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Abstract Studying the spatiotemporal variations of the urban heat island (UHI) effect and its cause

is important towards understanding urban climate change, planning and green development, and disaster
mitigation. In this paper, by using surface observations and reanalysis data with objective classification of
synoptic weather patterns (SWPs), we analyze the associations between canopy UHI intensity (CUHI) and
SWPs in the planetary boundary layer (PBL) and their potential drivers during wintertime of the period
2012-2017. Six dominant types of SWP are identified as follows: In the case of Types 3, 4, and 6, weak high-
pressure systems exist to the south of Beijing, resulting in weak southerly winds with low PBL height, large
cloud coverage and high relative humidity (RH). These conditions are generally conducive to a strengthening of
the CUHIL. In contrast, under Types 1, 2, and 5, high-pressure systems are located to the northwest of Beijing,
and the associated strong northwesterly flows of dry and cold air strengthen the boundary layer mixing process,
resulting in large wind speed and low RH. This is conducive to a weakening of the CUHIL. In general, our work
reveals the impacts of SWPs on the strength of CUHII mainly via the modulation of local weather conditions at
diurnal and interannual scales, while spatial pattern of CUHII is largely dominated by local climate zones. Our
findings have implications for CUHII forecasts, as well as impact assessments and policymaking in the context
of UHI-related energy conservation in winter over high-density urban areas on the synoptic scale.

1. Introduction

The urban heat island (UHI) phenomenon refers to enhanced air/surface temperatures in urban areas with respect
to their surrounding rural areas (Oke et al., 2017; Oke & Maxwell, 1975; Rizwan et al., 2008; Roth, 2007), which
is the most obvious characteristic of the urban thermal environment. The UHI effect has become one of the domi-
nant factors affecting the urban climate and ecological environment (Crutzen, 2004; Oke et al., 2017; Ren, 2015).
In particular, the impacts that UHIs have on heat waves and extreme climate events (Li & Bouzeid, 2013;
Luo & Lau, 2017; X. C. Yang et al., 2017), air quality (L. Chen et al., 2018; Velasco & Roth, 2012; Zheng
et al., 2018), energy consumption (Kolokotroni et al., 2012; Sun & Augenbroe, 2014), and human health threats
(Hu et al., 2019; Luo & Lau, 2018; Yang, Gao, et al., 2019) cannot be ignored. Therefore, studying the temporal
and spatial evolution of UHI intensity and its formation mechanism is of great significance for understanding
the characteristics of urban climate change, urban planning and green development, and disaster prevention and
mitigation (Max et al., 2020; Oke et al., 2017; Roth, 2007; Yang, Zhang, et al., 2020; Zhao et al., 2014).

Beijing, the capital of China, is an inland city with a high population density located in the typical north-tem-
perate, semi-humid and continental monsoon climate zone. Rapid urbanization has induced a significant canopy
UHI (CUHI) effect in Beijing in recent years (W. Liu et al., 2007; Ren et al., 2007; Yan et al., 2010; Yang, Ren &
Liu, 2013; Yang, Zheng, et al., 2020). Understanding the CUHI effect in Beijing is important to regional climate
and environmental issues owing to the strong canopy UHI intensity (CUHII) caused by the large population
density and its associated high energy consumption. Until now, studies on the CUHI in Beijing have mainly
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concentrated on its periodic variation, spatial distribution, vertical structure with local circulation, and formation
reasons (S. H. Liu et al., 2009; Wang et al., 2017; Yang, Ren, & Hou, 2019), as well as its impacts on climatic-en-
vironment and health (L. Chen et al., 2018; Yang, Zheng, et al., 2020; L. Zhang et al., 2011; Zheng et al., 2020).
The diurnal variation of the CUHI in Beijing is characterized by strong CUHII at night and early morning, and
weak CUHII during daytime showing a V-shaped fluctuation (W. Liu et al., 2007; Xie et al., 2006; Yang, Ren,
& Liu, 2013). At the seasonal scale, the variations of seasonal-mean CUHIIs mainly follow the pattern of summ
er < spring < autumn < winter (W. Liu et al., 2007; Xie et al., 2006; Yang, Ren, & Liu, 2013). This is partially
because there is more anthropogenic heat released in winter than in summer, and the anthropogenic heat release in
urban areas suppress the development of the boundary layer, which is more helpful to enhance CUHII (Jauregui
et al., 1992; Oke et al., 1991; K. Wang et al., 2017). On the multi-decadal scale, the CUHII has increased signifi-
cantly in the past decades, and its contribution to the warming of the average and minimum temperatures around
the observational stations of Beijing urban areas cannot be ignored (Ren et al., 2007). The factors driving the
CUHI changes in Beijing urban areas are complex and diverse, but can broadly be categorized into natural-type
factors (local meteorological factors such as the winds, cloud cover, rainfall, relative humidity [RH], etc.) and
anthropogenic-type factors (i.e., anthropogenic activities such as emissions of anthropogenic heat and aerosols, as
well as land use/land cover changes related to rapid urbanization, etc.) (Ren et al., 2007; Yang, Ren & Hou, 2019;
Yang, Zheng, et al., 2020; Zheng et al., 2018).

