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Abstract

The Local Climate Zone (LCZ) system provides a standardized framework for intra-urban heat island studies. Yet the thermal

contrast of air temperatures over different LCZs has not been examined at a large scale. Using ground-based meteorological

observations in 2016, here we investigated the thermal behaviors of various LCZs over China. Measured temperatures over

studied LCZs are found to have strong relations with latitude, altitude, and the distance to coastline. Thermal contrasts reduce

to less than 1 in all seasons after removing the signal of background mean temperature determined by geographical conditions.

The warmth of urban LCZs is more evident at night, with an annual mean temperature difference of 0.51 compared to the low-

plant rural LCZ. Despite the temperature variation within individual LCZs, derived standard thermal contrasts are insensitive

to changes in geographical conditions. Results reveal that consistent characteristic temperature regimes of LCZs exist at the

continental scale.
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Key Points: 13 

 Observed temperatures over different local climate zones change with geographical 14 

conditions across China  15 

 Characteristic temperature regimes of local climate zones are consistent at the continental 16 

scale after removing the effect of geographical conditions 17 

 Annual mean standard thermal contrast for studied local climate zones is 0.51 ℃ at night 18 

and 0.22 ℃ during daytime.   19 
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Abstract 20 

The Local Climate Zone (LCZ) system provides a standardized framework for intra-urban heat 21 

island studies. Yet the thermal contrast of air temperatures over different LCZs has not been 22 

examined at a large scale. Using ground-based meteorological observations in 2016, here we 23 

investigated the thermal behaviors of various LCZs over China. Measured temperatures over 24 

studied LCZs are found to have strong relations with latitude, altitude, and the distance to 25 

coastline. Thermal contrasts reduce to less than 1 ℃ in all seasons after removing the signal of 26 

background mean temperature determined by geographical conditions. The warmth of urban 27 

LCZs is more evident at night, with an annual mean temperature difference of 0.51 ℃ compared 28 

to the low-plant rural LCZ. Despite the temperature variation within individual LCZs, derived 29 

standard thermal contrasts are insensitive to changes in geographical conditions. Results reveal 30 

that consistent characteristic temperature regimes of LCZs exist at the continental scale.  31 

Plain Language Summary 32 

The local urban landscape has essential impacts on air temperatures above it, whether such 33 

impacts are consistent in different cities remains unclear in the literature. We used temperature 34 

data from meteorological stations to investigate the thermal behaviors of urban neighborhoods 35 

with distinct landscape properties over China. At the continental scale, air temperatures correlate 36 

strongly with geographical conditions including latitude, altitude and the distance to coastline. 37 

After removing the effect of geographical conditions, the impact of local urban landscape on air 38 

temperature is found to be consistent though with considerable variations. The warmth of urban 39 

neighborhood is more evident at night compared to during daytime. Estimated temperature 40 

differences among different urban neighborhoods and a reference rural area are generalizable for 41 

other cities in China. This study demonstrates the relation between local landscape and urban 42 

microclimate, and can provide guidance for urban planning with regards to the outdoor thermal 43 

environment. 44 

1 Introduction 45 

Land use/land cover conditions have significant impacts on local and regional 46 

meteorological variables. One of the most evident examples is the Urban Heat Island (UHI) 47 

effect, where urbanization leads to higher temperatures in cities compared to their surrounding 48 

countryside (Oke, 1982). Elevated temperatures in cities have adverse impacts on building 49 

energy consumption and public health during hot periods (Santamouris et al., 2015; Tomlinson et 50 

al., 2011), and past decades have seen increasing UHI studies around the world (Barreca et al., 51 

2016; Chen & Jeong, 2018; Levermore et al., 2018; Zhou et al., 2017). The widely-used UHI 52 

intensity, defined as the urban-rural temperature difference, is nevertheless sensitive to the 53 

selection of ‘urban’ and ‘rural’ sites (Martilli et al., 2020). With dense meteorological networks 54 

deployed in recent years, high-resolution observations reveal that the intra-urban climate 55 

variability between neighborhoods can be as large as the urban-rural difference (Ramamurthy et 56 

al., 2017; Yang & Bou-Zeid, 2019). To better link local climate with landscape properties, 57 

