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Keywords: This study presents a new approach to study long-term temperature and urban heat island in-
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Moscow megacity. In contrast to standard spectroscopy, this method allows analyzing the changes
of the amplitude Fourier spectrum of the time series along the study period. Applying the novel
method to the air temperature series for the period of 1977-2020, we demonstrate that ongoing
changes of the mean temperature and UHII are accompanied by the changes of their spectra,
including the spectral amplitudes corresponding to diurnal, annual and synoptic-scale oscilla-
tions. Such changes are complex, often non-linear, and seasonally asymmetric. Steady upward
trends are found for summer season, for the spectral amplitudes of diurnal temperature and UHII
oscillations, and synoptic-scale UHII oscillations. Spectral amplitudes of annual temperature and
UHII oscillations experiences V-shaped dynamics with an increase since 1990th. For UHII such
pattern reflects a switch between regimes with wintertime or summertime UHI maximum. Pre-
sented results provides an evidence that observed intensification of Moscow's UHI is forced not
only by urban growth, but also by changing background meteorological conditions, which are
becoming more favorable to UHI appearance in summer and less favorable in winter.

1. Introduction

The climate change remains among the most important topics of the atmospheric sciences issues for the recent decades. The
problems of climate change monitoring, prediction and mitigation is especially important for the urban areas. Firstly, the cities are the
hotspots of climate warming, which is accelerated there by the urban heat island (UHI) effect and its amplification, induced by urban
growth and development. UHI is defined as the air temperature excess in a city compared to the surrounding background areas, which
appears due to land cover modifications, emissions of heat and pollutants, and other anthropogenic factors. UHI effect is studied in
numerous papers and books, e.g. see the reviews in (Oke et al., 2017; Rizwan et al., 2008). The tendency of UHI amplification when the
city growths and develops is documented for many regions, e.g. for Japanese cities (Fujibe, 2011), Beijing, China (Ren et al., 2007),
New-York, USA (Gaffin et al., 2008), Manchester, UK (Levermore et al., 2018), Nur-Sultan, Kazakhstan (Berlessova and Konstantinov,
2020), Istambul, Turkey (Unal et al., 2020). Secondly, the cities are particularly vulnerable to climate change and high-impact weather
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events as places where population and infrastructure are concentrated. Moreover, such vulnerability can be further increased by the
local climate features. For example, in hot weather, UHI additionally amplifies the human heat stress, which can lead to increased
mortality (Buechley et al., 1972; Gabriel and Endlicher, 2011; Tan et al., 2010).

Monitoring and understanding of the urban climate changes, including those ones induced by the city growth and development, are
important for urban planning and climate change mitigation. However, it is not easy to quantify the contribution of the local-scale
processes such as urbanization and larger-scale climate changes to the observed signal, because the local climate features such as
UHI are highly sensitive to meteorological conditions and may be affected by the changes of their climatology.

Most of the regional climate change studies, including those ones focused on the UHI evolution, typically consider mean annual
temperatures, or temperatures averaged over specific seasons, months, or times of the day. However, such means could not give the full
information about the fluctuations of the analyzed phenomena, which may be critically important for the physical interpretation of
observed changes. Powerful tools to analyze the phenomenon's fluctuations and their amplitudes are provided by the spectroscopy
methods (Bell, 1972).

The power spectrum of a phenomenon describes the way in which the probable amplitudes of fluctuations depend on timescale
(Bloomfield and Nychka, 1992). The concept of a spectrum is highly important in the atmospheric science. It underlies the division of
atmospheric processes by scales, as well as the basis of the contemporary theory of atmospheric turbulence, that originate from the
works of Kolmogorov, Monin and Obukhov (the review of this works and explanation of the theory may be found e.g. in (Foken,
2008)). The spectral approach is also a key tool for understanding the variability of the climate system in a wide range of temporal and
spatial scales, see e.g. (Mitchell, 1976). Different methods to calculate the power spectra are provided for climatological tasks
(Schickedanz and Bowen, 1977). The most common way of applying the spectral methods is to compute the spectra or a so-called
periodogram (squared spectra) of global, regionally averaged or local climatic time series, e.g. for the mean global temperature
(Bloomfield and Nychka, 1992) for a time series observed on a single site (Fredriksen and Rypdal, 2016; Paskota et al., 2013). Such
periodograms are further used to understand the patterns of the temporal variability. Periodograms, computed for different sites or
regions, can provide a useful information for the regional climate analysis. For example, Leite and Peixoto (1995) used spectral
approach for climatic zoning of the Duero basing, and Weber and Talkner (2001) compared temperature spectra for mountainous and
maritime observational sites. Nevertheless, applications of the spectral approach remain rare in the regional climate studies. They are
especially rare in the field of urban climatology. One of the examples of applying spectral methods in urban climatology is a study of
Kim and Baik (2004), which compared the spectral properties of UHI intensity in a number of Korean cities.