As another important driver, certain synoptic weather patterns (SWPs) can cause noticeable changes in CUHII
via their modulation of local meteorological factors. For instance, high-pressure systems in summer can suppress
the development of the planetary boundary layer (PBL) and induce calm and cloudless conditions that are condu-
cive to CUHI intensification (Craig & Bornstein, 2002; Stewart & Oke, 2012). Until now, however, most previ-
ous studies on the CUHI changes in Beijing have mainly focused on the multi-decadal, interannual, seasonal or
diurnal scales (Ren et al., 2007; K. Wang et al., 2017; Xie et al., 2006; Yang, Ren, & Hou, 2019), leaving a gap
in knowledge with respect to the variations at the synoptic scale and their potential driving forces. Particularly,
the PBL height in winter is the lowest among four seasons (Miao et al., 2015), which are conducive to CUHI
intensification. In general, there are still three issues with respect to the wintertime CUHI in Beijing that have
yet to be fully understood: (a) what are the characteristics of the CUHII under different SWPs in the PBL? (b)
on the synoptic scale, how important are the potential factors of influence in shaping the spatial and temporal
distribution of the CUHII in Beijing? (c) are there any associations between the diurnal/interannual variations of
the CUHII and those of the SWPs in the PBL?

In the present study, to address these three issues, we systematically analyze the associations between the winter-
time CUHI and SWP in the PBL in Beijing by using multi-source meteorological and environmental data together
objective classification of the SWPs. Following this introduction, Section 2 describes the various observational
data and methods used in the study. Section 3 examines interannual and diurnal variations of the CUHI and their
associations with different SWPs. The possible drivers are then discussed in Section 4, followed by concluding
remarks in Section 5.

2. Data and Methods

Surface air temperature (SAT), daily maximum surface air temperature (7, ), minimum surface air temper-
ature (T, ), RH, and surface wind speed (SWS) data recorded at 295 automatic weather stations in Beijing
(see Figure la) (122 stations are within the Sixth Ring Road) during 2012-2017 were collected from the
China Meteorological Data Service Center, China meteorological Administration (CMA), which are available
at http://data.cma.cn/en. The diurnal temperature range (DTR) describes the difference between T, and T .
Daily meteorological data have been quality controlled and homogenized using the method described by Xu
etal. (2013). The PM, ; data are from the national 24-hr continuous air quality observation published by the China

Environmental Monitoring Station (http://www.cnemc.cn/).

The radiation data used in this study are from the Beijing 325-m meteorological tower, which is located at
an urban site at the Institute of Atmospheric Physics (IAP), Chinese Academy of Sciences (CAS) (39.97°N,
116.37°E). The downward shortwave radiation (DSR), and downward longwave radiation (DLR) are collected
using the downward-pointing pyranometers at a height of 47-m to measure the component radiation.
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Figure 1. (a) The spatial distribution of meteorological stations and urban stations as outlined by the 5th Ring Road (purple
solid circles; from the inner to outer lines are from the 2nd to 6th Ring Road) and the 7 rural stations outside of the 6th Ring
Road (abbreviations for the station names are: YLD, Yong Le Dian; PGZ, Pang Ge Zhuang; AD, An Ding; NZ, Nan Zhao;
DSGZ, Da Sun Ge Zhuang; LWT, Long Wan Tun; DXC, Dong Xin Cheng). (b) The specific urban canopy structure of the 9
City stations.
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Table 1 The Local Climate Zone (LCZ) framework is one of the most important
Geographical Locations of the Urban and Reference (Rural) Stations climate classifications used in UHI studies (Max et al., 2020; Stewart &
Station Local Oke, 2012). To investigate the influences of standard and subclasses of LCZ

Station Lon (°E) Lat(°N) Altitude (m) types i ZonE on the spatial distribution of the UHI Beijing city, nine stations located inside

Beijing’s S5th Ring Road over a diversity of urban landscapes with different
GGXT 116.43 39.91 48 Urban LCZ1 . .

LCZs, and seven rural stations located in the suburban areas, were selected
GY 116.35 39.93 35 Urban LCZ1 as urban stations and reference stations, respectively, based on the previ-
FSC 116.27 39.87 54 Urban LCZ2 ous studies (Yang, Ren, & Liu, 2013; Zong, Liu, et al., 2021) (Figure la
SYQ 116.46 39.98 40 Urban LCZ2 and Table 1). The urban canopy structures around the nine urban stations
FT 116.25 39.87 57 Urban LCZ4 are shown in Figure 1b (the image is from Google Earth). As for reference
G 116.44 39.81 36 Urban LCZ4 rural st.atlons, they are maln.ly loc.ated over sh.ort grass, scrubland or crop-

land (Figure 2). The CUHII is defined as the difference between the SAT at
GXT 116.47 39.80 325 Urban LCZ5 . . .

