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Abstract
Construction of urban green and blue spaces (UGBS) has long been proved as an effective mitigation to urban heat island 
effect. Yet we spotted a rarity of studies evaluating UGBS’s climatic effect difference in different land-uses, and a rarity of 
empirical evidence on better UGBS allocation for better cooling. In this study, we conducted field measurements of nighttime 
air temperature (Ta) and relative humidity (Rh) along an enclosed transect at the core area of Beijing, China, and evaluated 
the contributions of UGBS on local-scale climate. Land-cover types and land-use classification scheme Local Climate Zone 
(LCZ) were used to analyze measured Ta and Rh. Urban vegetation coverage is further intersected with LCZs to evaluate 
vegetation’s cooling and humidifying effects in different land-uses. Results show that better correlations were generally 
detected with larger buffer zones when more land-cover and land-use conditions were included. UGBS exhibit significant 
cooling and humidifying effects, and better regression models were built when green and blue spaces were taken as a whole 
rather than independently. Coverage of LCZ 1 (compact high-rise), LCZ 2 (compact midrise) and LCZ G (water coverage) 
were found to more significantly contribute to local-scale climate. Increasing vegetation coverage in LCZ 2 and LCZ 3 is 
expected to facilitate better cooling and humidifying effect. Results of this study may provide insights for practitioners to 
allocate UGBS for better urban cooling.

Keywords  Urban vegetation · Urban green space · Local Climate Zone (LCZ) · Air temperature · Relative humidity · Land 
use/land cover (LULC)

Introduction

Induced and exacerbated by human activity and urban 
expansion, the urban heat island (UHI) effect, a phenom-
enon featuring higher temperatures in urban areas than in 

surrounding rural areas (Oke 1982), is a serious urban threat 
awaiting solutions. While the construction of urban green 
and blue spaces (UGBS) has long been proved as an effec-
tive mitigation (Bowler et al. 2010; Demuzere et al. 2014; 
Gago et al. 2013; Gunawardena et al. 2017). Aiming at pro-
viding references to planning and design practice, composi-
tion (e.g., Yu et al. 2020) and configuration (e.g., Guo et al. 
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2020; Wang et al. 2022; Zhou et al. 2011) of UGBS have 
been vastly evaluated from the perspective of land-cover and 
land-use, which are recognized as key drivers to urban cli-
mate heterogeneity (Dan et al. 2022) and key considerations 
in planning and design practice (Eliasson 2000).

Targeted at planning issues, past analyses on urban ther-
mal environment from land-use perspective have adopted 
multiple classification schemes. Adoption of local policy-
based land-use classification (e.g., Masoudi et al. 2021; 
Weber et al. 2014) and urban functional zones (e.g., Ke 
et al. 2021; Li et al. 2021a, b) well echoes domestic planning 
policy and land functions. Higher temperatures were gener-
ally observed in commercial and residential areas (Dorigon 
and Amorim 2019; Sun et al. 2013, 2018), while ecological 
lands with higher vegetation and water coverage are usu-
ally cold and wet islands (Chen et al. 2019; Shi et al. 2018, 
2019; Yang et al. 2020). However, policy and function-based 
classification schemes lack considerations of links between 
urban form and corresponding thermal property, which is 
addressed by multiple evolving climatic based land-use 
classification schemes, e.g., Urban Terrain Zone (UTZ) 
(Ellefsen 1991), Urban Climate Zone (UCZ) (Oke 2005), 
and Local Climate Zone (LCZ) (Stewart and Oke 2012). 
Among these classification schemes, LCZ scheme has been 
widely applied in urban climate studies (Aslam and Rana 
2022), resulting from three major improvements compared 
to other climatic based land-use classification schemes, i.e., 
usage of a full set of surface climate properties, inclusion 
of rural landscapes, universal class names and definitions 
across urban settings (Stewart and Oke 2012).

