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Abstract Taking the megacity of Beijing as an example, a short-time Fourier transform (STFT) method
was employed to extract the multi-timescale evolution pattern of the canopy urban heat island intensity
(CUHII) during 2000-2020. The STFT of CUHII showed a close relationship between the evolution of the
CUHII in Beijing and the background meteorological forcing at intra-annual, weather and intra-daily scales.
The intra-annual-scale spectrum of CUHII exhibited an increasing trend with obvious seasonal variation of the
canopy urban heat island (CUHI). The intra-daily-scale spectrum of CUHII showed an increasing trend with
the nighttime CUHI developing faster. Increasing Western Pacific Subtropical High intensity can enhance the
seasonal and diurnal fluctuations of CUHII. The weather-scale spectrum of CUHII is controlled by weather
system evolution, showing that the frequency of cold/heat waves (CWs/HWs) in Beijing was significantly
negatively correlated with the weather-scale spectral intensity of the CUHII. CWs and HWs can increase the
CUHII for a long duration.

Plain Language Summary The canopy urban heat island (CUHI) phenomenon can affect human
health and the ecological environment, and its multi-timescale variability brings great uncertainty to the study
of urban climates worldwide. In this study, taking the megacity of Beijing as an example, a novel short-time
Fourier transform (STFT) method was used to extract the multi-timescale pattern of the CUHI intensity
(CUHII) during 2000-2020. The STFT of CUHII showed a close relationship between the CUHI and the
background meteorological forcing at intra-annual, weather and intra-daily scales. The intra-annual spectrum
of CUHII showed an increasing trend with a V-shaped mode. The local climatic backgrounds of different cities
can lead to differences in the seasonal development of the CUHI. The intra-daily spectrum of CUHII showed an
increasing trend due to the asymmetry in the day/night development of the CUHI. Increasing Western Pacific
Subtropical High Intensity can enhance the seasonal and diurnal fluctuations of CUHII. The weather-scale
spectrum of CUHII was mainly controlled by weather system evolution, showing that cold waves and heat
waves can increase the CUHII over a long duration. Our findings indicate that the evolution of CUHII is a
nonlinear and complex process that is directly related to multi-timescale background climate forcing.

1. Introduction

Urbanization changes the surface energy balance and hydrological balance in urban areas, such as increasing the
absorption of solar radiation and reducing evaporation (Luo & Lau, 2021; Sun et al., 2016; Xue et al., 2023),
resulting in higher temperatures in urban areas than in surrounding rural areas. This phenomenon is called the
urban heat island (UHI) effect. This study focuses on the UHI of the urban canopy layer—namely, the canopy
layer UHI (canopy urban heat island (CUHI)). The CUHI can affect human health and the ecological environment,
including various negative effects such as increased mortality risk and energy consumption (Cui et al., 2017;
Santamouris, 2014), and deterioration of water and air quality (Zheng et al., 2018). There is a rising risk of urban
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heat extremes under both global change and regional/local urbanization (H. Zhang et al., 2023; Zong, Yang, et al.,
2021; Zong et al., 2022), therefore, it has been widely studied and discussed globally.

Current research on the causes of CUHI formation mainly focuses on the analysis of anthropogenic factors,
including anthropogenic heat discharge (Kato & Yamaguchi, 2005; Shahmohamadi et al., 2011), urban underly-
ing surface changes (Zhou & Chen, 2018; C. Zhao et al., 2018), building structure (Erdem Okumus & Terzi, 2021;
Yuan et al., 2020), and atmospheric aerosols (Cao et al., 2016; Han et al., 2020; Y. Yang et al., 2020). However,
changes in background weather and climate fields can also directly affect the CUHI (Y. Yang et al., 2022, 2023),
resulting in temporal fluctuations of the CUHI phenomenon (Varentsova & Varentsov, 2021). The intensity of
the CUHI phenomenon varies depending on the season, month, and weather conditions (Chow & Roth, 2006;
Haashemi et al., 2016; Kidder & Essenwanger, 1995). Extreme weather conditions can lead to an extreme CUHI
(D. Li & Bou-Zeid, 2013; J. Yang & Bou-Zeid, 2018), which can pose serious threats to the safety of urban resi-
dents (Y. Li et al., 2020). However, research on the multi-timescale fluctuations of the CUHI is still relatively
scarce, and the effects of weather conditions on the CUHI at different time scales remain unclear. Currently, few
studies on the evolution of the CUHI have considered changes in background meteorological fields, but they
usually use annually or monthly averaged temperature fields as the research object, which cannot cover changes
in weather conditions at other time scales (Deilami et al., 2018; Du et al., 2016; Y. Li et al., 2020). Therefore,
an effective method is urgently needed to extract and analyze the evolutionary patterns of the multi-timescale
fluctuations of CUHI intensity (CUHII), particularly the synoptic-scale CUHI fluctuations that are most closely
related to background atmospheric activities.