each urban station and the average SAT of the eight rural stations. Note that
SHQ 116.48 39.91 40 Urban LCZ5 the altitude differences between the urban and rural stations are marginal
XNT 116.39 39.87 49 Urban LCZ5 (Figure 2), which have little influence on the CUHII calculations. In this
LWT 116.85 40.23 52 Rural LCZA study, Anthropogenic Heat Flux (AHF) in Beijing was estimated with satel-
AD 116.51 39.61 24 Rural LCZB lite data using the RAHF (Refined Anthropogenic Heat Flux) model, which
DXC 116.45 4022 49 Rural LCZC can clearly den.lonstrate the spatial .dlstrlbutlon of AHF at a 1-km .resolutl.on

based on multisource remote sensing data and energy consumption statis-
PGZ 116.34 39.61 34 Rural LCZC .. . . . . o .

tics, including anthropogenic heat sources of industrial activities, heating and
YLD 116.78 39.67 17 Rural LCzC cooling of buildings, human metabolism, and vehicle exhaust (S. S. Chen
DSGZ 116.92 40.08 35 Rural LCZD et al., 2019; L. Wang et al., 2020). Mean AHF in a buffer area with a 5-km
NZ 116.11 39.60 34 Rural LCZD radius around each station was calculated, according to our previous study

(Yang, Zheng, et al., 2020).

For synoptic analysis of the CUHII in winter, we used the geopotential

height field and wind field data at 925 hPa from the National Centers for
Environmental Prediction (NCEP) global Final (FNL) reanalysis data set on a 1° X 1° latitude/longitude grid
during the study period, which are available at http://rda.ucar.edu/datasets/ds083.2/(National Centers, 2000;
Smith et al., 2014). The T-mode principal component analysis (T-PCA) method, as an objective mathematical
computer-based method, was employed to classify the SWPs in the PBL of winter. The T-PCA analysis module
of the COST733 software (http://cost733.met.no/) developed by the European Scientific and Technical Research
Cooperation was used to classify the daily synoptic circulation patterns based on the 925 hPa geopotential height
field. The cost733class program is a FORTRAN software package consisting of several modules for classifi-
cation, evaluation and comparison of weather and circulation patterns (Ning et al., 2018, 2019; Zong, Yang,
et al., 2021). T-PCA would standardize the weather data spatially and split them into 10 subsets at first. Then,
the principal components (PCs) of weather information are estimated by applying singular value decomposition,
and the PC score for each subset can be calculated after oblique rotation. Finally, the resultant subset with the
highest sum will be selected by comparing 10 subsets according to contingency tables, and its types can be output
as well (Miao et al., 2017; Philipp et al., 2014). The explained cluster variance (ECV) was selected to assess the
performance of synoptic classification and determine the number of classes in this study (Hoffmann & SchliiN-
zen, 2013; Ning et al., 2019; Philipp et al., 2014). In addition, to discuss the influence of total cloud cover (TCC),
PBLH, wind at 925-hPa level, and precipitation on the CUHII, we also used high-resolution (0.25° x 0.25° lati-
tude/longitude grid) hourly ERAS5 reanalysis data of these variables (https://cds.climate.copernicus.eu/cdsapp#!/
dataset/reanalysis-eraS-single-levels?tab=form) (Mufioz-Sabater et al., 2021). The frequency for each SWP type
in every month is defined as the days of occurrences divided by total days.

3. Results
3.1. Synoptic Classification and Corresponding CUHII Distribution

Based on the T-PCA results, six dominant types of SWP during wintertime of the period 2012-2017 can be
identified as follows:
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Figure 2. The specific land use/land cover of the seven rural stations and (b) altitude at urban and rural stations in Beijing.

. Type 1. Beijing is located at the front of the Mongolian high pressure at 925 hPa, and its eastern part is

controlled by the northeast low pressure. Under the confluence of the high- and low-pressure system, there is
a northwest jet in the PBL over Beijing (Figure 3a).

. Type 2. Beijing is located at the bottom of the high-pressure center, with prevailing north-northwest airflow

in the PBL (Figure 3b).

. Type 3. There low pressure to the northeast of Beijing and weak high pressure to the southeast, together with

weak westerly winds over Beijing (Figure 3c).

. Type 4. There is a weak high-pressure system to the southeast of Beijing, resulting in prevailing southwesterly

winds over Beijing (Figure 3d).

. Type 5. High pressure is located to the northwest of Beijing, and northwesterly winds prevail over the city

(Figure 3e).

. Type 6. There is weak high pressure to the southwest of Beijing, with prevailing southwesterly winds

(Figure 3f).

The occurrence frequency and average CUHI of each SWP in Beijing are also given in Figure 3 and Table 2,
indicating that Type 1 has the highest occurrence frequency (47.6%), while its CUHII is about 1.88°C. Stronger
mean UHI intensities of 2.07°C, 2.03°C, and 1.98°C appear mainly in Types 3, 4, and 6, respectively, while lower
ones are associated with Type 2 (1.58°C) and Type 5 (1.76°C), as shown in Table 2.
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Figure 3. The 925-hPa wind (vectors) and geopotential height (shading) patterns based on objective classification (see text for details) in six weather types [(a—f),

respectively]. The small white contour is the area of Beijing; the numbers in the bottom-left/top-right corner of each panel indicate the mean CUHI (urban heat island)

intensity/frequency of occurrence in each synoptic weather pattern (SWP).