While analysis evaluating the difference of UGBS’s cli-
matic effects in different land-uses remains rare, which may 
give direct references to practitioners on where to allocate 
UGBS for more effective cooling. Such analysis requires 
intersections of land-use and land-cover perspectives. Pre-
vious related studies have evaluated the climatic effects of 
UGBS in different local policy-based land-use classifica-
tion types (Masoudi et al. 2021) and urban functional zones 
(Connors et al. 2012; Ke et al. 2021; Li et al. 2021a, b), 
while climatic-based land-use classification schemes have 
been less utilized. Though by using LCZ classification, link-
age between vegetation coverage and different LCZs have 
been built and used for planning scenario evaluation (Alex-
ander et al. 2016), detailed empirical evidence of UGBS’s 
climatic effect in different LCZs is still needed.

Additionally, most studies on UGBS’s climatic effects 
have utilized land surface temperature as temperature indi-
cator (e.g., Masoudi et al. (2021); Connors et al. (2012)), 
largely due to its easy access to cover a wide geospatial 
range. Though it is regarded as a valid proxy to understand 
Ta variance (Amani-Beni et al. 2022), empirical study on the 
response of field measured Ta to UGBS remains rare and is 
still needed considering their different diurnal and seasonal 

pattern (Grimmond 2007; Hu et al. 2019), diverging inten-
sity (Derdouri et al. 2021), and closer linkage between Ta 
and human thermal comfort (Nie et al. 2022).

In light of these, we conducted field measurements of Ta 
and Rh along a traverse at core Beijing, China, and evalu-
ated UGBS’s local-scale climatic effect in different land-use 
represented by LCZ. The objectives of this study are (1) 
to evaluate how and to what spatial scale does Ta and Rh 
responds to UGBS and different land-use represented by 
LCZ, and (2) to examine if climatic effects of UGBS differ 
among different LCZs in densely built urban area. Results 
of this study is expected to provide empirical evidence for 
practitioners on better allocation of UGBS for better local-
scale cooling.

Methodology

Study sites

Beijing (39°56’N, 116°20’E), the capital city of China, 
locates in the northwest of North China Plain and has a total 
area of 16410 km2. It has a warm temperate semi humid 
continental monsoon influenced climate. In 2019, the annual 
precipitation was 406.3 mm; the annual average air tempera-
ture was 13.8 °C; and the average air temperatures of July 
and August were 28.0 °C and 25.9 °C respectively (NBSC 
2020). It suffers severe UHI issues as the city expands over 
past several decades (Peng et al. 2016).

The 2nd Ring Rd. of Beijing, built in 1992 and with a 
total length of 32.7km, is an enclosed circular expressway 
located at the core area of Beijing, as shown in Fig 1. Mul-
tiple large urban green spaces, e.g., Tiantan Park (The Tem-
ple of Heaven), Longtanhu Park, Taoranting Park, etc., are 
located along the 2nd Ring Rd. Though water coverage is 
generally rare, a linear-shaped park with a canal running 
through and several manmade lakes mostly with impervi-
ous water edges are around. In addition, diversified land-use 
exist along the road, making it a good sampling route to ana-
lyze how UGBS, as well as their interaction with land-use, 
contribute to local scale climate. Frequent urban renovation 
and construction of new green and blue spaces aim at pro-
viding ecological benefits to the city and are in demand of 
further knowledge on constructing a sustainable city.

Measurement of air temperature and relative humidity

Mobile measurements of Ta and Rh were conducted by using 
a HOBO MX2302A External Temperature / Rh Sensor Data 
Logger mounted to a car at the height of approximately 2m at 
1s interval. The accuracy of the device is ±0.2 °C and ±2.5%, 
and the resolution is 0.1 °C and 0.1%, meeting the require-
ments of ISO 7726 (International Standard Organization 



Urban Ecosystems	

1 3

1998). The device was fixed in a cuboid carton with two open 
ends (30cm×10cm×12cm) wrapped by insulation materials 
horizontally fixed on the top of a car. Considering that urban 
heat island effect peaks several hours after sunset in temperate 
regions (Doick et al. 2014; Oke et al. 2017), data samplings 
were conducted at night in summer (23:00-24:00, Aug. 17 
and 18, 2019) and winter (22:30-23:30, Jan. 29 and 30, 2020). 
It is also during this time that very few cars travel on street, 
thus enabling a drive at a stable speed and minimizing the 
influence from the anthropogenic heat from other vehicles. 
Due to the minimum car speed limit on the 2nd Ring Rd, the 
car was driven at a speed of approximately 60 km/h, resulting 
in each data sampling process less than 30 min. Such driv-
ing speed approximates the maximum driving speed in pre-
vious research that have used similar data sampling method 
(Leconte et al. 2015; Shi et al. 2018). A total of 66 sampling 
points each with 500m away from its adjacent ones, which is 
considered a typical horizontal scale of city block unit (Oke 
2005), were selected, as shown in Fig 1. UniStrong UG908 
GPS Terminal was used to record the geographical location 

and time, based on which Ta and Rh data were matched after-
wards. Background meteorology conditions during sampling 
time were listed in Appendix A.

