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ARTICLE INFO ABSTRACT

To reduce the vulnerability of urban areas facing high temperatures, it is useful to develop methods to obtain the
urban heat island (UHI) intensity. However, it is hard to equip all cities with extensive measurement networks
and alternative UHI diagnostic methods are needed. Accordingly, in this paper we evaluate and revise the
diagnostic equation designed by Theeuwes et al. (2017) and analyze its application for Xi'an (China), based on
long-term summer meteorology data. The evaluation of the default diagnostic equation shows that limited ac-
curacy for Xi'an is caused by the sum of morphological parameters being used outside the original range of
calibration. Subsequently, we propose an extended equation, which adds the building fraction to express the
morphology of additional spatial categories. This new equation is calibrated against a 3-year dataset and in-
dependently validated with data from another year. In addition, a class prediction with three spatial categories is
proposed, and verified by independent data of 20 stations in Xi'an in 2018, which enables this formula to be
applied in more cities. Altogether, the extended diagnostic equation is an effective method to evaluate the daily
maximum UHI intensity (UHI,,x) on neighborhood-scale, which can be generalized for a whole city area and
presents internal intensity differences with multi-points.
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1. Introduction

Due to global warming, the near surface air temperature is rising
sensibly, especially in summer. Also, extreme heat waves occur more
frequently and widely [1]. Urban areas are more vulnerable than rural
areas facing a high temperature environment, due to the urban heat
island effect (here we focus on the 2-m air temperature difference be-
tween rural and urban environment), which is caused by complex
factors such as canyon structure, enhanced impervious surface, popu-
lation agglomeration and so on [2-4]. Intense heat in cities may reduce
thermal comfort and affect residents' daily commuting, outdoor activ-
ities and labor productivity [5.6]. In addition, frequent heatwaves (at
least three consecutive days with daily maximum temperature ex-
ceeding 35 °C in China) [7], may increase the risk of diseases and excess
mortality [8]. Therefore, an accurate, detailed and real-time estimation
of the urban heat island intensity seems eminent, to improve the city's
responsive capacity and ensure residents' safety and health. Un-
fortunately, equipping all cities with an extensive measurement net-
work is hard to achieve [9-11], which indicates the need for an indirect
but relatively accurate method to diagnose the real-time UHI intensity.

Firstly, the UHI is often estimated using thermal remote sensing

observations, through the use of satellite, airborne and aircraft plat-
forms [12]. The main concern in this approach is the comparatively low
accuracy, due to limited horizontal resolution (30 m) [13]. Moreover,
there are significant differences between the value of air temperature
and surface temperatures measured by remote sensing [12].

Apart from observations, simulation approaches have been devel-
oped in UHI studies. Sophisticated atmospheric models coupled with an
urban canopy model (UCM) are used to investigate the energy budget of
the urban canopy layer (Ronda et al., 2017) [14]. Unfortunately, the
complete 3D wind flow is not represented by these models [9]. Another
simulation method is the computational fluid dynamics technique,
which deals with the governing equations of the flow (Navier-Stokes
equations) [14]. The modelling approaches has acceptable accuracy but
for an entire city area are very computational expensive and require a
large amount of information.

Alternatively, statistical models have been utilized because of their
simplicity and ease to use. Most of these models are multiple linear
regressions and are not purely physically based [15]. Furthermore, they
are based on variables that are relatively difficult to measure and ob-
tain, such as the boundary-layer height and the surface sensible heat
flux in urban and rural stations [15].
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Therefore, in this study, we utilize a diagnostic equation for the UHI
designed by Theeuwes et al. [15], which gives a simple and accurate
way to diagnose the neighborhood -scale maximum UHI (the max dif-
ference between rural and urban temperature in a 24-h circle). This
equation only requires routine meteorology data of a rural station and
the basic morphology data of the urban area (as representative for an
area with radius of 500 m). Data for two aspects estimated in separate
parts are multiplied to obtain the UHI,,,, (maximum UHI, see section
2.2). Designed in this way, the equation easily represents the UHI in-
tensity for the whole city area. Moreover, the diagnostic equation es-
timates to be in good agreement with field observations, according to
the independent validation for 14 European cities varied in size [15].
Beyond Europe, it was also tested for 7 Local Climate Zones (LCZ) in
Nanjing, China by Lingye Yao et al. [16]. Note that Local Climate Zone
according to Stewart and Oke [21], comprises a new and systematic
classification of field sites for heat island studies. Generally, the results
in Nanjing show an acceptable level of accuracy but the UHI for some
LCZ types is overestimated. This indicates that the application range of
this equation may need to be further expanded, especially for the new
spatial categories different from Europe.