Stewart and Oke (2012) developed the Local Climate Zone (LCZ) system that included ten built 58 

types and seven land cover types. Each LCZ type has distinguished features of surface cover, 59 

structure, material, and human activities, and has a unique characteristic air temperature regime 60 

that is most pronounced on dry, calm and clear nights (Stewart & Oke, 2012).   61 
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The LCZ system provides an objective framework for local-scale temperature studies in 62 

different cities. Studies have adopted the LCZ scheme with in-situ measurements to assess the 63 

intra-urban temperature variability in major metropolitan areas, including Hong Kong, 64 

Vancouver, Nagona, Uppsala, Berlin and Phoenix (Fenner et al., 2017; Stewart et al., 2014; 65 

Wang et al., 2018; Zheng et al., 2018). Reported thermal contrasts among various LCZs in 66 

studied cities evaluated the validity of the LCZ classification system, yet the analysis of air 67 

temperature was mostly conducted at the city scale and for a short study period. For example, 68 

Alexander and Mills (2014) studied the relationship between air temperature and LCZ in Dublin 69 

for one week. It is worth mentioning that surface temperature differences among LCZs have 70 

been investigated for 50 cities using satellite data (Bechtel et al., 2019). However, air 71 

temperature is of paramount interest for urban climate studies given its implications for outdoor 72 

thermal comfort and building energy consumption. Though one primary aim of the LCZ system 73 

is to standardize cross-city comparisons, air temperature contrasts among different LCZs have 74 

not been studied at a large scale. 75 

Over a large spatial extent, geographical condition and atmospheric forcing vary 76 

significantly and play important roles in regulating meteorological variables. Wienert and Kuttler 77 

(2005) found the dependence of urban-rural temperature difference on latitude and suggested a 78 

larger maximum UHI intensity in high-latitude regions. Thermal contrasts among different LCZs 79 

can therefore change from city to city as local landscape only contributes partially to determining 80 

the air temperature. For example, annual mean nocturnal air temperature of LCZ 5 is about 4.4 81 

°C higher than that of LCZ D for ideal days in Szeged, Hungary (Skarbit et al., 2017), but the 82 

difference is less than 1 °C in Nanjing, China (Yang et al., 2018). The question then becomes 83 

whether the inconsistent thermal contrast between these two LCZs is caused by the difference in 84 

geographical and climatic conditions. Following the concept of the LCZ scheme, the impact of 85 

local landscape on air temperature needs to be distinguished from those of background climate 86 

and environment. This can only be achieved through large-scale analysis because geographical 87 

and climatic conditions are nearly identical at the city scale.   88 

How does the characteristic temperature regime of LCZs change with geographical and 89 

climatic conditions? Is there a consistent thermal contrast among different LCZs at a large scale? 90 

How large is the temperature variability of individual LCZs compared to their thermal contrast? 91 

Answers to these questions can advance our understanding of the relation between local 92 

landscape and air temperature. To that end, we combine ground-based meteorological 93 

measurements and LCZ map to conduct a continental-scale comparative analysis over China.  94 

2 Materials and Methods 95 

2.1 Air temperature measurement 96 

Hourly air temperature data measured at 2 m height above the ground level from 2131 97 

meteorological stations was collected from the National Meteorological Information Center of 98 

the China Meteorological Administration. For consistency with the LCZ map, the study period is 99 

one full year of 2016. We defined seasons as follows, spring: March - May, summer: June - 100 

August, fall: September - November, and winter: December - February. To look into thermal 101 

contrasts during the diurnal cycle, we defined daytime as 0900 - 1500 local time and nighttime as 102 

2100 - 0300 local time.  103 

 104 
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2.2 Classification of meteorological stations 105 

In this study, we utilized the 2016 LCZ map of China developed using an improved 106 

method of the World Urban Database and Portal Tool (WUDAPT). Accuracy of the LCZ 107 

classification method has been extensively evaluated for various Chinese cities (Cai et al., 2018; 108 

Shi et al., 2018). The LCZ map has a spatial resolution of 100 m × 100 m and includes 10 built 109 

types (urban LCZs) and 7 land cover types. Locations of meteorological stations were overlaid 110 

with the LCZ map to classify the air temperature measurements into different LCZ types. 111 