Measurement of influencing factors

Measurement of land‑cover and land‑use composition

To investigate how UGBS influence local-scale climate, land-
cover classification around data sampling routes were per-
formed by using GF-2 image with four multi-spectral bands 
(4m resolution) and 1 panchromatic band (0.8m resolution). 
Image acquired on Aug. 31, 2018 (L1A0003421879) and Sep. 
5, 2018 (L1A0003433834) were used for land-cover clas-
sification in summer, while data acquired on Dec. 13, 2017 
(L1A0002844943、L1A0002844938) were used for winter. 
Atmospheric and geometric correction were conducted by 
using ERDAS. We then combined supervised classification and 
visual interpretation to identify three land-cover types, namely 
vegetation, water body and impervious surfaces. In this study, 

Fig. 1   Study site and locations of sampling points with land-cover classification results in summer
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UGBS are composed of urban green spaces and urban blue 
spaces, with the former referring to areas that feature vegetation 
coverage (Taylor & Hochuli 2017), and the latter referring to 
all forms of natural and manmade surface water (Smith et al. 
2021). We didn’t further specify different vegetation types, as 
we focus more on UGBS’s allocation, i.e., a planning perspec-
tive, instead of the configuration of different vegetation types, 
which is more of a design issue. Taking urban vegetation as a 
whole can well address this purpose.

Supervised classification of vegetation and non-vegeta-
tion was conducted in QGIS 3.22.2 with dzetsaka by using 
Gaussian Mixture Model (Karasiak 2016), while water bod-
ies were visually interpreted. Land-cover maps of the three 
land-cover types were further produced by subtracting visu-
ally interpreted water body area from non-vegetation area. 
The overall Kappa coefficient of the land-cover classifica-
tion were 0.82 and 0.80 for summer and winter respectively, 
evaluated by using 216 randomly generated points. Land-
cover classification results in summer are shown in Fig. 1.

To investigate how land-use contribute to local scale 
climate, we classified the land around the sampling routes 
following the LCZ scheme. Though raster-based LCZ maps 
covering wide spatial range have been successfully gener-
ated by data fusion (Zhou et al. 2021), considering that this 
research is of fine scale, we still performed visual interpre-
tation for LCZ classification to generate LCZ maps around 
the sampling route, which is less effective and repeatable in 

future studies. GF-2 image and Baidu maps were used for 
visual identification of street networks and building density 
and height. Field investigation on building height was con-
ducted when necessary to distinguish between LCZ types.

To investigate if the relationships between Ta, Rh and 
land-cover, land-use factors are scale-dependent, buffer 
zones were generated around each sampling points with 
radii of 100m, 200m, 300, 400m, 500m, 600m, 700m, 800m, 
900m and 1000m. The largest buffer zone radius is restricted 
to 1000m, for it is regarded as the typical horizontal scale of 
local-scale climate (Oke et al. 2017), and local green spaces’ 
climatic effect on Ta and Rh at night extend as far as around 
1km (Li et al. 2021a, b; Yan et al. 2018). The coverage ratios 
of each land-cover type, as well as each LCZ, were calcu-
lated for buffer zones of different radius. The land-cover and 
LCZ composition within 1000m buffer zones around each 
sampling points are shown in Fig. 2.

Measurement of UGBS in different land‑uses

To further investigate if the climatic effects of UGBS in different 
LCZ types vary, we further intersected the generated land-cover 
maps and LCZ maps to calculate the vegetation coverage in LCZ 
1-6. Water coverage was not considered in this part of analysis as 
its rarity in the analyzed buffer zones (Fig. 2a). These LCZ types 
were selected, for they are main components around the sampled 
area. All geographical data were processed in QGIS 3.22.2.