The traditional Fourier transform is an effective method for studying periodic oscillations. It can expand
any frequency spectrum in the frequency domain to obtain spectral intensity characteristics. The CUHII has
seasonal/diurnal fluctuations or weekly fluctuations caused by weather changes and human activities, which
can be displayed on a Fourier spectrum. However, the classical Fourier transform can only be expanded in the
frequency domain and can only provide the average intensity of fluctuations over the total time period, without
revealing the evolution of CUHI fluctuations over time. The short-time Fourier transform (STFT) is a development
of the traditional Fourier transform, which enables it to expand in the time domain to obtain the changing features
of a given spectral intensity over time (Dobson & Wilson, 1992; Grasser et al., 2010; Mirabal et al., 2002). There-
fore, the STFT can reveal fluctuations at different scales, such as seasonal and diurnal fluctuations over time.
In addition to these scales, this study further analyzes the changes in the weather-scale frequency of the CUHII,
which is closely related to the background meteorological forcing. Therefore, analyzing the variation of CUHII at
this weather scale allows for further exploration of the influence of large-scale climate variability on local CUHI.

Accordingly, this study takes the megacity of Beijing as an example, and employs the STFT method to analyze
the temporal variations in the CUHII at different time scales (2000-2020), to reveal its relationship with climate
variability. In addition, considering that extreme weather situations are more likely to lead to the occurrence of
an extreme CUHI, this study further analyzes the correlation between cold waves (CWs) or HWs and the STFT
spectrum intensity to reveal the mechanism driving extreme CUHI fluctuations at the weather scale.

2. Data and Methods

Beijing, the capital of China, is an inland city with a high population density, and is surrounded by mountains
on three sides in the west, north and northeast, while the southeast is a plain sloping toward the Bohai Sea
(Figure 1a). In this study, 2-m ground layer (i.e., canopy layer) temperature data with a 3-hr time interval were
selected from seven meteorological stations in the Beijing area covering the period 2000-2020 (http://data.cma.
cn/en). The classification of urban and rural stations followed the method of Wang et al. (2013), and their loca-
tions are shown in Figure 1a. In this study, the average temperature of all urban stations was used to represent the
urban temperature (7), and the average temperature of all rural stations was used to represent the rural tempera-
ture (7,). The CUHII is defined as

CUHI = AT =T, - T..

The CUHII was studied for each season: spring (March-May), summer (June-August), autumn (September-
November), and winter (December-February). The selected meteorological stations included four urban stations
[Haidian (54399), Fengtai (54514), Shijingshan (54513), and Nansanhuan (54511)] and three rural stations
[Pinggu (54424), Miyun (54416), and Huairou (54419)].
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Figure 1. (a) Map of Beijing city and the distribution of urban and rural stations. The selected meteorological stations included four urban stations [Haidian (54399),
Fengtai (54514), Shijingshan (54513), and Nansanhuan (54511)] and three rural stations [Pinggu (54424), Miyun (54416), and Huairou (54419)]. (b) Boxplot of
Beijing's canopy urban heat island intensity from 2000 to 2020. The line in the middle of the box plot represents the median of the data, the upper and lower edges of
the box represent the upper quartile and lower quartile of the data, and the upper and lower whiskers represent the maximum and minimum values of the data.