To further analyze the spatial distribution characteristics of the CUHI, Figure 4 shows the average distribution

of the CUHI, surface wind vector and RH in winter under each SWP. In general, all warm CUHI centers are

well matched in economically developed and densely populated urban areas in all types, while there are obvious

differences in the range and intensity of the CUHI between these six types with different surface RHs and wind

vectors (Figure 4). In Types 3, 4, and 6, relative to the other three types, there are larger areas of CUHII > 0°C,

and the CUHI effects are more obvious, with larger areas showing strong CUHII in the center area exceeding
2.5°C (Figures 4c, 4d and 4f). The wind speeds are lower, with average values <0.9 m/s, while the RH is higher
than 50% over most areas (Figures 4c, 4d and 4f, and Table 2). On the contrary, In Types 1, 2, and 5, the CUHIs
are weaker in strength and the areas of CUHII > 0°C are smaller, accompanied by stronger northerly winds

with average wind speeds >1.1 m/s, and the RH near the urban center is maintained below 40% (Figures 4a, 4b

and 4e, and Table 2).

Table 2
CUHIIL

Taver

Relative Humidity (RH), Surface Wind Speed (SWS) and

Planetary Boundary Layer (PBLH) Under Six Weather Types in Beijing

3.2. Diurnal Variations in CUHII Under Different SWPs

To explore the modulation of the diurnal variation of the CUHII by differ-
ent SWPs, we examine the diurnal variation characteristics of the CUHII

T Total d CUHIL °C) RH (%) SWS (m/ PBLH,
vpe oM CWE e () & o) mean (1) under the aforementioned six different types (Figure 5a). The patterns of
1 258 1.88 33.4 L7 587.9 diurnal variation under the six weather types are basically similar, with their
2 89 1.58 383 1.7 490.3 peaks mainly in the early morning [0400-0800 Beijing time (BJT)]. The
3 89 2.07 58.1 0.9 3473 diurnal variation of CUHII can be divided into four stages as follows: (a)
4 62 203 49.8 L1 264.0 stably high CUHII (>2.5°C) from e.arly evening to early morning (2000-
5 e 7 o (5 o 0800 BJT); (b) sharp drop (~.3 C) in the morning (0900-1100 BJT); (c)
stably lower CUHII (<1°C) in the afternoon (1200-1700 BJT); and (d)
6 i 198 3390 L2 2885 rapid increase (~2°C) in the early evening (1800—1900 BJT). This diurnal
YANG ET AL. 6 of 19
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Figure 4. Average distribution of the CUHII (CUHI intensity, shading), 10-m-height wind vector (arrows) and RH (relative humidity, contours) in winter under the six

SWPs in Beijing.

variation pattern is highly consistent with the mean pattern reported in previous studies (Cui et al., 2017,
Yang, Ren, & Liu, 2013).

This diurnal pattern is caused by differences in PBLH with weather stability between daytime and nighttime,
and the differences of heat stored capacity between urban and rural buildings during daytime and nighttime.
At night, more stable weather conditions with a low PBLH (Figure 5b), in combination with the aerosol-cloud
interactions will weaken the heat exchange and strengthen the accumulation of heat in urban areas (Yang, Zheng,
etal., 2020), while the openness of rural areas will promote radiation cooling, resulting in a larger CUHII (Table 3
and Figure 4). During daytime, owing to the higher PBL (Figure 5b) and aerosol cooling effects in urban areas,
the CUHII becomes smaller (Table 3 and Figure 5). The diurnal variation pattern also causes a lower DTR in
urban than in rural areas (Table 3), which is line in with the findings of Yang, Zhang, et al. (2020). Conversely,
the daily amplitude (maximum hourly CUHII minus minimum hourly CUHII) and peak of CUHII vary under the
different weather types, being relatively smaller under Types 1, 2, and 5 in comparison to the three other types
(Table 3).

3.3. Interannual and Intraseasonal Variations of CUHII Related to the Different SWPs

Figures 6 and 7a show the daily, interannual and monthly variation characteristics and monthly frequencies of
the six SWPs in the winters of 2012-2017. Obvious interannual and intraseasonal variation characteristics of
the SWP types can be seen in the PBL. Type 1 exhibits the highest frequency in winter in Beijing, followed
by Type 3, with the lowest frequency appearing in association with Type 6 (Figures 6a and 7a, and Table 2).
The days and frequency of Type 1 in the Decembers of 2013, 2016, and 2017 are higher than in other months
(Figures 6b and 7a). As the dominant type, Type 1 has the higher frequency in most months (Figures 6¢ and 7a).
These variation characteristics of SWPs in the PBL are potentially modulated by cold-front activities in winter
(Figure 3; Y. Yang et al., 2018).