(a)

(b)

Fig. 2   Coverage of a different land-cover types in summer and winter and b different LCZs within 1000m buffer zones around each sampling 
point
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Data analyses

Ta and Rh at each sampling point were extracted from the 
logged data by matching with the GPS records. To avoid 
accidental data variations, we calculated a 7s-average Ta and 
Rh to represent data at each sampling point, which contains 
3s before and 3s after passing the point. Considering the car 
speed, such averaged data represents mean Ta and Rh within 
100m distance, which falls at the center of the 100m-radius 
buffer zone, guaranteeing credible buffer zone analysis. How-
ever, due to data anomaly caused by routine road mainte-
nance work and bad traffic conditions, Ta and Rh collected 
at night in summer at samples 34-55 were excluded. Two-day 
averaged Ta and Rh at each sampling point were calculated 
for summer and winter respectively for data depiction.

Ta and Rh at each sampling point were centered on a 
daily basis so that the difference in background meteorol-
ogy conditions could be eliminated. Pearson correlation 
coefficients between centered Ta, Rh and the percentage 
of different land-cover types and LCZs within 100-1000m 
radius buffer zones were calculated. The buffer zone size 
with generally the strongest correlation was further used for 
building regression models.

To quantify and compare the climatic effect of differ-
ent land-covers and land-use, linear regression models were 
built with centered Ta and Rh as dependent variables and 
percentage of different land-cover types and LCZs as inde-
pendent variables. To compare the significance of differ-
ent LCZs climatic effects, multiple regression models were 
built between centered Ta, Rh and the percentage of different 
LCZs under stepwise algorithm.

Furthermore, to evaluate if the climatic effect of vegeta-
tion in different land-use varies, Pearson correlation coef-
ficients and partial correlation coefficients with total veg-
etation coverage controlled between centered Ta, Rh and 
vegetation coverage in LCZ 1-6 were calculated.

All data analyses were conducted on R 3.5.3. Graphics 
were depicted in R and further edited in Adobe Illustrator 
when needed.

Results

Ta and Rh distribution along sampling route

Descriptive statistics of 2-day averaged Ta and °Rh at all sam-
pling points are given in Table 1. Two-day averaged Ta ranged 
as high as 1.23 °C and 1.84 °C among all available sampling 
points at summer and winter night respectively, while two-day 
averaged Rh ranged 6.95% and 9.61% respectively.

As depicted in Fig. 3 the two-day averaged Ta and Rh 
profile along sampling routes, certain Ta and Rh trends 
were shown in the 2-day averaged Ta and Rh profile at 

each sampling point. In winter, Ta gradually dopped from 
S07, remained low around S33 and gradually rose from 
S35, while Rh complies with an opposite trend. In summer, 
though data from S34 to S55 were removed due to anomaly, 
similar trend of Ta dropping while Rh rising at around S17 
were observed from available data. The lowest two-day 
averaged Ta was recorded at S33 for summer (27.21 °C) 
and winter (2.30 °C), while the highest at S09 and S07 for 
summer (28.44 °C) and winter (4.14 °C) respectively. The 
lowest two-day averaged Rh was recorded at S07 for summer 
(48.84%) and winter (38.05%), while the highest at S62 and 
S36 for summer (52.79%) and winter (47.66%) respectively.

UGBS’s local‑scale climatic effects

Scale dependence of the relationship between Ta, Rh 
and land‑cover and land‑use factors

Figure 4 shows the Pearson correlation coefficient trends 
between Ta, Rh and land-cover and land-use factors repre-
sented by the percentage of 3 land-cover types and 14 LCZs 
within 100-1000m radius buffer zones.

All 3 land-cover types, i.e., vegetation, water and imper-
vious surfaces, are significantly correlated with nighttime 
Ta and Rh in summer and winter, with stronger correla-
tions detected for larger buffer zones. Vegetation and water 
coverage were significantly negatively correlated with Ta, 
while positively correlated with Rh, indicating a cooling 
and humidifying effect on summer and winter nights. While 
the impervious surface has an opposite effect. For land-use 
factors represented by coverage of different LCZs, correla-
tions were not always detected among all LCZ types, and 
differences exist between two seasons. LCZ 1 and LCZ 2 
are always positively correlated with Ta and negatively cor-
related with Rh in summer and winter, while LCZ 8, LCZ 
A and LCZ G comply with the opposite pattern. LCZ 3, 
negatively correlated with Ta and positively correlated with 
Rh in summer, is negatively correlated with Rh in winter. 
While LCZ 4 and LCZ 5, insignificant correlation with Ta 
in summer, are negatively correlated with Ta and positively 
correlated with Rh in winter. Similarly, stronger correlations 
are detected for larger buffer zones.