Spectral methods can supplement climate studies not only by stationary periodograms, but also provide valuable information about
the temporal evolution of the phenomena's variability patterns. Such information can be assessed by applying the time-dependent
spectroscopy methods, which are used in different scientific areas. For example, they are used in astrophysics (Mirabal et al.,
2002), in biomedical applications (Vaks et al., 2012; Wilson et al., 1992). In the non-destructive inspection they can reveal, for
example, defects in metal-oxide-semiconductor field effect transistors (Grasser et al., 2010). One of the time-dependent spectroscopy
methods is a spectral dynamics analysis (SDA) method, which has demonstrated high efficiency in the field of THz time-domain
spectroscopy and was successfully used for the detection and identification of various substances by using broadband THz pulse
under laboratory and real conditions (Trofimov and Varentsova, 2015, 2016, 2019; Trofimov et al., 2018). However, our literature
review has not revealed any relevant publications where the time-dependent spectroscopy methods were applied in climate studies.

This paper is aimed to demonstrate opportunities of application of the spectral approach, based on the SDA method, in the field of
urban climate research on example of the Moscow megacity in Russia. Due to the size and compact city shape, the city experiences the
intense UHI with urban-rural temperature differences reaching up to 14 °C (Lokoshchenko, 2014). Moscow megacity has already
served as a test-bed for numerous urban climate studies based on observations, modelling and remote sensing, e.g. (Kuznetsova et al.,
2017; Lokoshchenko and Enukova, 2020; Varentsov et al., 2018; Ivanovich et al., 2019). Recent studies have already documented the
trend of UHI intensification in Moscow (Kislov, 2017; Kislov et al., 2017; Lokoshchenko, 2017). According to the results of recent
studies, from 1977 to 2016, the annual urban-rural temperature difference increased from 1.6° to 2 °C, with especially pronounced
increase in summer (Kislov, 2017; Kislov et al., 2017). However, previous studies do not provide a clear understanding of the physical
drivers of such trends. In this paper, the time-dependent spectroscopy method is used to study in more details the long-term evolution
of the Moscow UHI and possible reasons for its increase over the past decades.

2. Data and methods
2.1. Study area

Moscow is the biggest Russian and European monocentric urban agglomeration with population about approximately 17 million
people (Cox, 2017), including population of Moscow city as federal subject of Russia and surrounding satellite cities in Moscow Oblast
federal subject. The actual area of the city (excluding the suburbs and undeveloped areas) is about 1000 km?. The city experienced
intensive and almost linear population growth in second half of XX century as well in XXI century. During four recent decades, the
population of Moscow administrative unit has increased by 65% from 7.6 million in 1976 to 12.5 million in 2020. Comparable rates of
population growth could be assumed for the rest part of agglomeration. Population growth was accompanied by urban sprawl and
increase of building height and density in all parts of the city except its historical center.

Moscow has a temperate humid, moderately continental climate (Dfb in Koppen climate classification) with mean annual tem-
perature of 5.8 °C., mean June and January temperatures of 19.2 °C and — 6.5 °C, respectively (values are given for VDNKh weather
station, that is typically used to characterize Moscow climate, for the 1981-2010 period). Due to the cold winters, Moscow is known as
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one of the world's coldest megacities. As typical for Eastern Europe, weather in Moscow experiences pronounced synoptic-scale
variations both in summer and winter due to alteration of temperate, arctic, and tropical weather masses.