Similarly, Figure 7b shows time series of the monthly averaged CUHII in the winters of 2012-2017, revealing
obvious intra seasonal and interannual characteristics of variation. For instance, the monthly averaged CUHII
(>2°C) in the Decembers of 2013, 2016, and 2017, and Januarys of 2012 and 2018, are higher than in other
months. In addition, the CUHIIs in December are mostly higher than those in January and February, showing a
decreasing trend from December to February. The causes of these intra seasonal and interannual variations of
CUHII need to be further explored, but they may be related to the dominance of certain weather types under the
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Table 3 variability of large-scale upper-air circulation in the East Asian region (W.
Daily Amplitude of CUHII, and the CUHIL,,,, CUHII,, ., DTR,, . and Wang et al., 2021; Y. Yang et al., 2018; Yin et al., 2021).

Tmin

DTRy,,., Under Six Weather Types in Beijing
Daily amplitude ~ CUHILy,,,,  CUHIL,, DTRy,, DTRy. 4. Discussion

Type () ((®) (§(©)] ((®) 0

" > 2 290 9.9 50 4.1. Roles of Local Wind Speed Modulated by Different SWP

2 1.9 1.5 2.1 8.7 10.6 Previous studies have revealed that the CUHII is dependent on the wind speed

3 23 13 29 8.7 113 variation (e.g., discussions in Oke et al., 2017, Yang, Zheng, et al., 2020, and

4 20 22 07 102 126 S. Che.n et al., 2022). In Partlcular, the CUHIIL usual.ly de(frea.st.es as the w1.nd
speed increases. Here, Figure 7c shows that there is a significant negative

2 21 I 24 ) U correlation (r = —0.38; p < 0.05) between the daily averaged CUHII and

6

3.2 1.6 2.5 9.3 11.2 local wind speed derived from all samples during 2012-2017. Particularly,
CUHI were most apparent under weak wind conditions. For the samples
in each SWP type, the CUHII also shows a negative correlation with wind

speed. In general, the monthly mean CUHII shows a significant negative correlation (»r = —0.44; p < 0.05) with
the monthly mean SWS.

In addition, the rose diagram of maximum daily wind direction and CUHII for different weather types (Figure 8)
shows that the CUHII is generally higher when the daily maximum wind speed is lower. For instance, when the
wind speeds are concentrated below 2 m/s, the CUHII is usually greater than 2.0°C. In Type 1, Type 2 and Type
5 weather conditions, there are usually strong northwest winds, which is favorable for heat diffusion, and thus the
CUHII is smaller (<2°C). Type 3, Type 4, and Type 6 weather conditions are more conducive to heat accumula-
tion and storage, and thus the CUHII tends to be enhanced.

To explore the relationship between the frequency of SWPs and the local wind speed at the interannual scale,
Figure 9 shows time series of the monthly frequency of Types 3, 4, and 6 (related to strong CUHII), and Types
1,2, and 5 (related to weak CUHII) along with the monthly mean wind speeds. There are very high correlation
coefficients between the monthly occurrence frequencies of weather types related to strong or weak CUHII and
the monthly average SWS (Table 4). Therefore, we can deduce that the interannual variations of CUHII are partly
caused by the SWPs via their modulation of the local wind speed.

(a)  Synoptic circulation pattern I Typel Type2 [ Type3 B Typed Types Type6
20122013 ] [TH | [ B u
20132014 5 | [ |
2014—2015 = [ |
20207 Ii r min 'y i
20162017
20172018 -I iE | n
12/01 1215 01/01 01/15 02/01 02/15 02/29
60
(b)
50 -
40 -
% 30 -
o
20
10 20 -
0 - 0 -
2012-2013 2013-2014 2014-2015 2015-2016 2016-2017 2017-2018 Dec Jan Feb
. Typel Type2 [ Types [ Typed Types Type6

Figure 6. (a) Time series of day-to-day variation in SWPs in winter during 2012-2017. (b) Days of each type in every winter during 2012-2017. (c) Mean days of each
type in December, January, and February during 2012-2017.
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Figure 7. (a) Time series of monthly frequency for each SWP and (b) monthly mean CUHII with standard deviation in each
winter during 2012-2017. (c) Scatterplot of daily averaged CUHII and wind speed derived from all samples in wintertime
during 2012-2017 in Beijing.

The negative relationship between CUHII and local WS in Beijing reported here are consistent with that in other
mega cities, that is, CUHII tends to increase with decreasing wind speed, as reported in Tucson (Comrie, 2000),
Melbourne (Morries et al., 2001), Singapore (Chow & Roth, 2006), Shanghai (Ao et al., 2019), Berlin (Daniel
etal., 2019) and Hong Kong (Wang et al., 2021). In the present work, however, we built a vehicle between various
local wind patterns and different SWP in the PBL, which could be useful to understand relationships between
synoptic and climatic scales for identifying long-term trends and interannual variability in CUHII in cities.

4.2. Potential Associations With Other Local Meteorological Factors Under Different SWPg

Through weather classification, it is found that there are obvious differences in the circulation background under
different types, so whether the other local weather conditions under different SWPs will affect CUHII is worth
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Figure 8. Rose diagram of CUHI and wind direction at the maximum daily wind speed (m/s) under various weather types in
Beijing [(a—f) indicate Types 1-6, respectively].

noting. In addition to wind vectors, Figures 10-12 show spatial distributions of TCC, precipitation frequency,
and PBLH under different SWPs.