Table 1   Descriptive statistics of two-day averaged Ta and Rh along 
sampling routes

SD standard deviation

Summer nighttime Winter nighttime

Mean Ta ± SD / ℃ 27.83 ± 0.40 3.37 ± 0.51
Range / ℃ 1.23 1.84
Mean Rh ± SD / % 49.25 ± 1.99 41.83 ± 2.66
Range / % 6.95 9.61



	 Urban Ecosystems

1 3

Urban vegetation and water coverage’s contribution 
to local scale climate

Figure 5 shows the linear regression models between centered 
Ta, Rh and percentage of different land-cover types within 
1000m buffer zone. Better regression models are built for win-
ter night with higher R2 than summer night, indicating a more 
stable thermal environment at night in winter than in sum-
mer. Better regression models with higher R2 were also built 
when considering urban vegetation and water coverage as a 
whole than taking urban vegetation solely into consideration. 

By comparing the slopes of the regression models, increasing 
water coverage is more effective in cooling and humidifying 
than increasing vegetation coverage (|βV|=2.781<|βW|=10.179, 
|βV |=17.390<|βW|=59.184, |βV |=6.003<|βW|=17.584, 
|βV|=28.830<|βW|=78.737), though this is largely due to the 
rarity of water coverage in the study area. Stronger cooling and 
humidifying effects of urban vegetation and water coverage 
are also detected on winter night than summer. For every 10% 
increase in vegetation and water coverage, Ta may drop by 
0.310 °C and 0.635 °C while Rh may increase by 1.896% and 
2.988% on summer and winter nights respectively.

Fig. 3   Two-day averaged Ta and Rh profile along sampling routes in a summer and b winter

(a)

(b)

Fig. 4   Pearson correlation coefficients between Ta, Rh and the per-
centage of different land-cover types and LCZs within 100-1000m 
radius buffer zones in a  summer and b  winter.  PerV Percentage of 

vegetation coverage, PerI Percentage of impervious surfaces, PerW 
Percentage of water coverage, PerLCZ x Percentage of LCZ x 
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Different LCZs’ contribution to local scale climate

Considering the definition of different LCZs that LCZ 1-6 
are zones closely related to the building environment of 
residential and commercial uses, and the fact that LCZ 1-2 
prevail but LCZ 3-6 are not so prevalent around the sam-
pling routes, linear regression models were simply built 
between centered Ta, Rh and percentage of LCZ 1 and LCZ 
2 within 1000m buffer zone, as shown in Fig. 5. By com-
paring the slopes of the regression models, compared with 
LCZ 2, LCZ 1 demonstrates a stronger effect of increasing 
Ta on summer and winter nights (|β1|=2.227>|β2|=1.255, 
|β1|=2.476>|β2|=1.892). And such Ta increasing and Rh 
decreasing effect of LCZ 1 and LCZ 2 are always stronger 
on winter nights than on summer.

We further constructed multiple regression models 
between centered Ta, Rh and different LCZ coverage within 
1000m buffer zone, as shown in Table 2. Better regression 
models are built for Ta and Rh on winter nights than on 
summer, as indicated by higher R2 (R2

w=0.707> R2
s=0.440, 

R2
w=0.615> R2

s=0.521). LCZ 2 and LCZ G are 2 types of 
LCZs that universally included in all multiple regression 
models. By comparing the B coefficients in each model, 
coverage of LCZ G is found as the component contributing 
the most. On summer night, LCZ 1 outweighs LCZ 2 in 
decreasing Rh on summer night (|B1|=8.662>|B2|=2.539). 
On winter night, LCZ 2 outweighs LCZ 1 in increasing 
Ta (|B1|=0.905<|B2|=1.216), while LCZ 5 contributes to 
decreasing Ta (B5=-1.278) and increasing Rh (B5=13.65).