2.2. Meteorological data

Our study is based on the long-term and regular observational data at the weather stations in Moscow region, operated by the
Russian national hydrometeorological service (Roshydroment). In total, we use data from 10 weather stations (Fig. 1a). The Balchug
station (WMO ID 27605) was selected to represent the urban climate. It is located in a densely built area just in the historical city center
of Moscow, in less than 1 km from Kremlin (Fig. 1b, c). Long-term meteorological observations are also available for a few other
stations within Moscow megacity (Kislov, 2017; Lokoshchenko, 2014; Ivanovich et al., 2019; Varentsov et al., 2020a, 2020b), however
they are located within heterogeneous surroundings in urban parks, and only Balchug is located in the quasi-homogeneous built
environment. It experiences higher temperatures than other urban weather stations and represents a hotspot of the Moscow UHI
(Ivanovich et al., 2019; Varentsov et al., 2020a, 2020b). In terms of the popular Local Climate Zones (LCZs) classification (Stewart and
Oke, 2012), Balchug weather station represents LCZ 2 “compact midrise”. To characterize the background conditions, we used the data
for 9 stations surrounding the city, namely Klin (WMO ID 27417), Dmitrov (WMO ID 27419), Pavlovsky Posad (WMO ID 27523),
Novo-Jerusalim (WMO ID 27511), Naro-Fominsk (WMO ID 27611), Serpukhov (WMO ID 27618), Kolomna (WMO ID 27625),
Maloyaroslavets (WMO ID 27606), Aleksandrov (WMO ID 27428). These stations are further referred as rural neither they may be
affected by local anthropogenic effects due to their location close to smaller towns or within rural/suburban settlements. Such se-
lection of background weather stations is in line with several previous urban climate studies for Moscow (Kislov, 2017; Varentsov et al.,
2018; Ivanovich et al., 2019; Varentsov et al., 2020a, 2020b).

The observational data set, used in the study, was compiled from the archives of All-Russia Research Institute of Hydrometeoro-
logical Information, World Data Centre, Hydrometeorological Research Center of Russian Federation and Central Administration of
Hydrological and Environmental Monitoring. Based on data availability, the period from 1977 to 2020 was selected for our study.
Temperature observation data is available with a 3-h discreteness, for timing 0, 3, 9, 12, 15, 18, 21 h in UTC time. Unfortunately,
temperature time series include some gaps (periods of missing data). Although the missing data ratio for selected stations does not
exceed 2% (with maximum length of one gap of 195 days found for Novo-Jerusalim in 1999-2000), we used a comprehensive
regression-based gap-filling algorithm based on ideas from (Tardivo and Berti, 2012) to obtain continuous and homogeneous time
series. Each individual gap for a specific station was filled based on a multiple linear regression using temperature observations at
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Fig. 1. Location of rural weather stations (blue points) and urban weather station Balchug, used in our study (a). Photo (b) shows Balchug weather
station in winter, and piece of satellite image from Google maps (c) represents the local-scale surroundings of this station. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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neighboring stations as predictors (a set from 3 to 5 neighboring stations were used that provide the best regression result). Gap-filling
involved observations from all existing stations in the Moscow region in addition to 10 further used in this study. Regression co-
efficients were derived based on the data before and after each individual gap, separately for each hour of the day.

Further analysis is performed for the time series of Ty(t), Try(t) and urban heat island intensity (UHII) AT(t) = Typ(t) — Tryr(D),
where Ty3(t) is the temperature measured in the center of Moscow at the Balchug weather station, Tn,(t) for each moment of time is
defined as the average temperature over 9 selected rural weather stations.

2.3. Basics of the spectral dynamics analysis (SDA) method

The novel part of our study lies in the use of spectral dynamics analysis (SDA) method to analyze the patterns of temporal variations
of temperature and UHI intensity, and their evolution over time under changing climate conditions. Here we give a brief introduction
to the basics of the spectral analysis, including the SDA method.