Figure 10 shows that there are less TCC under Types 1, 2, and 5. In particular, Type 1 is affected by the strong
westerly jet and cloud clusters are unlikely to gather over Beijing, and thus the TCC is abnormally low. Under
Types 3, 4, and 6, there are more frequent cloud coverage and higher TCC. Correspondingly, the precipita-
tion frequency distribution (Figure 11) is highly matched with the TCC distribution. Precipitation occurs more
frequently in case of the SWPs with large cloud cover. For example, the TCC and precipitation both decreases
from the northern to the southern in Type 2. It can also be distinguished according to the magnitude of the precip-
itation occurrence rate. There are fewer precipitation events at Types 1, 2, and 5, resulting in lower RH (Figure 4),
while there are more precipitation events at Types 3, 4, and 6, leading to higher RH (Figure 4). The present SWPs

100 2.0
Q
< 80 - 18 E
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o

& 60 - L 16 2
2. @
g g
S 40 A 14 9
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= 20 A r12 ¢
S
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2012-2013 2013-2014 2014-2015 2015-2016 2016-2017 2017-2018

Figure 9. Time series of the monthly frequency of Types 3, 4, and 6 (F346; related to strong canopy-level UHII) and Types
1,2, and 5 (F125; related to weak canopy-level UHII) along with the monthly averaged surface wind speed (SWS) in Beijing.

YANG ET AL. 110f 19



Ason |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres

10.1029/2021JD035988

Table 4

Correlation Coefficients of the Monthly Occurrence Frequency of Types 3,

4 and 6 (Related to Strong CUHII), and Types 1, 2, and 5 (Related to Weak
CUHII) (F;,5 and F |5, Respectively), With the Monthly Average CUHII, RH,

and their influence on local meteorological factors are consistent with the
findings of previous studies (Miao et al., 2019, 2020).

In addition, previous studies have revealed that certain SWPs can suppress

SWS, and PBLH

the development of the PBL and induce calm, cloudless and heavily polluted

conditions (Miao et al., 2019; Y. Yang et al., 2018), which is conducive to

SWS PBLH RH OHS AVHAO 1 ' '
CUHI intensification (Cao et al., 2016; Craig & Bornstein, 2002; Stewart &
F346 —0.63 —0.64* 0.78° Oke, 2012; Yang, Zheng, et al., 2020). Combining Table 2 and Figure 12,
F125 0.63 0.642 -0.782

there are high-pressure systems located to the northwest of Beijing under

20.01 Confidence.

Types 1, 2, and 5, and the associated strong northwesterly dry and cold

airflow with high mean wind speed serves to strengthen the boundary layer

mixing process. The PBLHs develop higher (Table 2), and the spatial distri-
bution is also relatively similar (Figures 12a, 12b and 12e). The PBLHs in the north are relatively higher than
those in the south. Type 3 is mainly affected by the weaker westerly wind, and the PBLH is the lowest, with most
of the area being less than 270 m. However, in Types 4 and 6, the weak high-pressure systems exist to the south
of Beijing, resulting in weak prevailing southerly winds with the distribution of PBLH increasing from west to
east. Therefore, the PBLH is relatively low due to the weak boundary layer mixing process under the influence of
weak high pressure or low pressure (Types 3, 4, and 6). The negative correlation between the monthly mean local
PBLH and CUHII is also significant (r = —0.44; p < 0.05), implying that the lower the PBLH is, the stronger the
CUHII is. In addition, Figure 5b shows that diurnal variation of PBLH in urban Beijing also exhibits an opposite
trend with that of CUHII in Figure 5a during winter. To explore the relationship between PBLH and SWPs on
the interannual scale, we calculated the correlation coefficients between the monthly occurrence frequencies of
weather types related to strong or weak CUHII and the monthly average PBLH and RH (Table 4). The interannual
variation of the local PBLH is closely related to that of the weather types linked with various CUHII [r = —0.64
(0.64); p < 0.01 (0.01)] (Table 4). In fact, controlled by certain SWP (e.g., Types 3, 4, and 6), low PBLH with
strong atmospheric stability are usually associated with weak wind conditions (Figures 4 and 12), which is simi-
lar with previous studies (Barlow et al., 2015; W. Wang et al., 2021). Note that PBLH significantly varied with

b) Type 2 (c) Type 3
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Figure 10. Average distribution of the total cloud cover (TCC) in winter under the six SWPs in Beijing [(a—f) indicate Types 1-6, respectively].
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Figure 11. Average distribution of the precipitation frequency in winter under the six SWPs in Beijing [(a—f) indicate Types 1-6, respectively].
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Figure 12. Average distribution of the planetary boundary layer height (PBLH) in winter under the six SWPs in Beijing [(a—f) indicate Types 1-6, respectively].
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Figure 13. Diurnal variations of (a) CUHII, (b) relative humidity (RH), (c) total cloud cover (TCC), (d) PM, 5 concentration, (¢) download shortwave radiation (DSR),
(f) download longwave radiation (DLR) during two cases on 07 December 2016 and 14 December 2016, respectively.

season in Beijing (Miao et al., 2015, 2017, 2019), and the relationship between CUHII and PBLH may vary for
different seasons, which should be further investigated in future. In addition, there is a significant positive corre-
lation between occurrence frequency of the SWP linked with strong CUHII and RH (Table 4).