Urban vegetation’s contribution to local scale climate 
in different LCZs

To evaluate if the climatic effects of urban vegetation in 
different LCZs vary, correlation coefficients and partial 
correlation coefficients with total vegetation coverage con-
trolled were calculated between centered Ta, Rh and veg-
etation coverage in LCZ 1-6 within 1000m buffer zone, as 
shown in Table 3. Results indicate that the climatic effects 
of vegetation in different types of LCZs vary. By controlling 

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

Fig. 5   Regression models with centered Ta and Rh as dependent variables and percentage of different land-cover types within 1000m buffer 
zone as independent variables (with shaded area representing 95% confidence interval)
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total vegetation coverage, generally weaker correlation was 
found between Ta, Rh and vegetation coverage in different 
LCZs. While vegetation coverage in LCZ 2 still significantly 
contributed to decreasing Ta and increasing Rh on winter 
night (Par ρ=-0.29, 0.18). Vegetation in LCZ 3 was also 
found negatively correlated with Ta on summer night when 
controlling total vegetation coverage (Par ρ=-0.24).

Discussion

Urban climate is affected by multiple factors of urban form 
and geometry (Oke et al. 2017). In this study, we meas-
ured nighttime Ta and Rh along an enclosed route located 
at the city center of highly urbanized area in Beijing, China. 
Considering that the environment of the sampling route is 
universally open and unshaded, the main influencing factors 
on the measured climatic parameters are mainly variations 
in land-cover and land-use, which reflected both the urban 
fabric composition and the intensity of human activity.

We first evaluated to what distance does land-cover and 
land-use composition are correlated with field-measured Ta 
and Rh, and found that the correlations generally get stronger 
as the buffer zones get larger (Fig. 4), an issue also addressed 
by previous local studies (Fan et al. 2022; Qian et al. 2018; 

Yan et al. 2014). Finding key thresholds in correlation coef-
ficients is often the main concern of such studies. Though 
the measurement in this study was conducted on impervi-
ous surfaces as Yan et al. (2014) and Fan et al. (2022) did, 
threshold was not detected as they did. One main reason 
may lie in the difference in sampling environment, namely 
the width of the sampling route, 2nd Ring Rd., is much 
larger, resulting in that the near adjacent of each sampling 
point in our study is mainly impervious surfaces. This also 
gives explanation to insignificant relations for smaller buffer 
zones of 100-200m radius (Fig. 4). Similarly, in Qian et al. 
(2018)’s study, though their measurements were conducted 
solely in green spaces, homogenous green spaces in near 
adjacent also brought them difficulty in analyzing the spatial 
effect of green spaces. The heterogeneity of land-cover and 
land-use couldn’t be incorporated until buffer zones gradu-
ally get larger, which is different from measurements done 
in compact neighborhoods.

A three-class land-cover classification is applied in this 
study to analyze the contribution of different land-cover 
types on local climate at night, when atmospheric UHI 
effect, as well as the climatic effect of urban greenery, is 
stronger than daytime (Doick et al. 2014; Gao et al. 2019), 
which reaffirmed the cooling and humidifying effects of 
urban vegetation and water bodies (Bowler et al. 2010; 

Table 2   Multiple regression 
models between centered Ta, 
Rh in summer and winter and 
LCZ coverage within 1000m 
buffer zone

* p<0.05, **p<0.01, two tail. B Coefficient

Summer nighttime Ta Summer nighttime 
Rh

Winter nighttime Ta Winter nighttime Rh

B p B p B p B p

LCZ 1 - - -8.662 0.000** 9.052×10-1 0.007** - -
LCZ 2 6.604×10-1 0.013* -2.539 0.038* 1.216 0.000** -5.068 0.000**
LCZ 5 - - - - -1.278 0.008** 1.365×10 0.000**
LCZ E 5.655 0.000** -1.944×10 0.001** - - - -
LCZ G -8.593 0.000** 2.723×10 0.009** -1.203×10 0.000** 5.913×10 0.000**
Intercept -8.336×10-1 0.000** 4.098 0.000** -1.907×10-1 0.230 -4.533×10-1 0.400
R2 0.440 0.543 0.707 0.624
Adjusted R2 0.420 0.521 0.698 0.615
p 0.000** 0.000** 0.000** 0.000**