Xi'an is chosen as the study area. As the capital of Shaanxi province,
it is a typical Chinese city according to complex land use and diverse
urban texture. Moreover, the UHI is prominent in Xi'an (the maximum
UHI is about 9K in July [17]) as contributed by the special topography
of subtropical high basin and high-speed urban development and con-
structions. Earlier UHI studies in Xi'an, partly focused on the multiple
timescale analysis of the UHI intensity and discussed the seasonal,
monthly and daily variations of UHI tendency [17]. On the other hand,
some studies aimed to divide the urban area of Xi'an into a series of
zones with graded temperature differences by surface temperature.
Being more inclined to a historical perspective, they tried to figure out
the correlation between the temporal and spatial distribution pattern of
UHI and urbanization, through comparing the UHI intensity with the
built-up area, land-use type, vegetation cover and other indicators
[18.19]. Taken together, most of these studies applied the remote
sensing method, which limited the spatial accuracy and put more focus
on historical development, and therefore lack the estimation of current
UHI intensity.

In this study, long-term summer climate data of Xi'an are used to
test the performance of the UHI,,,x diagnostic equation (see section 3).
Then considering the results of bias analysis, the extended equation for
different spatial categories is proposed and verified (see section 4.1).
Finally, the class prediction with spatial categories based on the for-
mula are confirmed (see section 4.2), which may enable this UHI cal-
culation method being more widely used in more diverse space and
cities.

2. Materials and methods
2.1. Research area

Xi'an is located in the central part of the mainland of China (107.4°-
109.5°E, 33.4-34.5°N), and the hinterland of Guanzhong basin (Fig. 1).
The topography is generally high in the southeast (690 m at highest
area on the hill) and low in the northwest and southwest (307 m at
lowest area near riverside), with an average altitude of 410 m above sea
level [20]. The Beishan Mountains in the north forms a natural barrier
around the city area, which also leads to restriction of heat diffusion
and aggravating the urban heat island effect.

This paper takes the central urban area of Xi'an as the research
object, which covered an urbanized area of 832.17 km? and supported a
population of 4.67 million in 2016 [20]. Xi'an experiences four distinct
seasons. The summers (June, July and August) are hot and the summer
average air temperature of 2014-2017 amounts to 27.1°C [20]. The
dominant wind direction in central urban area is the northeast wind,
and the recorded summer wind speed is around 2.5 m/s in the city [20].
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2.2. Diagnostic equation for the urban heat island

In this paper, we use the diagnostic equation proposed by Theeuwes
et al. [15]:

...|S | DTR?
UHlIpay = A1*4\/—

U (1a)
Here UHIL,,,, is the daily maximum value of UHI, S| is the mean
downward shortwave radiation in kinematic units during the preceding
day (K-ms™!). Moreover, DTR denotes the diurnal temperature range
(K), to introduce a measure for the rural nocturnal atmospheric stability
[15]; U denotes the 24 h average 10-m wind speed ( m-s!) at the rural
weather station. Taken together, 4/S | DTR?/U represents the meteor-
ology of the rural station.

Ai =2 — SVF — Fyg (1b)
Where SVF is the sky-view factor at the urban station and F,., is the
surface vegetation fraction around the station (in a radius of 500 m).
They are used to express the urban characteristic jointly. Note that the
equation was calibrated for 0 < Fye, < 0.4, 0.2 < SVF < 0.9 only
[15].

Here, Ai denotes a morphological factor specific to each urban
station and was originally proposed for typical cities in Northwest
Europe. The design of this equation considers the fact that the back-
ground weather condition of urban stations are the same and their
temperature differences are mainly caused by various urban char-
acteristics. Accordingly, Ai could be considered as a comprehensive
index that presents urban characteristics, such as street geometry and
urban vegetation fraction, which influence the UHI generally.

2.3. Observations
(1) Dataset 1: urban station dataset from 2014 to 2017

This study uses long-term summer meteorological data, from 2014
to 2017 (Jun, July, August), of 11 meteorological stations in central
urban area in Xi'an, provided by Xi'an Meteorological Bureau.
Considering the equation's requirement of SVF and F,e,, 9 suitable
stations are retained (see Table 1). Data of 2014-2016 are used for
testing and analysis of Equation (1) (see section 3), data of 2017 are
reserved for validating the modified equation in section 4.1.

(2) Dataset 2: urban station dataset in 2018

Except the above 8 stations in datasetcl (ZL station is out of use in
2018 and not included in dataset 2), we obtained meteorological data
for 12 additional urban stations for 16-25 July 2018, which was a heat-
wave period (Fig. 1). These stations were built at the same time as the
ones in dataset 1, but provided by the Xi'an Meteorological Bureau this
year. These data could be regarded as independent data to validate the
class prediction with three spatial categories in 4.2.