In general, under Types 1, 2, and 5, PBLHs develop relatively high, and the strong westerly winds are condu-
cive to the horizontal and vertical diffusion of urban heat (Table 2), alleviating the CUHI effect. In contrast, in
the case of Types 3, 4 and 6, weak southerly winds and lower PBLH prevail, which can transport moisture to
Beijing, aggravating the accumulation of water vapor, and the resulting higher RH and rain frequency (Table 2
and Figure 11).

Here we have respectively selected two cases of typical strong and weak CUHII to examine the role of downward
radiation in the variation of CUHIL. In order to eliminate the influence of local wind speed on CUHII, the two
cases should selected for weak wind condition with daily averaged wind speed <2 m/s, referring to the previous
study (Yang, Zheng, et al., 2020). Figure 13 shows diurnal variations of CUHIIL, RH, TCC, PM, 5 concentration
and downward components of radiation under strong CUHII scenario on 07 December 2016 and weak CUHII
scenario on 14 December 2016. Relative to weak CUHII case, there were larger quantities of water vapor (higher
RH) which can be conductive to the generation of secondary aerosols, and the higher PM, ; concentration and
TCC at nighttime, in the case of strong CUHII (Figure 13). These conditions are favorable to absorb longwave
radiation emitted by the surface to heat the atmosphere and to emit more downward longwave radiation (Li, Zhou,
et al., 2020; Yang, Zheng, et al., 2020; Zheng et al., 2018), which reduces the loss of surface longwave radiation
and resultantly enhances the nighttime CUHII. At daytime, however, with the increase of PM, ; concentration,
which can reduce downward shortwave radiation through absorbing and scattering effect, there is a weak daytime
CUHII, especially during 1200-1600 BJT on 7 December (Figure 13). The present results are also consistent
with the previous analyses (Li, Zhou, et al., 2020; Yang, Wu, et al., 2013; Yang, Zheng, et al., 2020; Zheng
et al., 2018). The daytime—nighttime difference in CUHII related to air pollution under different SWPs can be also
estimated according to the diurnal variation characteristics of the CUHII shown in Figure 5.
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o A with varying PBLH, cloud cover, and RH to affect the interannual and diurnal
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variation of the CUHII.

4.3. Modulations of AHF in Different Local Climate Zones

Previous studies indicated that urbanization factors (e.g., urban land-use
changes, anthropogenic heat emissions, urban morphology and size) influ-
ence the CUHII of complex and diverse cities (Li, Schubert, et al., 2020;
Manoli et al., 2019; Roth, 2007; K. Wang et al., 2017; N. Zhang et al., 2015;
Zong, Liu, et al., 2021). Particularly, the Anthropogenic Heat Flux (AHF)
is closely related to the change of built-up areas and population density
around the stations, which can be considered to reflect the effects of both
anthropogenic emission and land use change which are related to latent heat
[] 2nd-6th Ring Road in BJ flux and sensible heat flux (L. Wang et al., 2020; Yang, Zhang, et al., 2020;
AHF (w/m~2) [T T Y. Zhang et al., 2021). For spatial patterns of CUHII, therefore, we further
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discussed the link of mean CUHII over different LCZs with various AHFs.
Figure 14 shows the relationships between CUHII and AHF over different
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Figure 14. (a) The distribution map of anthropogenic heat flux in 2015 and

LCZs. Generally, strong CUHII are corresponding to the areas of high AHF
0 (>10 W/m?) and high fraction of built-up area (Figures 1, 4 and 14). CUHII

‘ significantly decrease with decreasing AHF and increasing distance to the
urban center, with a stepdown trend of LCZ1 > LCZ5 > LCZ2 > LCZA.
Particularly, stronger CUHII occurs in both dense high-rise building and high

AHF (>40 W/m?) areas (i.e., LCZ1, GGXT station in Figure 14a).

. Lcz1 Differently, although LCZ5 stands for an open mid-rise building area, for
V LCZ2 example, SHQ station, the strongest CUHII still appears over there when

there is higher AHF near the urban center. To explain this, the specific
I:I Lcz4 order of the AHFs of the six stations of LCZ1, LCZ2, and LCZS5 is given
‘ LCz5 as follows: GGXT(LCZ1) > SHQ(LCZ5) > SYQ(LCZ2) > GY(LCZ1) > X
NT(LCZ5) > FSC(LCZ2). It is notable that the AHF of the two stations of
LCZ5 and the SYQ station of LCZ2 is quiet high. Figure 1b shows that SHQ

I
10 15

I
20

I
25

AHF (W/m?)

I I I station is close to the East Fourth Ring Road and a complex overpass, XNT
30 35 40 45 station is close to the South Second Ring Road, and SYQ station is close to
the North Fourth Ring Road and another complex overpass. Therefore, vast
heat emissions from the heavy traffic may be the reason for the high AHF at

(b) scatterplot of relationships between CUHII and AHF over different LCZs these three stations. In addition, there are more vegetation in the east of GY

in winter during 2012-2017.

station in LCZ1, which may be conductive to the reduction of the AHF and
the increase of latent heat flux around the station.