Rapid urbanization has induced a significant CUHI effect in Beijing in recent years (Figure 1b), with a signifi-
cantly higher CUHII in winter than in other seasons. Furthermore, its extreme values are also greater in winter
than in other seasons, with the CUHII being lowest in summer and its extreme values also the smallest.

The Fourier transform can be used to obtain the fluctuation characteristics of the studied variable at any time
scale during the total time period. The formula is as follows:

le
P) = — / T() - e >dr, 1)
L
Ty

where T(?) is a time series function with a 3-hr time interval between 2000 and 2020; ¢ € [#,,t.], in which £, is the
start time and ¢, is the end time; L, is the length of the time series 7(¢); v is the frequency, which is the reciprocal
of the corresponding fluctuation period; and P(v) is the Fourier spectrum value, which is a complex number. Its
complex form is represented as

P(v) = Lil(Pl(u) +iP(v)). )

The magnitude of the spectrum amplitude is

PO = 1\ PE@) + PA) 3)

In previous studies, the periodogram was often used to analyze the Fourier spectrum instead of P(v) (Bloomfield
& Nychka, 1992; Fredriksen & Rypdal, 2016). The periodogram is defined as

S@) = %(Pﬂ(u) + P2) = |P@) - L. @)

t

This is because, compared with the spectrum amplitude P(v), the periodogram .S(v) can provide higher contrast
data of the Fourier spectrum.

However, the Fourier spectrum can only reflect information in the frequency domain and cannot obtain the
frequency changes with time. Therefore, the STFT method was developed. The STFT is based on the Fourier
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transform and is used to obtain the Fourier spectrum intensity of a specific frequency in a time period [#,7; + L]
by continuously shifting the time period. When using the STFT, directly truncating the signal (adding a rectan-
gular window) will cause frequency leakage, so it is necessary to add a non-rectangular window (i.e., multiplying
the original function by a window function) to improve the frequency leakage situation. The window function A(z)
chosen in this study is the Hamming window:

27(t —t
h(t) = 0.54 — 0.46 cos | 2210} ©)
Ly -1
Here #, is the initial time point of the selected window.
Therefore, at a given frequency v, the STFT is represented as
r/+% L 1
1 —ieru(r—rj+—L[W> .
Pv(zj)=L— T@)-h(t)-e 2™/dt,j=1,...,N. (6)
tw
=3 Low

In this study, the STFT was applied to temperature data for Beijing from 2000 to 2020. 7(¢) is the time series
function with a 3-hr interval between 2000 and 2020. Taking L, = 5 yr, the first window is [2000, 2005] and the
last window is [2016, 2020]. Therefore, the time period analyzed by the STFT is from 2002 to 2018.

To obtain the contribution of weather-scale (2-14 days) processes to temperature changes, the spectral intensity
of the weather scale is defined as follows:

Wv(tj) = 2 |Su(tj)|=Ltw Z |Pv(tj)|2,j=l,...,N. )
0.067<v<0.5 0.067<v<0.5

3. Results
3.1. Time Series of the CUHI at Various Time Scales

From Figure 2, it can be seen that the temperature time series of urban and rural areas in Beijing exhibit regular
intra-annual (i.e., seasonal) periodic changes, and the amplitude is relatively regular (Figures 2a and 2b). The
CUHII also shows seasonal periodic changes, but its amplitude fluctuation is larger than that of temperature
(Figure 2c¢). Figure 2d shows that the CUHII in Beijing exhibits seasonal fluctuations and a significant increasing
inter-annual trend (0.408°C/10a, p < 0.01), and this trend also has seasonal differences (Figures 2e—2h). The
CUHII in spring, summer, autumn, and winter shows a significant increasing trend in each case, with trends of
0.468°C/10a, 0.227°C/10a, 0.448°C/10a, and 0.615°C/10a, respectively. Among them, the linear growth trend in
winter is the fastest, while that in summer is the slowest. This seasonal discrepancy in growth is further discussed
in Section 3.2.