Landscape homogeneity was checked to ensure measured data can represent characteristic 112 

temperature regimes of different LCZ types. As the minimum radius to define LCZs is 200 - 113 

500 m (Stewart & Oke, 2012), we estimated the dominant LCZ types within 3 × 3 grids and 5 × 114 

5 grids around each station. Only stations with matched dominant LCZ types were considered in 115 

this study. For comparing temperature characteristics of LCZs at the continental scale, we 116 

excluded the LCZ types with insufficient number of stations (< 40) or spatial span over China. 117 

As a result, five urban LCZs (2: Compact mid-rise; 3: Compact low-rise; 4: Open high-rise; 8: 118 

Large low-rise; 10: Heavy industry) and one rural LCZ (D: Low plants) were selected. To avoid 119 

bias introduced by a small number of stations with distinct geographical conditions, we focused 120 

on the area between 22° N – 40° N where the majority of urban LCZ stations fall (Fig. 1a). In the 121 

end, a total of 745 stations were retained for analyses. The number of stations for each LCZ type 122 

is shown in Fig. 1b, and the spatial distribution of studied stations is shown in Fig. 1c. 123 

 124 

           125 

Figure 1. Distribution of meteorological stations over China. (a) Latitude distribution of urban 126 

LCZ stations; (b) The number of stations in analyzed LCZ types in this study; (c) Spatial 127 
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distribution of studied stations over China. Land use types of LCZs: 2-Compact mid-rise, 3-128 

Compact low-rise, 4-Open high-rise, 8-Large low-rise, 10-Heavy industry, D-Low plants. 129 

 130 

2.3 Multiple linear regression 131 

To estimate thermal contrasts among different LCZs at the continental scale, the 132 

dependence of air temperature on geographical conditions must be removed. Latitude (LAT), 133 

altitude (ALT) and the distance to coastline (DCL) are three critical parameters affecting the 134 

background mean temperature (Linacre & Geerts, 1997). An ordinary least squares regression 135 

analysis is then performed using these three parameters as independent variables and air 136 

temperature as the dependent variable to establish a multiple regression model of the best fit. The 137 

model is formulated as: 138 

𝑇𝑝𝑟𝑒 =  𝛼1𝐿𝐴𝑇 + 𝛼2𝐴𝐿𝑇 + 𝛼3𝐷𝐶𝐿 +  𝛽 +  𝜀,                                      (1) 139 

where Tpre is the predicted background mean temperature; α1, α2, and α3 are the coefficients for 140 

LAT, ALT, and DCL respectively; β is the intercept; and ε is the residual 141 

2.4 Raw and standard themal contrast 142 

To highlight the thermal contrast among various urban neighborhoods and the rural area, 143 

we set the rural LCZ (type D) as the reference and compute the air temperature difference 144 

between urban LCZs (TULCZ) and it: 145 

𝛥𝑇𝑟 =  ∑(𝑇𝑈𝐿𝐶𝑍 − 𝑇𝐷),                                                         (2) 146 

where TULCZ and TD are the measured temperature at individual stations belong to urban LCZs 147 

and LCZ D. We define ΔTr as the raw thermal contrast, which has been employed in previous 148 

LCZ studies (Kotharkar & Bagade, 2018; Shi et al., 2018; Verdonck et al., 2018). Note that ΔTr 149 

does not reveal the ‘true’ thermal contrast among different LCZs, as observed temperatures 150 

contain the signal of background mean temperature, which is determined by geographical 151 

conditions of stations.  152 

Using the regression model detailed in section 2.3, we can remove the effect of 153 

geographical conditions on raw thermal contrast. The impact of local landscapes can be 154 

estimated as the deviation of measured temperature from the predicted background mean 155 

temperature. The deviation ΔT for each station is given by: 156 

∆𝑇 =  𝑇𝑜𝑏𝑠 − 𝑇𝑝𝑟𝑒 (𝐿𝐴𝑇, 𝐴𝐿𝑇, 𝐷𝐶𝐿),                                           (3)  157 

where Tobs is the observed temperature, and Tpre is the predicted background mean temperature 158 

from regression models that corresponds to the geographical condition of each station. 159 