The above 20 meteorological stations are evenly distributed in the
central area and containing various morphology and land use, such as
public service, commercial facility, middle schools, universities, and
low-rise and mid-rise communities. Generally, the main spaces are
characterized as LCZ5 and LCZ6, and some LCZ2 spaces located in
newly high-intensity urban center as the XA and XZ stations, and LCZ 8
spaces in open landmark as the HZZX and FRY stations. Note that a
number of mixed and inhomogeneous spaces existing in Xi'an, which is
quite different from European cities. This is partly due to the fact that
Xi'an as an ancient capital remained the old spatial pattern and pre-
served some node spaces with large-scale, as for the NM and ZL stations.
On the other side, during the development process, some unplanned
villages are still left inside the city, which are consisting of densely low-
rise housing and bare soil or farmland, such as the LCB, SLP and MTK
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Fig. 1. (a) Map of China with the location of Xi'an. (b) Locations of meteorological stations in Xi'an, containing 2 data sets. The red dots indicate the stations in
dataset 1 and the cross dots indicate dataset 2. The yellow star is the Xianyang airport in dataset 3, as the rural station. (For interpretation of the references to colour

in this figure legend, the reader is referred to the Web version of this article.)

stations.

All meteorological data are collected by automatic weather stations
(Fig. 4), and the specific models of each stations are listed (see Tables 1
and 2). These stations are located on open ground without shading of
buildings or trees and record hourly data at 1.5 m, including air tem-
perature, relative humidity and precipitation. The accuracy of the
thermometer is = 0.1 °C and of the hygrometer is + 1%. Meanwhile,
the SVF of each urban station was calculated using the Rayman model
[29] and the F,.; was manually outlined in the satellite imagery and
calculated using ArcGIS.

(3) Dataset 3: rural reference dataset

To compute the UHIL,,,,, the observations from a rural station are
also needed and Xianyang Station (34.45°N, 108.75°E) is used in this
paper (Fig. 1b). It is located near Xianyang Airport over a grass surface
(LCZ D, low plants). The meteorological data have been obtained from
NOAA website (www.ncdc.noaa.gov), concluding the observations of
hourly air temperature and wind speed at 10 m. The S| is calculated by
the Rayman model [29] with input information of time, location, me-
teorological data and obstacle file of Xianyang station. Also, in order to
exclude frontal systems, rain events (daily sum > 0.3 mm) and fog

events (daily maximum relative humidity > 80%) have been excluded,
which is consistent with the requirements in Ref. [15]. Finally, 142 days
are used for further analysis.

3. Results
3.1. Default evaluation of the diagnostic UHI,,,, equation

The performance of the diagnostic equation is displayed in Fig. 5,
where the modelled UHI,,,, (as calculated by Equation (1a)) on the Y
axis is compared with the observed UHI,., (e.g. the daily maximum of
urban-rural temperature difference in observations) on the X axis. The
Xi'an result (RMSE = 1.68 K, MEAE = 1.14K) exhibits much more
scatter and systematic differences than that of Europe (RMSE = 0.91K,
MEAE = 0.58K) [15]. From the histogram of daily UHI, bias (Fig. 6),
we identify a number of large biases (bias > 1.5K or bias < -1.5K),
which indicates that the equation needs further improvement. Ob-
viously, large biases occur for stations which have morphological
properties outside the original calibrated range.

Table 1

Summary of urban measurement stations in dataset 1.
Station Abr. Main Land Use Coordinates Instrumentation Distance from Rural Fieg SVF  Fpuq Geomean Population Density, person/ LCZ

Station,km Height,m km?
XA Public Service 34.31°N,108.94°E DZZ5 23.2 0.13 0.47 0.25 127 11304.6 2
XZ Commercial Facility 34.21°N,108.94°E CAWS600RE 31.3 0.14 0.44 0.29 124 30693.4 2
LCB Low-rise 34.34°N,108.85°E  CAWS600RT 15.4 0.22 0.81 0.22 4.4 2785.2 6
Community

FRY Park 34.21°N,108.98°E DZZ4 33.3 0.30 0.86 0.24 8.1 2667.8 6
ZL Commercial Facility 34.26°N,108.94°E CAWS600RE 27.1 0.13 0.88 045 12 7204.8 5
XQ Mid-rise Community 34.26°N,108.97°E CAWS600RT 29.1 0.14 0.79 0.30 132 33930.9 5
FQL Public Service 34.25°N,108.90°E  WUSH-RG 25.4 0.25 0.48 0.23 11 15553.1 5
AZZX Middle school 34.28°N,108.95°E CAWS600RT 26.1 0.14 0.59 0.31 10.6 23526.1 5
XGX Middle school 34.23°N,108.89°E  CAWS600RE 27.5 0.23 0.52 0.16 188 3148.8 5