3.2. Fourier and STFT Spectrum for the CUHI

The Fourier transform was applied to the CUHII in Beijing for the period 2000-2020 and the resultant spec-
trum is shown in Figure 3a. As can be seen, there are significant peaks at v = 1/365 d~! and v = 1 d~! (i.e., the
intra-annual and intra-daily scales, respectively). Similarly, there are some small peaks between v = 1/2 d~! and
v = 1/14 d~!, representing the periodicity of 2—14 days, which is known as the weather scale in meteorology. The
other peaks represent specific periodic oscillations, such as the seasonal scale, which is not covered in this paper
but could be studied in future research.

The STFT was applied to the CUHII time series data from 2000 to 2020 using Equation 6, as shown in Figure 3b.
The intra-daily-scale (v = 1 d~') short-time Fourier spectrum was analyzed (Figure 3b) and showed a gradually
increasing trend (p < 0.01), indicating asymmetry in the temperature changes between day and night and a
greater difference in CUHII between daytime and nighttime. The physical explanation for this is that the increas-
ing amount of heat-retaining materials in cities, such as tall buildings and concrete, leads to more sensible heat
exchange and heating of the lower atmosphere owing to longwave radiation and temperature differences at night,
resulting in a slower decrease in urban canopy nighttime temperature and an increase in nighttime heat island
intensity (Ktysik & Fortuniak, 1999; Maahn et al., 2014). In addition to this, previous research has shown that
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Figure 2. Time series plots of temperature and canopy urban heat island intensity (CUHII) in Beijing from 2000 to 2020. Panels (a)—(c) show the 3-hourly time series
of urban temperature (7,), rural temperature (7,), and CUHII, respectively, with the black line indicating the original data and the red line indicating the 90-day moving
average of the data. Panels (d)-(h) show the annual average urban heat island intensity for the entire year and for each season, with the dark solid line indicating the

original annual average data, the light solid line indicating the 5-year moving average of the data, and the lighter dashed line indicating the linear regression line of the

light solid line.

urbanization-induced haze weather also strengthens the nighttime heat island intensity (Cao et al., 2016; Y. Yang
et al., 2020), which is consistent with the STFT spectrum obtained for diurnal cycles.

The intra-annual-scale (v = 1/356 d~!) STFT spectrum (Figure 3b) shows that the spectral intensity does not vary
linearly but exhibits a V-shaped pattern, with a turning point in 2005 (1 in Figure 3b). Before 2005, the spec-
tral intensity shows a decreasing trend, while after 2005 it shows an increasing trend. The V-shaped pattern in
Figure 3b can be explained by the seasonal asymmetry in heat island intensity changes described in Section 3.1.
Before 2005, the winter heat island intensity decreases slightly, and then after 2005 increases significantly (from
1.370 to 2.264°C, a growth rate of 65.3%), while the summer heat island intensity only shows a slight increase
(from 0.750 to 0.987°C, a growth rate of 31.6%). This seasonal asymmetry in CUHII changes results in an
increase in the difference between the winter and summer CUHII, which leads to the V-shaped spectrum. This
asymmetrical growth is related to the effect of background meteorological forcing. Based on this, it is possible to
identify a longer-scale climatic phenomena that can impact temperature variability in the Beijing CUHIL.

Western Pacific Subtropical High (WPSH) is a typical climatic phenomenon that influences East Asian
climate and environment patterns (Zong, Yang, et al., 2021), in this study, we conducted a correlation analysis
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Figure 3. (a) Fourier transform spectrum of the canopy urban heat island intensity (CUHII) from 2000 to 2020, with numbers on the arrows indicating the
corresponding peak frequencies. The gray box highlights parts of the important time scales. (b) The short-time Fourier transform (STFT) spectrum of the intra-annual
and intra-daily scales, with dashed lines representing the linear fitting. (c) Red dots indicate the relationship between the WPSHI index and the v = 1/365 d~! STFT
spectral intensity, blue dots indicate the relationship between the WPSHI index and the v = 1 d~! STFT spectral intensity, with dashed lines representing the linear
fitting. (d) The STFT of the CUHII in Beijing at the weather scale, with the dashed line representing the linear fit of the data. The weather-scale STFT spectrum of the
urban and rural temperature in (e) summer and (f) winter. (g) Scatter plot of the spectral intensity of the weather scale and the number of cold waves in spring (green),
autumn (orange), and winter (blue) (all normalized). The dashed line represents the linear fit of all points. (h) Scatter plot of the spectral intensity of the summer
weather scale and the number of heat waves (both normalized), in which the dashed line represents the linear fit of all points.