Averaging ΔT for all stations of one LCZ class yields the characteristic temperature 160 

regime of the LCZ with respect to the background temperature. The standard thermal contrast 161 

(ΔTs) independent of geographical conditions can be computed using LCZ D as the reference 162 

type: 163 

∆𝑇𝑠 = ∑ (𝑇𝑈𝐿𝐶𝑍 − 𝑇𝑝𝑟𝑒 )𝑛𝑈𝐿𝐶𝑍  −  ∑ (𝑇𝐷 − 𝑇𝑝𝑟𝑒 )𝑛𝐷 ,                               (4) 164 
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where nULCZ and nD denote the number of stations for each urban LCZ type and LCZ D, 165 

respectively. Note that two Tpre terms on the right-hand-side of Eq. (3) will not cancel out as the 166 

geographical condition of stations varies with LCZ types. 167 

3 Results and Discussion 168 

3.1 Raw thermal contrast among LCZs 169 

The monthly variation of daily mean temperature for studied LCZ types is shown in Fig. 170 

2a. Mean temperature of all LCZs is about 26.56 °C in summer and 5.59 °C in winter. The 171 

temperature variability among studied LCZs is the smallest in summer and the largest during 172 

winter. LCZ 2 has the highest temperature throughout the year while LCZ D has the lowest 173 

temperature. At the annual scale, the daily mean raw thermal contrast (ΔTr) is 1.84 ± 0.46 ℃ 174 

(mean  standard deviation among studied urban LCZs). Seasonal mean ΔTr are shown in Fig. 2. 175 

Nighttime thermal contrasts (Fig. 2d) are found to be larger than daytime contrasts (Fig. 2c). 176 

Summertime daily mean ΔTr are lower than 2 ℃ over all LCZs, while wintertime daily mean 177 

ΔTr can reach up to 4 ℃ over LCZs 2 and 10 (Fig. 2b). Among the studied LCZs, compact mid-178 

rise (LCZ 2) and heavy industry (LCZ 10) zones have the largest ΔTr and large low-rise 179 

landscape (LCZ 8) has the smallest ΔTr. The diurnal and seasonal variations of thermal contrasts 180 

here are consistent with previous studies, where urban-rural temperature differences found to be 181 

more evident in winter and during nighttime (Skarbit et al., 2017; Zhou et al., 2014). 182 

Nevertheless, results in Fig. 2 are biased by the unequal geographical conditions of stations in 183 

different LCZs.   184 

185 

 186 
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Figure 2. (a) Monthly variation of daily mean temperature over studied LCZ types; Raw (b) 187 

daily mean, (c) daytime mean, (d) nighttime mean thermal contrasts (ΔTr) in four seasons over 188 

China. The error bar stands for one standard deviation from the mean of the raw thermal contrast. 189 

 190 

3.2 Relation between air temperature and geographical conditions 191 

For each season, one multiple linear regression model is built for daily mean, daytime 192 

mean and nighttime mean temperatures, respectively. Figure 3 shows the relations between 193 

geographical conditions and average daily mean temperature in fall over studied stations. Air 194 

temperatures are found to be negatively correlated with latitude, altitude, and the distance to 195 

coastline. Predicted daily mean temperatures are compared against observations in Fig. 3d. It is 196 

clear that the linear regression model captures the observed air temperatures in fall reasonably 197 

well with a R
2
 value of 0.95. Information of the regression models for all seasons is summarized 198 

in Table 1. In summer, fall, and winter, R
2
 values are greater than 0.9 for all temperatures with 199 

RMSEs less than 1.5 ℃, indicating the capacity of built regression models in reproducing the 200 

relations between background mean temperature and geographical conditions. Note that the 201 

regression coefficients for latitude, altitude and the distance to coastline have considerable 202 

seasonal variations. Daily mean temperature reduces about 1 °C per degree latitude in winter, but 203 

reduces only about 0.1 °C per degree latitude in summer. Daytime mean air temperature tends to 204 

decrease with the distance to coastline in fall but will increase with the distance in other seasons. 205 