The morphological indicators Fyeg, SVF, Fyyjq and geomean height are calculated around the meteorology stations within a radius of 500 m. LCZ is the local climate

zone according to Stewart, I. D., & Oke, T. R. (2012) [21].
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XA station XZ station LCB station

Fig. 2. Peripheral photographs of stations in databasel. The green dot shows the location of station and the red circle represents a radius of 500 m. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

3.2. Bias analysis XZ stations have 39.5% and 43.5% overestimated UHI,,,, respectively.
On the contrary, the UHI,,,, of the FRY (45.3%), LCB (31.6%) and ZL

More specifically, the results of the bias distribution with different (81.7%) stations are underestimated.
stations (see Table 3) also indicate that the large biases mainly con- To further explain the causes of biases at these stations and con-

centrate on the XA, XZ, FRY, LCB and ZL stations (Fig. 3). The XA and sidering their obviously morphological difference with Europe, we
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HZZX station NM station DZKD station

Fig. 3. Peripheral photographs of new added 12 stations in database 2. The green dot shows the location of station and the red circle represents a radius of 500 m.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Dzz4

calculate the Observed Ai according to Equation (1a), using a linear
regression. The lines are indicated in light grey in Fig. 7. Meanwhile,
the results are compared with the Modelled Ai according to Equation
(1b), which is represented by linear regression lines in dark grey
(Fig. 7). These two Ai should be very close originally. However, here
the Modelled Ai are larger than the Observed Ai for the XA and XZ sta-
tions and smaller for the FRY, LCB and ZL stations, which contribute to
the majority of large biases.

3.3. Causes of bias

The reason for the large deviations between Observed Ai and
Modelled Ai is that the sum of morphological parameters (Fye; + SVF) is
applied outside the original range of calibration in Theeuwes et al.
(2017). Considering the definition of Ai, the value of the Observed Ai
reflects the urban morphology around the station. Thereto the Modelled
Ai as calculated by Equation (1b) is far from the Observed Ai, and as
such unable to express these stations' morphology accurately.

From the peripheral photographs, the stations with overestimated
UHI,,.x are dense areas with intensive constructions and numerical
high-rise buildings (Fig. 2), which also contributes to a lower Fyg (0.14,
0.13). Accordingly, the SVF affected by the nearby high-rise buildings
shows comparatively smaller (0.44, 0.47) value than the other stations.
Conversely, the stations with underestimated UHI,,,y, FRY, LCB and ZL,
have the highest SVF (0.86, 0.81, 0.88) according to the highly open
morphology, which is different from the surroundings and relatively
higher F,cg. The peripheral photographs indicate that various urban
morphologies occur for these stations and present inhomogeneous
spatial features. This could cause the morphological contrast between
the open adjacent circle and the dense periphery circle of the ZL and
FRY stations, or the non-construction area with extensive grassland and
the construction area with densely low-rise buildings of the LCB station.

Thus far, taken the above description of spatial characteristics of
these stations, we could name them as “Fully-developed space” (the XA
and XZ stations) and “Mixed space” (the LCB, FRY and ZL stations).
Also, the stations that perform well in the original equation could be
named as “Normal space” below. The “Fully-developed space” and
“Mixed space” are obviously different from low-density and homo-
geneous European cities, which were considered in the design of
Equation (1b). So here, we develop two additional spatial categories
with various urban morphology to extend the former research of Europe
[15].

Dzz5

44

CAWSG600RE

Fig. 4. Photos of three types of automatic stations in above meteorological stations.

4. Extended model
4.1. Selection of morphological indices to modify equation

The above analysis reveals that the decline in modelled accuracy is
caused by the “Fully-developed space” and “Mixed space”, but for
“Normal space” the equation still performs well. It indicated that Fyg
and SVF are key morphological indicators and should be reserved in Ai
preferentially. Meanwhile, to narrow the disparity of Observed Ai and
Modelled Ai in “Fully-developed space” and “Mixed space”, some other
morphology index might be added to quantify their spatial character-
istics more comprehensively.

Therefore, the correlation analysis is carried out using the Observed
Ai of 9 stations in dataset 1 and various urban morphology indexes
which proved to correlate with UHI intensity in former research
[22-24]. Here (see Table 4), Fuiiq Shows the best relation with Observed
Ai and is selected to modify Equation (1b) for additional spatial cate-
gories.