Let T(t) be a temperature time series obtained in the time interval Lt = [ty, t.], where t; and t, are its beginning and the end. Then the
Fourier transform of temperature T(t) in the time interval length Lt is performed in the following way:

f
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where the complex spectral function P(v) may be written as:
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represent the amplitude Fourier spectrum of the temperature oscillations T(t) in the observation time interval length Ly. In Section 3 we
analyze the amplitude spectrum of temperature oscillations Ty(t), Trr(t) and AT(t) = Typ(t) — Tr(®) in the long time interval
1977-2020.

Note that in a number of works, for example in (Bloomfield and Nychka, 1992; Fredriksen and Rypdal, 2016; Leite and Peixoto,

1995; Paskota et al., 2013), the so-called periodograms are analyzed. The periodogram (or power spectrum) is defined as follows:
S0) = - (P)+ PA0) = PO Ls @

In comparison with the amplitude spectrum (3), the periodogram (4) provides a higher contrast of spectral data. However, the
positions of the extremes of spectral functions |P(1)| (3) and S(v) (4) coincide. Amplitude spectra as well as periodograms are used to
identify the dominant periods (or frequencies) of cyclic oscillations in the time series. This can be a helpful tool for identifying the
dominant cyclical behavior.

In contrast to stationary spectroscopy, the time-depended spectroscopy method, namely, SDA-method, allows to analyze the
temporal evolution of the spectral features along the given time series. In our study SDA method is applied for series T4(t), Trr(t) and
AT(t). Below we give the main notations and formulas at the construction of the evolution of the spectral amplitude of the temperature
series T(t) at the chosen frequency v inthe time interval Lt = [t,t.] (Trofimov and Varentsova, 2015, 2016, 2019; Trofimov et al.,
2018).

For this purpose, the selected time interval with length Lty < Lt (also called the time window) is shifted along the corresponding
temperature series T(t) by the value Ay (hereinafter referred to as the window shift) until the right end of the window coincides with
the end of the observation time interval L = [tp, t.]. In order to prevent the spreading of the spectrum, in each time window with length
Ly the temperature series T(t) is multiplied by window function g(t) (Gabor function), which quickly tends to zero at the left and right
ends of the window. This means that the values of the function T(t)g(t) at the right and left ends of the time window become equal to
zero (and to each other): T())g(t)=T(t+ LTw)g(tj; Ltw) = 0. Thus, the Fourier-Gabor transform is performed at the selected frequency .

ti+Lrw
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Here the point tj = t,+(j — 1)Aw is a j-th window beginning, t. j = t;4-0.5Lr is a middle point of j-th window, j = 1, ..., Nis a serial
number of window. L1y = Nywh, is a length of a time window, h; is a time step or time discreteness. In our study, h,= 3 h = 0.125 d.
Parameter n was taken to be equal to 20 for window function g(t) to fall off sharply at both ends of the window.

The spectral amplitude value |P,(t))| in the j-th time window is associated with the middle of this window:

| Pu() =1 P (v, 1,405y ) =1 P(v: 1, = 05y ) 1.j = 1,00, N ®
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To start the computations, the first window is placed on time interval [tp,t, + Ltw], and the last window has to coincide with the
time interval [t, — Lyw, te].

A detailed method for constructing the evolution of the spectral amplitude is described in (Trofimov and Varentsova, 2015, 2016,
2019; Trofimov et al., 2018) as a part of the spectral dynamics analysis method (SDA-method).
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Fig. 2. Temperature oscillations in Moscow city T,(t) (a) and for rural background T,,(t) (b), urban heat island intensity (UHII) AT(t) = T,(t) —
Trur(®) () in the time interval 1977-2020. Red lines indicate 3-month (90 days) running mean. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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2.4. Data sampling and processing

We analyze the amplitude spectra of the temperature oscillations Ty(t), T, (t) and AT(t) on the entire period of 1977-2020. For
2020, temperature data is available from January to April inclusive. The total duration of the observation time interval is 43 years and
4 months (15,826 days). One day (24 h) is taken as a unit of time measurement.