between the yearly-averaged WPSH Intensity (WPSH) index and the STFT spectral intensities of the CUHII at
intra-annual-scale and intra-daily-scale. The results reveal a significant positive correlation between the WPSHI
index and the spectral intensities at v = 1/356 d~! and v = 1 d~! (r = 0.666/0.720, p < 0.01). Since spectral inten-
sity represents the strength of fluctuations, this finding suggests that the strengthening of WPSH is associated
with the enhancement of both seasonal and diurnal variations of the CUHII, which will be discussed in Section 4.

3.3. The Weather-Scale STFT Spectrum

Figure 3d shows the STFT spectrum of the CUHII at the weather scale in Beijing from 2002 to 2018, with a
variation period of 2—14 days, which is a scale closely related to the background atmospheric circulation. This
study notes that the STFT spectrum of the weather-scale CUHII does not show a significant increasing trend,
unlike the intra-annual or intra-daily spectrum. In 2007, it shows a V-shaped pattern similar to the intra-annual
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spectrum, which can be explained by the STFT spectrum of the temperature (Figures 3e and 3f). In summer, the
spectral intensity of T, is always greater than that of T, indicating that cities are more sensitive to temperature
fluctuations caused by background weather system changes at the weather scale (Figure 3e). For winter, from
2002 to 2007, the sensitivity of T, and 7, to background weather system changes at the weather scale is similar.
However, from 2007 to 2015, the spectral intensity of 7, is greater (Figure 3f), indicating that T, fluctuations in
response to background meteorological changes are relatively stronger than those of cities, which is opposite to
the situation in summer. This leads to the V-shaped pattern in Figure 3b in 2007.

A CW is a typical background meteorological field change on the weather scale. In this study, the criteria of a
CW employed by the China Meteorological Administration were selected (namely, a temperature drop of more
than 8°C within 24 hr, with a minimum temperature drop to below 4°C; or a temperature drop of more than 10°C
within 48 hr, with a minimum temperature drop to below 4°C; or a continuous temperature drop of more than
12°C within 72 hr, with a minimum temperature below 4°C). On this basis, cold-wave data for spring, autumn,
and winter in Beijing for the period 2000-2020 were collected and analyzed using a 5-year sliding average. The
linear correlation between the cold-wave frequency and the weather-scale STFT spectral intensity of the CUHII
was calculated (both were processed as standardized data). As shown in Figure 3g, there was a negative correla-
tion between the cold-wave frequency and the weather-scale STFT spectral intensity (r = —0.538, p < 0.05), with
a stronger negative correlation in the spring (r = —0.612, p < 0.01). The weather-scale STFT spectral intensity
reflects the fluctuations of CUHII on weather-scale time periods. A stronger spectral intensity indicates more
prominent variations between the valley and peak values of CUHII, and vice versa. Therefore, the results in
Figure 3g suggest that during a CW in Beijing, weather-scale fluctuations of CUHII become less pronounced,
resulting in less prominent variations between the troughs and peaks of CUHII at the weather-scale. From a physi-
cal perspective, during CW events, the atmosphere is characterized by cold and dry conditions, stable atmospheric
stratification, and clear skies, leading to minimal weather changes. This leads to an extended period of elevated
CUHII levels (Konstantinov et al., 2018; Varentsova & Varentsov, 2021; J. Yang & Bou-Zeid, 2018), causing the
weather-scale fluctuations of CUHII to become less pronounced, thereby weakening the weather-scale spectral
intensity of CUHIIL.