Consequently, we propose two modifications to Equation (1b) with
Fpuilg, as adding it to the morphology part or replacing it with one of the
existing indicators (see Table 5). Meanwhile, the modifications need to
consider the departure of Observed Ai and Modelled Ai, which is about
0.3 in “Fully-developed space” and —0.3 in “Mixed space”. Note that
the equation should also obey the physical rule that when there are no
buildings, the value of Ai should be zero and the UHI,,,,, will vanish (see
Table 5). In such a situation, the morphology of urban area is the same
as the rural area, and no air temperature difference will still exist.

According to the three equations of Table 5, we adjust the value of
Modelled Ai separately (see Table 6) and bring them into Equation (1a).
In Fig. 8, the observed UHI,,,, is compared with the modelled UHI,,,y.
Equation (2) has the comparably best performance (Fig. 8a), with less
peripheral scatters and enhanced linear characteristics. Equation 3 has
a number of underestimated values (Fig. 8b). Especially when the ob-
served UHI,, .« is higher than 6K, larger deviations appear than for
Equation (1). The results of Equation 4 are shown in Fig. 8c, the number
of scatters and distance from 1:1 line increase simultaneously.

Overall, Equation (2) best represents the UHI,,, for all stations. In
addition, we compare the 95% confidence interval of the biases for the
XA, XZ, LCB, FRY and ZL stations (Fig. 9a) before and after modifica-
tion. For example, the interval of XA station moved from 0.9 to 1.4 K to
—0.1-0.4 K, which means substantially large biases have been cor-
rected. Also, the validation of two equations with independent data in
2017 is showed in Fig. 9b. Equation (2) (RMSE = 1.35K,
MEAE = 1.01K) has a better performance than Equation (1)
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LCZ

Population Density, person/km2

Geomean Height,m

Fouila

SVF

Fueg

Distance from Rural Station,km

Instrumentation

Coordinates

Main Land Use

Station Abr.

Summary of 12 additional urban measurement stations in dataset 2.

Table 2

N0 WWw OO ANA N

11304.6
12199.5
19979.1
13440.4
7204.8
2667.8
5634.2
11304.6
1883.1
30693.4
35148.1
18487.0

16.1
9.5

12.3
13.1
7.2

14.0
5.9

12.3
17.7
14.8
11.5
13.0

0.19
0.23
0.30
0.25
0.35
0.12
0.16
0.17
0.15
0.29
0.33
0.29

0.81
0.90
0.87
0.77
0.85
0.74
0.77
0.46
0.45
0.48
0.49
0.56

0.28
0.15
0.15
0.23
0.15
0.29
0.23
0.28
0.20
0.14
0.12
0.14

329
27.9
28.0
28.3
35.0
36.6
21.3
34.2
30.6
34.2

2
2

CAWS600RE
CAWS599RE
CAWS600RE
DZZ5

CAWS600RE
CAWS600RE
CAWS600RE
DZZ4

CAWS600RE
CAWS600RE
CAWS600RE

DZZ4

34.34°N,108.94°E
34.20°N,108.95°E
34.25°N,108.94°E
34.23°N,108.91°E
37.30°N,109.00°E
34.21°N,109.00°E
34.21°N,109.03°E
34.34°N,108.95°E
34.29°N,109.07°E
34.23°N,108.95°E
34.29°N,108,94°E
34.27°N,109.06°E

Commercial Facility
University campus

Low-rise Community
Mid-rise Community
Low-rise Community

Public Service

Middle school
Mid-rise Community

Mid-rise Community

Public Service

Public Service
Public Service

SZF
HZZX
NM
DZKD
SLP
YXL
MTK
XASW
BHZX
SB

BG
BQZF

The morphological indicators, Fyeg, SVF, Fpyiq and geomean height are calculated around the meteorology stations within a radius of 500 m. LCZ is the local climate zone according to Stewart, L. D., & Oke, T. R. (2012)
[21].

45

Building and Environment 158 (2019) 39-50

10| RMSE=1.68K
01 MEAE=1.14K
—~ 8
X -
x [
£
= 6+ [] .1-1.
I
= Ak
he]
QD 44 [
2 .
o =
= 2 .I- '.1
0 T T T

4 6 8 10
Observe UHImax(K)

Fig. 5. The observed UHI,,,x against modelled UHI,,,, using Equation (1) for
stations in dataset 1, from 2014 to 2016. The solid line is 1:1 line.

(RMSE = 1.69K, MEAE = 1.22K).
Therefore, in the remainder of this study, Equation (2) is used to
estimate UHI .y, €.8.:

Fully—developed space: UHImax = (2 — SVF — Fveg

— Fbuild)*4 S| DTR3
U

Mixed space: UHImax= (2 — SVF — Fveg + Fbuild) *4 SL%TRS

Normal space: UHImax= (2 — SVF — Fveg) *44/%“‘3 )

4.2. Application for three spatial categories

From the above analysis, an extended equation with better modelled
accuracy is confirmed. To apply it to more cities, a class prediction with
different spatial categories will be discussed below.

