological parameters and hence impro
curacy of classification of built-up LCZ classes. Besides, low-cost butmore detailed satellite images ca
to replace Landsat images in the classification process (Ren et al., 2016a, 2016b). Moreover, the c
temperature records collected from available national weather observational stations can only re
LCZ classes. More air temperature data such as local weather observational records are needed
more comprehensive understanding of the temperature pattern of LCZ. In addition,many cities in th
gion havemixed LCZ classes and small blocks that are less than 100m2. The existing LCZ classificatio
is not adequate to describe the surface features of these cities. Therefore, future efforts should be m
fine and localize the LCZ classification for Chinese cities.

5. Conclusion
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The development of megaregions is a national strategy which focuses on future urban develo
China. This study has adopted an improved WUDAPT method to develop a regional LCZ map for th
gion with higher accuracy results of LCZ classification and efficiency in terms of time and man pow
single-channel method was used to acquire LST of Shanghai and Hangzhou from night-time Aste
data and UHI intensity was subsequently obtained based on LST. Furthermore, air temperature r
local ground observatory stationswere collected and analyzed to get amore comprehensive finding
derstanding on the potential UHI distribution pattern of LCZs.

Although the concept of LCZ classification scheme is based on measurements of air tempera
was found to be associated with LCZ classes, using the comparison between two YRD cities. Bui
classes generally exhibit higher LST than land cover LCZ classes. LCZ 1 and 10 have the hig
among the built-up classes in the two cities while vegetation (LCZ A–D) has the lowest among a
Inconsistencies in LST variations were found in LCZ 9, A, B and C due to the highly variable urban
ogy and the temporal variations in vegetation. The air temperature analysis also confirms the LST
of each LCZ.

Findings of the present study generally support the concept of LCZ andWUDAPTmappingmetho
regional and city levels in the YRDmegaregion,which agreeswith previous studies (Geletič et al., 20
also help urban planners and urban climate researchers better understand the influence of urbanmo
(i.e. LCZ classes) on local climatic conditions. Results also support climate-sensitive urban planning
evaluation and heatwave studies at regional and city levels. In addition, the LCZ maps can be used
data formodel simulation for climate change studies. More detailed remote sensing dataset can bette
the urban forms characteristics and can thus be used in the classification process to support model s
at different resolution. Further studies are required to examine seasonal differences of LST, improve
ity of data and sub-classification of mixed LCZ classes.
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