Similarly, the relationship between HWs and the STFT spectrum of summer weather was analyzed. Figure 3h
shows a significant negative correlation (r = —0.705, p < 0.05) between the intensity of the STFT spectrum of
the weather scale and the frequency of HWs (5-year moving average). The results suggest that during a HW in
Beijing, weather-scale fluctuations of CUHII become less pronounced, resulting in less prominent variations
between the valley and peak values of CUHII at the weather scale. From a physical perspective, the high building
density in Beijing's urban area, coupled with weak wind speeds, contributes to heat accumulation during HW
events. This stored heat is subsequently released as sensible heat during cooling periods, mitigating the cooling
impact of weather changes. As a consequence, CUHII remains elevated and sustained at a heightened level for
an extended duration (D. Li & Bou-Zeid, 2013; Zong, Liu, et al., 2021). This phenomenon leads to diminished
weather-scale fluctuations of CUHII and a reduction in the weather-scale STFT spectral intensity of CUHIL.

To test the robustness of this finding, we analyzed the differences in CUHII during the occurrence of CWs/HWs
and the 7 days before and after these events (Tables S1 and S2 in Supporting Information S1). We found that the
peak (valley) value of CUHII during CW/HW periods is lower (higher) than that in the periods before and after
the CWs/HWs, causing the weather-scale fluctuations of CUHII less pronounced.

4. Discussion

From a physical perspective, concerning seasonal fluctuations, Liu et al. (2012) indicated that a strong WPSH
often leads to a northward shift in the WPSH's position, and when the location is northerly, the climatological
average position of China's rain belts will be raised to the north of the Yellow River, causing summer precipitation
will change to more in the north and less in the south. So a strong WPSH increases summer rainfall and humidity
in the Beijing area. Huang and Lu (2018) indicated that for the specific region of Beijing, a humid environment
is conducive to the attenuation of heat island intensity. Therefore, a strong WPSH effectively reduces the valley
values of seasonal fluctuations, making them more prominent. Regarding diurnal fluctuations, due to the dense
urbanization in the Beijing area, it stores more heat during HW periods. Moreover, the strengthening of WPSHI
also leads to increased stable airflows and aerosol pollution (Dong et al., 2023; Gong & He, 2002; Qu et al., 2013;
Wu et al., 2019; Zong et al., 2023). These factors cause the urban area of Beijing to experience weaker nighttime
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cooling compared to rural areas, resulting in higher peak values for diurnal fluctuations, thereby making diur-
nal fluctuations more prominent. To test the robustness of our results, the filtering methods of Seasonal-Trend
decomposition using LOESS (STL) (Cleveland et al., 1990) and Butterworth Bandpass Filter (BBF) are also
selected to extract the seasonal and diurnal fluctuations of CUHII and the annual trend of WPSHI (Figures S1
and S2 in Supporting Information S1).

The seasonal range of the STL-filtered CUHII between winter and summer (winter CUHII minus summer
CUHII) and the STL-filtered summer WPSHI exhibits a significant positive correlation (r = 0.668, p < 0.01)
(Figure S2a in Supporting Information S1) and is highly consistent with the observed relationship between the
intra-annual-scale CUHII spectral intensities based on STFT method and WPSHI (r = 0.666, p < 0.01) (Figure
S2c in Supporting Information S1). These findings suggest that a strong WPSH could make the seasonal fluctua-
tions of CUHII more prominent, which is because the strong WPSH could weaken the summer CUHII in Beijing,
leading to a reduction in the valley value of CUHIIL, while the impact of WPSH on winter CUHII is not obvious.
Moreover, the diurnal range of the BBF-filtered summer CUHII (nighttime CUHII minus daytime CUHII) and
the STL-filtered summer WPSHI also exhibit significant positive correlation (r = 0.586, p < 0.01) (Figure S2b in
Supporting Information S1) and is highly consistent with the observed relationship between the intra-daily-scale
CUHII spectral intensities based on STFT method and WPSHI (r = 0.720, p < 0.01) (Figure S2d in Supporting
Information S1). Our findings suggest that a strong WPSH could make the diurnal fluctuations of CUHII more
prominent, which is because the strong WPSH could strengthen the nighttime CUHII in Beijing, leading to an
increase in the peak value of CUHII, while the impact of WPSH on daytime CUHII is not obvious. The conclu-
sions obtained through STL filtering and BBF filtering are highly consistent with those obtained through the
STFT method, thereby further validating the robustness and reliability of the conclusions drawn in this study.