The frequency of Daily Ai, which is the ratio of daily observed
UHI. to 4/S | DTR3/U and represents numerical results for Ai
(Fig. 10). According to Fig. 10 and considering the value of Observe Ai
of the above stations in dataset 1(Table 6), the most reliable range of Ai
seems to be 1-1.4, which indicates that the Normal space should meet
the requirement of 0.6 < SVF + F,¢g < 1. Furthermore, we can infer
that if:

(1) SVF + F,¢< 0.6, this station could be regarded as Fully

—developed space.
(2) SVF + Feg> 1, this station could be regarded as Mixed space.
(3) 0.6 <SVF + FEgg <1,this station could be regarded as Normal space.

)

The “Fully-developed space” with massive construction and low
vegetation fraction has an SVF less than 0.5 and Fyeg less than 0.15
generally. Meanwhile, according to the open form around the station in
“Mixed space”, the value of SVF is usually more than 0.8 and F,; not
smaller than 0.1. Finally, the “Normal space” is relatively comfortable
with appropriate density and vegetation, and exhibits a uniform and
consistent spatial texture. Specifically, the value of SVF is generally
from 0.3 to 0.8 and F,; from 0.1 to 0.3.

The data from database 2 are used for independent verification of
the class predication. The total of 20 stations with varied land use and
morphology are evenly distributed in the main urban area of Xi'an
(Fig. 1), which could basically represent the spatial characteristics of
the city. According to Equation 5, 9 stations are classed as “Normal
space”, 9 as “Mixed space” and 2 as “Fully-developed space” (Table 7).
The results of Equations (1) and (2) are compared in Fig. 11. The ex-
treme UHI intensities (UHI,,x less than 2-3 K or larger than 6.5-7 K),
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coincide in both models because the majority of them are “Normal
space” and calculated with the same equation. While the medium UHI
intensity (UHI,,, from 3 to 6 K) are more composed by stations classed
as “Mixed space” and “Fully-developed space”, and the results of two
equations are different. We find that more “Mixed space” in these sites
contributes to the overall underestimated results in Equation (1)
(RMSE = 1.26 K, MEAE = 1.01K), and therefore its slope (observe
UHI,,.x against the modelled UHI,,,,) is obviously lower than the 1:1
line. However, it has been successfully corrected in Equation (2) and
the modelled UHI,,,, is closer consistent with the observed UHI, .«
(RMSE = 0.99K, MEAE = 0.69K), with similar performance as in
Europe.

5. Discussion

In this paper we apply an equation to diagnose the UHIL,,.,, based on
routine meteorology data of a rural station and neighborhood-scale
urban morphology for Xi'an city. After identifying the additional spatial
categories outside the original range of calibration, we provide a
modification to extend the European model and keep its accurate per-
formance. Furthermore, the extended equation based on a class pre-
diction with spatial categories could be applied for other cities.

Although many studies try to reveal the correlation between UHI
intensity and urban morphology, they typically discuss the roles of
different morphological factors separately [18,19]. Bottyan et al.
(2010), B. Chun et al. (2014) have successfully utilized statistical
models to relate comprehensive morphology with UHI intensity
[25,26]. However, these models are derived for a single object and
require retuning for application in other cities. In this study, we choose
a diagnostic equation established and validated by a number of cities in

Table 3
Large Bias (> 1.5K or < -1.5K) distribution with stations in databasel.

northwestern Europe and furtherly extend its calibration range based
on morphological characteristic in Xi'an China. Results show that the
extended equation can be applied in varies urban spaces and it performs
reasonably well.

It is important to note that the additional space categories in Xi'an
did not just appear here but widely exist in developing cities in China.
The “Fully-development space” typically represents the spatial form of
newly emerging urban centers. The agglomeration of business offices
and commercial facilities contributes to the gathering of crowd, which
aggravates the severity of thermal uncomfortable caused by UHI effects.
Meanwhile, according to the specific situation of each city, the “Mixed
spaces” could be summarized as old city area and villages inside city.
These spaces have similar layout of regionally high density and venti-
lation lacking, which leading to higher UHI intensity. Therefore, as the
core area of city renewal, it is necessary to pay attention to these spaces
and improve its thermal comfort.