Though we did not explicitly include meteorological variables in the regression analysis, the 206 

seasonal variation of regression models implicitly contained the impact of inter-season change in 207 

meteorological conditions on background mean temperature. 208 

 209 
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 210 

Figure 3. Relationship between (a) latitude, (b) altitude, (c) distance to the coastline and daily 211 

mean temperature in fall; (d) comparison of predicted daily mean temperature against 212 

observations in fall. 213 

 214 

 215 

Table 1. Summary of regression models for daily mean, daytime (0900 – 1500 local time) mean, 216 

and nighttime (2100 – 0300 local time) mean temperatures in four seasons.  217 

Daily mean temperature 

 

LAT 

coefficient 

(℃/degree) 

ALT 

coefficient 

(℃/km) 

DCL 

coefficient 

(℃/km) 

R
2
 

Root mean 

square error 

(℃) 

Spring -0.45 -3.30 1.27×10
-3

 0.81 1.35 

Summer -0.19 -4.44 1.59×10
-3

 0.93 0.73 

Fall -0.68 -3.42 -0.07×10
-3

 0.95 0.89 

Winter -1.02 -3.05 1.26×10
-3

 0.95 1.20 

Daytime mean temperature 

 

LAT 

coefficient 

(℃/degree) 

ALT 

coefficient 

(℃/km) 

DCL 

coefficient 

(℃/km) 

R
2
 

Root mean 

square error 

(℃) 

Spring -0.32 -3.08 0.37×10
-3

 0.73 1.47 

Summer -0.15 -4.39 1.24×10
-3

 0.92 0.78 

Fall -0.59 -3.13 -0.90×10
-3

 0.94 0.92 

Winter -0.92 -2.94 0.39×10
-3

 0.94 1.18 
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Nighttime mean temperature 

 

LAT 

coefficient 

(℃/degree) 

ALT 

coefficient 

(℃/km) 

DCL 

coefficient 

(℃/km) 

R
2
 

Root mean 

square error 

(℃) 

Spring -0.54 -3.46 1.73×10
-3

 0.84 1.36 

Summer -0.23 -4.49 1.67×10
-3

 0.93 0.84 

Fall -0.74 -3.70 0.28×10
-3

 0.95 0.99 

Winter -1.08 -3.24 1.58×10
-3

 0.94 1.31 

 218 

3.3 Standard thermal contrast among LCZs 219 

As ΔT denotes only the impact of local landscape, it can be used to examine whether 220 

characteristic temperature regimes of LCZs vary with geographical conditions. Results for 221 

nighttime temperature in spring over LCZ 10 (heavy industry) is shown as an illustrative 222 

example in Fig. 4.  Stations in the heavy industry LCZ can have temperature differences in the 223 

range of -2 to 3℃ relative to the background temperature. Despite the large variation, ΔT does 224 

not correlate with changes in latitude, altitude and the distance to coastline. Note that the large 225 

variation here is consistent with values reported in previous studies at the city scale (Geletič et 226 

al., 2016; Skarbit et al., 2017; Yang et al., 2018). Take the study in Nanjing, China as an 227 

example, nighttime ΔT were found to vary between 1 - 5 ℃ for LCZ 2 and between -1 - 3 ℃ for 228 

LCZ 8.  229 

 230 

 231 
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 232 

Figure 4. Distribution of the deviation of measured nighttime temperatures from the predicted 233 

background temperature (ΔT) over (a) latitude, (b) altitude and (c) distance to coastline over 234 

LCZ 10 in spring.  235 

 236 

Figure 5 shows the average daily, daytime and nighttime mean ΔTs in four seasons over 237 

China. Compared to Fig. 2, it is clear that standard thermal contrasts are smaller than raw 238 

thermal contrasts, with all values below 1 ℃. Annual mean ΔTs is found to be larger at night 239 

(0.51  0.15 ℃, mean  standard deviation among studied urban LCZs, Fig. 5c) than during 240 

daytime (0.22  0.15 ℃, Fig. 5b). For nighttime temperature in winter, the maximum ΔTs of 241 

about 0.8 ℃ is found over LCZ 10 (heavy industry) and the minimum ΔTs is found over LCZ 3 242 