4.4. Implications and Limitations

Air temperature change has a direct and strong correlation with energy consumption. Previous studies examined
the relationships between UHIs and the energy consumption of cities in northern China, indicating that for every
increase of 1°C in UHII, the average annual heating loads of the city will be decreased by 4.01 kWh/m? in winter,
while the annual average cooling loads will be increased by 1.05 kWh/m? in summer (Meng, Guo, et al., 2020;
Meng, Ren, et al., 2020). In our present work, it is can be concluded that local climate zones organized by
anthropogenic factors largely modulate the dominant spatial pattern of CUHIIL, while different SWPs influence
the temporal variation in strength of CUHII during winter in Beijing. Recent study pointed out that urban climate
research should be aimed to reduce the impacts of urban heat rather than to mitigate the UHI magnitude (Martilli
et al., 2020). Our findings can provide a reference base for policy and technical guidelines for urban planning in
northern high-density cities. For instance, in winter, we can make a dynamic policy decision for energy-saving
and habitat comfort, that is, the energy supply for heating loads can be reduced in real time under SWPs condi-
tions related to strong CUHII over urban areas, especially over dense high-rise building and high AHF areas of
the urban center (e.g., LCZ1, LCZ2, LCZ3), and vice versa. While in summer, the heat mitigation strategies
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should be focused on suppression of anthropogenic heat emissions and heat storages over urban areas (Martilli
et al., 2020; Yang & Bou-Zeid, 2019; J. Yang et al., 2016). At least, electricity consumption for cooling in public
and official buildings can be reduced in real time under SWPs conditions related to weak CUHII over urban areas,
and vice versa. These measures will be also beneficial to improve urban air quality, due to less pollutant emissions
from both reduced heating and cooling.

This study of CUHII based on SWP and LCZ classifications could be extended to other similar large cities in the
world. However, the physical mechanisms underpinning the interactions between the CUHII and local meteoro-
logical factors as modulated by SWPs, as well as the related coping strategies, may need to be carefully addressed
by considering different conditions of climate, geography and urban fabric and structure. In addition, it should
be interesting to further examine the LCZs that exhibit the strongest CUHI effect by season and weather type in
our next work.

5. Conclusions

The present work systematically explores the associations between CUHII and SWPs in the PBL and their poten-
tial drivers by using multi-source meteorological and environmental data, as well as reanalysis data, together with
the T-PCA method. The main conclusions can be summarized as follows:

Based on the T-PCA results, six dominant types of SWP during the wintertime of the period 2012-2017 can be
identified. Under Types 1, 2, and 5, high-pressure systems are located to the northwest of Beijing, and the associ-
ated strong northwest dry and cold airflows with high wind speeds serve to strengthen the boundary layer mixing
process. Strong dry and cold airflows result in less precipitation and more clearing weather. In contrast, in the
case of Types 3, 4, and 6, weak high-pressure systems exist to the south of Beijing, resulting in prevailing weak
southerly winds with low PBLH. These weather patterns are usually accompanied by more frequent precipitation
and more cloud cover. Our findings suggest that the impacts of SWPs on the wintertime CUHI take place mainly
via their modulation of local winds, the PBLH, cloud and RH, at diurnal and interannual scales, with winds being
the dominant factor. For instance, a strengthened CUHII is accompanied by three SWPs (Types 3, 4, 6) with a
lower SWS and PBLH, and higher RH; whereas, a decreased CUHII is accompanied by three SWPs (Types 1,
2, 5) with a higher SWS and PBLH, and lower RH. The daily amplitudes and peaks of CUHII vary under the
different weather types, being relatively smaller under Types 1, 2, and 5 with respect to the other three types.
In addition, spatial patterns of CUHII in Beijing are highly correlated with areas of high AHF (>10 W/m?) and
high fraction of built-up area. Generally, local climate zones organized by anthropogenic factors modulate the
dominant spatial pattern of CUHII, while different weather types influence the magnitude of CUHII at diurnal
and interannual scales.

Broadly, our findings have implications for CUHII forecasts, as well as impact assessments and policymaking in
the context of CUHII-related energy conservation in winter and summer, and CUHII-induced high-temperature
disasters in summer over high-density urban areas on the synoptic scale. Our research demonstrates that both
natural variability (e.g., SWPs) and human activities (e.g., LCZ related to urbanization) play important roles
in formation and development of CUHII against the complex background of land—atmosphere—anthroposphere
coupling.

Data Availability Statement

The data that support the findings of this study are openly available as followings. The ground-based meteoro-
logical data are deposited at linkage: https://doi.org/10.5281/zenodo.5893959 (Yang, 2022). NCEP provided the
(global FNL) reanalysis data (https://doi.org/10.5065/D6M043C6). ECMWF provided the ERAS reanalysis data
(https://doi.org/10.24381/cds.bd0915¢6).
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