Table 3   Correlation coefficients and partial correlation coefficients with vegetation coverage controlled between centered Ta, Rh and vegetation 
coverage in LCZs 1-6 within 1000m buffer zone

* p<0.05, **p<0.01, two tail. ρ Correlation coefficients, Par ρ Partial correlation coefficients

LCZ 1 LCZ 2 LCZ 3 LCZ 4 LCZ 5 LCZ 6

ρ Par ρ ρ Par ρ ρ Par ρ ρ Par ρ ρ Par ρ ρ Par ρ

Ta in summer 0.00 -0.13 0.03 0.10 -0.31** -0.24* -0.04 -0.12 0.36** 0.31* 0.70** 0.69**
Ta in winter 0.07 -0.01 -0.47** -0.29** -0.22* -0.03 0.20 -0.05 0.20 0.21 0.04 0.53**
Rh in summer -0.02 0.14 -0.08 -0.18 0.32** 0.22 -0.06 0.02 -0.46** -0.44** -0.71** -0.72**
Rh in winter -0.20* -0.16 0.38** 0.18* 0.26** 0.10 -0.35** -0.19 -0.26* -0.27* 0.01 -0.39**
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Gunawardena et al. 2017; Wong et al. 2021). The mecha-
nism of vegetation’s nighttime cooling effect is compli-
cated. At night, on one hand, tree canopy may hamper heat 
loss through influencing sky view factor and give rise to 
temperature (Taha 1997), while on the other hand, evapo-
transpiration effect of vegetation, though much weaker than 
daytime, still provides cooling (Snyder et al. 2003). Potent 
nighttime cooling and humidifying effects of green spaces 
in temperate regions have been recorded in previous empiri-
cal studies (Doick et al. 2014; Li et al. 2021a, b; Yan et al. 
2018). Additionally, in winter, though the majority of trees 
in temperate regions are deciduous, evergreen trees demon-
strate significant humifying effects (Afshar et al. 2018; Li 
et al. 2020). Such evidences are in line with results in this 
study (Fig. 5a-d). Though water body serves as heat source 
due to its large heat capacity (Hathway and Sharples 2012; 
Steeneveld et al. 2014), results of this study indicate that 
vegetation and water bodies are both contributing to cooling 
and humidifying, and may best explain Ta and Rh variations 
when considered as a whole (Fig. 5i-l). One explanation is 
that water coverage is a rarity in the case of Beijing, and 
water bodies are usually closely combined with surround-
ing urban vegetation and their climatic effect are largely 
intertwined. It is therefore solid to count on construction 
of UGBS to overcome projected nighttime Ta rising in near 
future (Huang et al. 2021)s.

The measured Ta and Rh were also analyzed from the 
perspective of land-use by using adjacent LCZ composition. 
The thermal property difference among different LCZs is a 
synthesis of urban 3D morphology, land-cover condition, and 
human activity characteristics (Stewart and Oke 2012). One 
example on 3D morphology difference demonstrated in this 
study is the slopes of the models built between Ta, Rh and 
percentage of LCZ 1 (compact high-rise) and LCZ 2 (com-
pact midrise) (Fig. 6), which reflects stronger heat production 
in LCZ 1 at night in summer and winter. Such results are in 
line with previous studies analyzing the interaction between 
3D morphology and urban thermal environment (Chen et al. 

2022; Tian et al. 2019; Zhou et al. 2022). Adjacent LCZ com-
position also well explained Ta and Rh variance in multiple 
regression models (Table 2). Similar to the models in Fig. 5, 
where enhancing water coverage was found more potent than 
vegetation in regulating local scale climate, LCZ G (water 
coverage), featuring largest coefficients, also overweighed 
other land-use in cooling and humidifying.

One aspect that LCZ scheme doesn’t address is the pre-
cise depiction of urban vegetation, but just general depic-
tion of greenery coverage difference by distinguishing 
compact land-use (LCZ 1-3) and open land-use (LCZ 4-6). 
The climatic effect of such vegetation coverage difference 
is reflected in multiple regression models (Table 2), where 
compact land-use (LCZ 1 and 2) were found increasing Ta 
and decreasing Rh while open land-use (LCZ 5) was found 
the opposite effect. Considering that the measurement was 
taken on impervious surfaces, i.e. LCZ E, it can be inferred 
that the higher vegetated area coverage in LCZ 5 is contrib-
uting to regulating local climate.