Moreover, as mentioned in section 3.2, this study uses a compre-
hensive index Ai to represent the neighborhood-scale morphology of
urban area and establish its internal relation with UHI,.,. Although Ai
is consisted of three key morphological indicators, SVF, F,e; and Fpyiiq,
not all potentially important factors were taken in to account, con-
sidering the simplicity of data acquisition and calculation. Similar to
our research, Lin et al. (2018), Ignatius et al. (2016) have adopted more
variables as pavement area ratio, building height, areas of the building
elevation, the surface albedo as predicting factors to downscale coarse
resolutions to fine spatial and temporal resolutions required for
building energy simulations [27,28]. However, the surface albedo is
difficult to obtain in Xi'an, and the pavement ratio, building height and
areas of the building elevation appeared to be poor governing para-
meters for our results.

BIAS (K) XA X7 FRY LCB ZL XQ FQL AZ7ZX XGX Grand Total
<-4.5 0.0% 0.0% 0.0% 0.7% 0.0% 0.0% 0.0% 0.0% 0.0% 0.1%
—4.5-4 0.0% 0.0% 0.0% 0.0% 7.3% 0.0% 0.0% 0.0% 0.0% 0.7%
-4-3.5 0.0% 0.0% 1.6% 0.7% 12.8% 0.0% 0.0% 0.0% 0.0% 1.5%
-3.5-3 0.0% 0.0% 2.3% 2.9% 20.2% 0.0% 2.3% 0.0% 0.8% 2.8%
-3-2.5 0.0% 0.0% 7.0% 4.4% 15.6% 0.0% 4.7% 0.7% 1.5% 3.5%
—2.5-2 0.0% 0.0% 21.1% 7.4% 10.1% 3.0% 7.0% 0.0% 1.5% 5.4%
-2-1.5 0.8% 1.5% 13.3% 15.4% 15.6% 4.4% 9.4% 5.2% 4.5% 7.6%
1.5-2 15.5% 12.2% 0.0% 0.7% 0.0% 7.4% 5.5% 8.9% 3.0% 6.0%
2-2.5 7.0% 9.2% 0.0% 0.7% 0.0% 5.9% 3.1% 3.7% 3.0% 3.7%
2.5-3 6.2% 9.2% 0.0% 0.0% 0.0% 3.7% 1.6% 0.0% 5.3% 2.9%
3-3.5 5.4% 7.6% 0.0% 0.0% 0.0% 0.7% 0.8% 2.2% 0.0% 1.9%
3.5-4 2.3% 2.3% 0.0% 0.0% 0.0% 0.0% 0.0% 1.5% 0.0% 0.7%
4-4.5 1.6% 2.3% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.4%
> 4.5 1.6% 0.8% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.3%
BIAS < —-1.5 0.8% 1.5% 45.3% 31.6% 81.7% 7.4% 23.4% 5.9% 8.3% 21.6%
BIAS > 1.5 39.5% 43.5% 0.0% 1.5% 0.0% 17.8% 10.9% 16.3% 11.3% 15.9%
Grand Total 40.3% 45.0% 45.3% 33.1% 81.7% 25.2% 34.4% 22.2% 19.5% 37.5%
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Fig. 7. The observed UHI,,,,, (light grey dots) and modelled UHI,,,,, (dark grey dots) against the meteorology part in Equation(1(a)): (a)the XA station, (b)the GXYZ
station, (c)the FRY station, (d)the LCB station,(e)the ZL station. The light grey lines represent Observed Ai and its value are presented in the equations with R% The
dark grey lines represent Modelled Ai and its value are presented in the equations without R2

Finally, all stations used for the original equation are located in
Europe and in a mild maritime climate [15]. Hence, the range of
weather types is large and year-round data are selected. However, Xi'an
as the object in our study is located in transitional zone between tem-
perate and subtropical monsoon climate zone, with relatively hot
summers and cold winters and the UHI intensity varies greatly in dif-
ferent seasons [17]. Therefore, in our study, we only use the meteor-
ology data of summer, which has the most prominent UHI effects. The
applicability of the extended equation for other seasons in Xi'an could
be considered as a next step. Meanwhile, we could also compare the
performance of the extended equation for other urban areas, which
have similar morphological characteristics but being located in dif-
ferent climate zones than Xi'an.

Table 5
Summary of modifications of Modelled Ai.