The raw time series, used in spectral analysis, are presented in Fig. 2. Both figures (a) and (b) clearly show 43 periods corresponding
to the annual temperature course. As expected, the temperature oscillations T(t) (a) have the same shape as Ty, (t) (b), but they lie
higher on the temperature axis by an average of 1-3C°. Fig. 2 (c) shows AT(t) time series with a mean value of 1.79C° and extremes
reaching more than 10 °C. The absolute UHII maximum is 13.2 °C, it was observed on January 19, 2010 at 06:00 UTC, when the
temperature in the center of Moscow was —13.7 °C and mean background temperature was —26.9 °C. In contrast to temperature, UHII
annual course is not so steady, and its evolution is further analyzed in our study.

Prior to applying spectral analysis, we consider the variations of the mean annual, summer (June-August) and winter (Decem-
ber-February) urban/rural temperatures and UHI intensity.

3. Result
3.1. Long term trends of the temperature and UHI intensity

Before analyzing the spectral characteristics of the temperature and UHII in Moscow region, it is essential to present the key
patterns of the long-term evolution of these parameters. Here we briefly present such results, modified and updated after several recent
studies (Kislov, 2017; Kislov et al., 2017; Varentsov et al., 2020a, 2020b).

Time-series of the annual and seasonal-averaged temperature for 1977-2020 demonstrate warming trends, which are consistent
with numerous previous studies (Fig. 3a-c). The growth of the mean annual temperatures during this period is almost linear, with a
linear trend coefficient k equal to 0.52 and 0.64 °C/10 years for T, and Ty respectively. Variations of summer and winter
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Fig. 3. Variations of the mean annual (a, d), summer (b, e) and winter (c, f) values of urban and rural temperatures (a-c) and urban heat island
intensity AT (d-e) (in gray shading) over the period of 1977-2020. The bold lines indicate 10-year running means, dotted lines indicate linear trends.
In the left corner of each plot, slope coefficient of the linear trend k, trend determination coefficient R? and confidence level p, at which the trend
would be statistically significant by the Student's criterion, are presented.
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temperatures demonstrate more complicated patterns. The most intense growth of summer temperatures was observed from 1990th to

2010th, however it was followed by a slowdown in growth and even a decrease in the 10-year average temperature after 2015th. In

winter, on contrary, the most intense growth was observed before 1990th and after 2000th. The average rural warming speed is higher
for winter (0.88 °C/decade) than for summer (0.48 °C/decade), however trend significance is comparable due to the higher inter-
annual variability in winter.
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Fig. 4. Fourier spectrum of temperature oscillations T(t) (Moscow) (a), (b), Ty,(t) (Moscow region) (c), (d) and UHII AT(t) (e), (f) in the time
interval 1977-2020 in a logarithmic scale along the frequency axis (a), (¢), (e) and along both axes (b), (d), (f).
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The annual-mean UHII clearly (Fig. 3d) demonstrate an increasing trend with growth rate of 0.12 °C/decade, which resulted in 23%
higher warming rate for the city center in comparison to rural background, representing the so-called urban-induced amplification of
global warming (Kislov et al., 2017). The annual-mean UHII increased from 1.6 °C for first decade of analyzed period (1977-1986) to
2 °C for the last decade (2010-2019). Variations of the summer and winter UHII demonstrate inconsistent and more complicated
dynamics (Fig. 3e, f). Summer UHII is growing twice faster than annual-mean UHIL, but with a clearly expressed nonlinear dynamics.
Summer UHII was steady, with even a slight tendency to decrease, in 1980th, then experienced a rapid growth from 1990 to 2010, and
then stabilized around current maximum. Winter UHII demonstrates higher inter-annual variations with an insignificant (p = 0.3)
decreasing trend. It worth to note that inter-annual variations of winter temperature and UHII are in anti-phase, i.e. lower winter
temperature corresponds to higher winter UHII, which is further discussed in Section 3.3.

It is important to note that UHII dynamics is quite smooth and is not affected by sharp one-sided changes. Hence, observed dy-
namics is unlikely to be associated with changes in land cover and building properties in the local vicinity of urban weather station.
Indeed, Balchug weather station is located in historical city center, where only limited developments took place during the study
period. Hence, observed dynamics may be forced by growth and development of the whole Moscow megacity and by long-term
changes of the background meteorological forcing.