The intra-annual STFT spectrum of the CUHII in Beijing showed a V-shaped pattern owing to the seasonal
asymmetry of CUHI development. The winter CUHI developed significantly faster than the summer CUHII
(Figures 2e and 2g), over the same period (2000-2020), the WPSHI also displayed an increasing trend (Figure S1
in Supporting Information S1). Considering the negative impact of WPSHI on summer CUHI], it can be inferred
that WPSHI contributes to this asymmetrical growth. However, the seasonal asymmetry of CUHI development in
Beijing is in contrast to the conclusion of a CUHII study in Moscow (Varentsova & Varentsov, 2021), where the
summer weather conditions were found to have become more favorable for CUHII development, with the summer
heat island developing faster than the winter CUHI. This suggests that different cities, due to their different local
geographic and climatic environments, have different weather conditions that affect the CUHII, which may be
due to differences in factors influencing the heat island, such as temperature, humidity, and wind speed, which
vary among the same seasons (Priyadarsini et al., 2008; L. Zhao et al., 2014). For Moscow, according to existing
research (Gorchakov et al., 2014), the heat island phenomenon will stimulate anticyclonic weather conditions
in the Moscow region in reverse, and such conditions are often accompanied by clear and less cloudy weather,
which is conducive to the development of the heat island. Therefore, it is a strengthening of the anticyclonic
weather conditions in summer that has led to the enhancement of the summer heat island effect in Moscow. For
Beijing, existing research shows that it has a higher frequency of temperature inversion in winter (Xu et al., 2020),
which can cause pollutants and heat to stay near the ground and not diffuse upward, resulting in an enhancement
of the winter heat island effect. These factors have led to the seasonal differences in heat island intensity between
the two cities and can be further quantitatively analyzed in future studies.

In addition, the weather-scale spectrum has a potential in directly determining the trend of weather-scale situ-
ations, such as cold-air outbreaks, which is different from counting the number of cold-air outbreaks using the
standard air temperature drop during a CW. Since the STFT method used in this paper is based on the Fourier
principle, it is mathematically continuous, and thus the spectral analysis method can detect any marginal changes
in CUHII, and accurately and effectively obtain the relationship between the CUHI and cold-air activities or
other trends of change in weather situations. Therefore, for research on other related background forcing of urban
climate changes, the STFT method can still be widely adopted.

5. Conclusion

This study used a new STFT method to study the evolution of the CUHI in Beijing at different time scales for the
period 2000-2020. Our findings indicate that the evolution of CUHII is a nonlinear and complex process that is
directly related to multi-timescale background climate forcing, as follows.
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The V-shaped pattern of the intra-annual-scale STFT spectrum of CUHII was analyzed and found to be due to
the seasonal asymmetry of CUHI development (31.6% increase in summer after 2005, 65.3% increase in winter),
while the continuously increasing trend (R? = 0.75, p < 0.05) of the intra-daily-scale STFT spectrum was attrib-
uted to the asymmetry in the development of the day/night CUHII. The weather-scale STFT spectrum, mainly
regulated by the weather system's evolution, also exhibited a V-shaped pattern, which was related to the relative
sensitivity of T, and T, to the evolution of weather systems (rural areas became more sensitive than urban areas
in winter after 2007). When analyzing the intra-annual-scale, intra-daily-scale and weather-scale spectrum, it was
observed that WPSHI and the frequencies of CWs and HWs significantly influenced the temporal variations of
CUHII. WPSHI exhibited positive correlations with intra-annual-scale and intra-daily-scale spectral intensities
(r=10.666/0.720, p < 0.01), indicating that the diurnal and seasonal fluctuations of CUHII would intensify during
periods of strong WPSH. The frequencies of CWs and HWs were negatively correlated to weather-scale spectral
intensity (r = —0.289/—-0.497, p < 0.05), and the CUHI phenomenon tended to maintain a high intensity for a long
time under these extreme cold and hot weather conditions.

In general, our findings indicate that different local climates in cities can lead to differences in the seasonal devel-
opment of CUHII, which is directly related to background climate forcing. The use of spectral analysis methods to
study meteorological activities (e.g., cold air) and urban boundary layer climate factors (e.g., CUHI), at multiple
scales, is highly effective and should therefore be paid more attention in related future research.
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