Adding Fpyia Equation 2
Fully-developed space: Ai = 2-SVF- Fycq - Fouila
Mixed space: Ai = 2-SVF- Fyeg + Fuila

Normal space: Ai = 2-SVF- Fg

Replacing SVF Equation 3
All space: Ai = 2-2* Fyeg —2* Fpyiia
Replacing Fyeg Equation 4

Fully-developed and Normal space: Ai = 2-2*SVF + Fpuiq
Mixed space: Ai = 2-2*SVF+2* Fyyiq

6. Conclusion

Based on the existing research methods of UHI intensity, this study
proposes a simple and accurate equation to diagnose the UHI,.x in

Table 4
The correlation coefficient of observe Ai and morphology indexes.
Morphology indexes Correlation coefficient ~ Unit Definition
Fpuild 0.67 m?/m? The ratio of buildings' footprint area to the total plan area [22].
Population density —-0.47 persons/km?®  The ratio of population to sum area of this sub district.
complete aspect ratio  0.06 m*/m?* The ratio of the total 3-D external surface area of all elements including the ground surrounding them to the total
plan area they occupy [23].
FAR 0.24 m?/m? The ratio of gross floor area to the total plan area they occupy.
4,/PQb 0.24 m?/m? The ratio of the sum of building perimeters to the block circumference [24]
S/A —-0.30 m?/m? The ratio of the total surface area of all buildings to the total plan area [24].
Fimper 0.14 m?/m? The ratio of the sum imperious surface area to the total plan area.
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Table 6
Summary of different Ai according to modifications.

Building and Environment 158 (2019) 39-50

Site Type Observe Ai Equation 1 Ai Equation 2 Ai Equation 3 Ai Equation 4 Ai
XA Fully-developed 1.09 1.40 1.15 1.23 1.31
Xz Fully-developed 1.08 1.42 1.13 1.14 1.41
FRY Mixed 1.16 0.84 1.06 0.97 0.71
LCB Mixed 1.21 0.97 1.21 1.07 0.87
ZL Mixed 1.64 1.00 1.45 0.84 1.15
XQ Normal 0.97 1.07 1.07 1.12 0.72
FQL Normal 1.29 1.27 1.27 1.04 1.27
AZ7ZX Normal 1.19 1.28 1.28 1.10 1.14
XGX Normal 1.17 1.25 1.25 1.23 1.11

Observed Ai is calculated by the linear fitting of observed data according to Equation (1a).

Equationl, 2, 3, 4 Ai is calculated by Equation(1b), (2), (3), (4).

(a) (b) Fig. 8. The observed UHI,,.x against the results from
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Xi'an, which is a typical Chinese city with prominent UHI effects. Based
on an evaluation of 3-year summer data, we find that the sum of
morphological parameters of Xi'an are outside the original range of
calibration, which leads to substantial large biases in the results.
Thereto our optimization is aimed to find an extended equation that
comprehensively expresses all spatial categories by adding a key mor-
phological indicator Fy,;4 into it. The validation with independent data

48

cluded. (For interpretation of the references
to colour in this figure legend, the reader is
referred to the Web version of this article.)

Observed UHImax(K)

in 2017 supports the accurate performance of this new calibrated
equation. Furtherly, a class prediction with three spatial categories are
proposed based on control ranges of SVF + F,cq, which also validated
by independent data of 20 stations in 2018.

To summarize, this study proposes an extended equation, of which
the calibration is expanded from Europe to China. This equation could
be used as an effective way to evaluate daily neighborhood-scale UHI
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Fig. 10. The histogram of Daily Ai and dark grey bars present the most reliable
range of Ai.

Table 7
Summary of spatial morphological indicators and different Ai for stations in
database 2.

Name TYPE Fieg + SVF Equationl Ai Equation 2 Ai
XA Fully-developed 0.60 1.40 1.15
Xz Fully-developed 0.58 1.42 1.13
FRY Mixed 1.16 0.84 1.06
LCB Mixed 1.03 0.97 1.21
SZF Mixed 1.09 0.91 1.10
HZZX Mixed 1.05 0.95 1.17
NM Mixed 1.02 0.98 1.27
YXL Mixed 1.02 0.98 1.09
DZKD Mixed 1.00 1.00 1.25
SLP Mixed 1.00 1.00 1.35
MTK Mixed 1.00 1.00 1.16
XQ Normal 0.93 1.07 1.07
FQL Normal 0.73 1.27 1.27
AZ7ZX Normal 0.72 1.28 1.28
XGX Normal 0.75 1.25 1.25
XASW Normal 0.74 1.26 1.26
BHZX Normal 0.65 1.35 1.35
SB Normal 0.62 1.38 1.38
BG Normal 0.61 1.39 1.39
BQZF Normal 0.70 1.31 1.31

intensity in urban areas. Here, we also provide some suggestions about
the wider use. Firstly, based on the evaluation results, a real-time dy-
namic map of UHI,, .« could be built to estimate the UHI intensity inside
the city, which can provide reference for thermal environment mon-
itoring. Also, considering the equation revealing the internal relation
between urban morphology and UHI intensity, it can also provide
suggestions on urban construction, regional renewal and future devel-
opment characteristics by changing the morphological index of blocks.
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Fig. 11. The observe UHI ., against the modelled UHI,,,. The black dots are
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