(compact low-rise). Contrarily, large daytime thermal contrasts are observed over LCZ 3 in 243 

summer, while a small negative value occurs over LCZ 10. Daily mean ΔTs remain relatively 244 

constant across four seasons over LCZ 2 (compact mid-rise). Results here clearly demonstrates 245 

the different behaviors of characteristic temperature regimes over studied LCZ types in response 246 

to seasonal and diurnal variations of meteorological conditions.  247 

We would like to point out that mean variation of ΔTs within individual LCZs is 0.15 ℃ 248 

(error bars in Fig. 5) is as large as the standard deviation of ΔTs among studied 5 LCZ types. 249 

This indicates that when one LCZ has higher mean temperatures than others, some stations 250 

belong to that LCZ could have lower temperatures. Such variation is partly due to the structure 251 

of the LCZ system, where the ranges of landscape properties used for classifying different LCZs 252 

overlap. For example, LCZ 2 and LCZ 3 have the same building surface fraction threshold (40% 253 

- 60%) and similar aspect ratio ranges (0.75-2 for LCZ 2 and 0.75-1.5 for LCZ 3). Though many 254 

other parameters are involved in the LCZ classification scheme, overlapped ranges inevitably 255 

result in large variability in the characteristic temperature regime of LCZs and consequently their 256 

thermal contrast.  257 
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In spite of the considerable variation, standard thermal contrasts among different LCZs 258 

estimated in this study support the validity of the LCZ scheme at the continental scale. Though 259 

the magnitudes of standard thermal contrasts are not large, we would like to emphasize that 260 

estimated ΔTs represent the influence on air temperature solely by local urban landscape and do 261 

not vary with geographical conditions. Wang et al. (1990) removed the bias related to 262 

geographical conditions and reported a mean UHI intensity of 0.23 °C during 1954 – 1983 over 263 

entire China. Using observed temperature data in 2016, we find the annual mean air temperature 264 

over studied urban LCZs is 0.39 ℃ higher than that over rural areas with low plants. The result 265 

indicates that continuous urbanization between 1983 and 2016 has further increased urban-rural 266 

temperature difference over China.  267 

 268 

 269 

Figure 5. Standard (a) daily mean, (b) daytime mean, (c) nighttime mean thermal contrast (ΔTs) 270 

in four seasons over China. The error bar stands for one standard deviation from the mean of the 271 

standard thermal contrast. 272 

 273 

4 Conclusions 274 

In this study, we make the first attempt to examine the characteristic temperature regimes 275 

of different LCZs across China. Using low plants as the reference LCZ type, raw thermal 276 

contrasts directly from station measurements are found to be up to 4 ℃ in winter. After 277 

removing the signal of background mean temperature, the standard thermal contrasts become 278 
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less than 1 °C for all seasons. Results show that the warmth of urban LCZs is more evident 279 

during nighttime, with the maximum effect observed in compact mid-rise zones. The impact of 280 

local urban landscape on air temperature over studied LCZ types are consistent at the continental 281 

scale and do not change with geographical conditions. Estimated standard thermal contrasts in 282 

this study are generalizable for microclimate in other Chinese cities. Large standard thermal 283 

contrast with low variations suggests consistently high air temperatures in compact mid-rise 284 

neighborhoods (LCZ 2) throughout the year. On the other hand, open high-rise neighborhoods 285 

(LCZ 4) have large ΔTs in winter and low ΔTs in summer, which is desirable in terms of building 286 

energy consumption and outdoor thermal comfort. The findings here thus could provide 287 

guidance for urban planning. 288 

The reduction in sensor cost and the ease of data communication have allowed us to 289 

monitor the urban thermal environment at a much finer resolution. A recent study showed the 290 

critical role of intra-urban climate variability on modifying residents’ health risk under extreme 291 

events (Yang et al., 2019). The LCZ system provides a good standard for classifying urban 292 

neighborhoods with heterogeneous landscape, and facilitates the design and development of 293 

urban monitoring networks. Due to data availability, our analysis only focuses on air 294 

temperature. Future studies shall investigate the characteristic regime of other variables over 295 

different LCZs, such as air humidity and wind speed. Another limitation of this study is the 296 

neglect of meteorological conditions in the estimation of standard thermal contrasts. The relation 297 

between temperature variability and meteorological conditions in different LCZs is worth further 298 

investigation. 299 
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