Enhancing green space ratio has long been proved as an 
effective way to cool the city (Bowler et al. 2010; Derdouri 
et al. 2021), which is also reassured in this study (Fig. 5). 
Additionally, previous studies tend to believe that the effect 
of land-cover composition outweighs that of urban green 
spaces’ configuration (Guo et al. 2020; Masoudi et al. 2019; 
Naeem et al. 2018). However, considering that infinitely 
increasing green spaces coverage in urban areas is unrealis-
tic, further knowledge is still needed on where and how to 
allocate green spaces for more effective regulating effect. In 
this study, results of partial correlation analysis may serve as 
a way to answer this question, for it indicates that enhanc-
ing vegetation coverage in LCZ 2 and 3 is linked with better 
cooling (Table 3). Considering that LCZ 2 was found facing 
more severe heat stress (Benjamin et al. 2021; Chen et al. 
2021), future construction of urban green spaces in LCZ 
2 and 3 is expected to contribute to not only microclimate 
within these land-use (Fan et al. 2017), but also nearby local-
scale climate.

(a) (b) (c) (d)

Fig. 6   Regression models with centered Ta and Rh as dependent variables and percentage of LCZ 1 and LCZ 2 within 1000m buffer zone as 
independent variables (with shaded area representing 95% confidence interval)
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While significant correlations were also detected between 
vegetation coverage in LCZ 5 and 6 with climatic param-
eters which seems unreasonable (Table 3). Considering that 
these samples with LCZ 5 coverage are mostly located along 
South 2nd Rd. (S21-S38), where several large urban parks 
were nearby and therefore features high vegetation cover-
age (Figs. 1 and 2), vegetation coverage in built LCZs may 
not contribute as significantly as surrounding large parks to 
local scale climate (Li et al. 2021a, b), therefore resulting in 
such unexplainable results.

One limitation of this study is that it didn’t distinguish 
the socio-economic characteristic of different land-use, 
which is also pointed out as one aspect that LCZ scheme 
doesn’t well reflect (Yu et al. 2021). Though the difference 
of human metabolism among different LCZs is considered 
(Stewart and Oke 2012), detailed depiction of human activ-
ity and anthropogenic heat pattern are not reflected, which 
contributes to the daily and seasonal variation of urban 
climate (Aslam and Rana 2022; Sun et al. 2013). In this 
study, though not quantitively analyzed, high Ta and low 
Rh were recorded on west (S05-S17) and north-east (S40-
S59) 2nd Ring Rd. (Fig. 3), which is mainly surrounded 
by commercial and residential lands, the ones identified as 
main anthropogenic heat source (Hu et al. 2022; Sun et al. 
2018). Incorporating socio-economic perspective to further 
investigation on the climatic effect difference of urban green 
and blue spaces in different land-use is still needed.

Conclusion

In this study, field measurements of nighttime Ta and Rh 
were conducted along an enclosed transect at the core area 
of Beijing, China. Three land-cover types, i.e., impervious 
surfaces, vegetation and water coverage, and LCZ scheme 
were used to analyze measured Ta and Rh. Urban vegetation 
coverage is further interested with LCZs to evaluate vegeta-
tion’s cooling and humidifying effects in different land-uses. 
Ta and Rh variance were depicted along the transect at night 
in summer and winter. Better correlations were generally 
detected with larger buffer zones when more land-use and 
land-cover conditions were included. Urban green and blue 
spaces exhibit significant cooling and humidifying effects, 
and better regression models were built when green and blue 
spaces were taken as a whole rather than independently. 
Coverage of LCZ 1 (compact high-rise), LCZ 2 (compact 
midrise) and LCZ G (water coverage) significantly contrib-
ute to local-scale climate. Increasing vegetation coverage in 
LCZ 2 and LCZ 3 is expected to facilitate better local-scale 
cooling and humidifying effect. Further evaluation of urban 
vegetation’s cooling and humidifying efficiency of in differ-
ent land-uses is still needed to provide guidance for future 
urban green spaces planning and design.
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