3.2. Analysis of the amplitude spectra in the time interval 1977-2020

To study the spectral characteristics of Ty4(t), Tryr(t) and AT(t) oscillations, their Fourier amplitude spectra were obtained on the
entire study period of 1977-2020. In Fig. 4 (a), (c), (d) the corresponding spectral amplitude |P(v)| is shown in the logarithmic scale
along the frequency axis and in the logarithmic scale along both axes for convenience in Fig. 4 (b), (d), (f).

When interpreting amplitude spectra plots, the primary attention should be paid to the dominant peaks that stand out from the
background noise. These peaks indicate frequencies of the most pronounced cyclic oscillations in the analyzed time series. In all spectra
of temperature oscillations Ty(t) (Fig. 4a,b), T (t) (Fig. 4c,d) and AT(t) (Fig. 4e,f), three peaks are clearly seen at the frequencies v =
1/365, 1.0, 2.0 A1, which correspond to oscillations with the period L=365 days (1 year), 1 day (24 h) and 0.5 days (12h). Loga-
rithmic scale in Fig. 4 (b, d, f) allows detecting a maximum at the frequency v=3.0 d ™, which corresponds to oscillations with a period
L=1/3 days = 8 h.

Not surprisingly, for urban and rural temperatures, the annual course (oscillations with a period of L;=365 days) possesses the
maximal spectral amplitude at the frequency v=1/365 d . The maximal contribution to the UHII AT(¢) is made by oscillations with a
period of one day (v = 1.0 d’l), which is consistent with UHII spectra obtained for Korean cities (Kim and Baik, 2004) and with a
typical UHII diurnal turn with its daytime minimum and nocturnal maximum (Oke et al., 2017). Oscillations at the frequencies v=2.0
and3.0d7! (i.e., L=0.5 days or 12 h, and 1/3 days or 8 h) reflects the deviations of the real diurnal temperature and UHII courses from
the sine wave. Similarly, a small peak for a period about 181-183 days can be explained as a deviation of the annual course from the
sine wave. The classic concepts of the temperature spectrum allow us to expect the presence of another spectral peak for the period of
oscillations about 3-7 days corresponding to the synoptic-scale alteration of atmospheric processes (Griffith et al., 1956; Mitchell,
1976). Surprisingly, there are not any clearly expressed peaks of this period in our spectra. Minor peaks may be noticed in the panels
(b), (d), () for the period about 7-8 days, yet they are very weak against the background noise. The absence of a pronounced peaks
associated with synoptic-scale oscillations may be explained with a large spread in the duration of stable weather periods in Moscow
region.

In the panels (b), (d), (f) one can also see a weak maximum for a period about 7 days, which is likely related to the dominant period
of synoptic-scale alteration of atmospheric processes (Mitchell, 1976), and is further discussed below in Section 3.3.

Fig. 5 compares the spectral maxima max | Pyp(v)| and max | Pr(v)| of the urban and rural temperature oscillations at the
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Fig. 5. Spectral maxima for temperature oscillations T,(t) (Moscow) and T,,(t) (Moscow region) at the frequencies v=1/365 d'(a)andv=1.04"!
(b), corresponding to the annual and diurnal course, in the time interval 1977-2020.
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frequencies v=1/365 da! (a) and v=1.0 da! (b), corresponding to the annual and diurnal course. The spectral maxima of the annual
temperature course (a) are very close to each other: max | P,4(1/365)| for the city is greater than max | Pr,(1/365)| by only 1.24%. For
the diurnal temperature course, the background spectral maximum max | Pr;(1.0)| (b) is greater than urban spectral maximum max |
Py(1.0)| by 39.5%. The later represents the interaction between well-known temperature and UHI diurnal cycles, i.e., the intense
nocturnal UHI reduces diurnal temperature range in the city.

3.3. Analysis of the spectral amplitudes evolution in the time interval 1977-2020

The spectral characteristics considered above are averaged over a long-term time interval of 1977-2020, and therefore do not
reflect changes that occurred within this period. To investigate such changes, we analyze the temporal evolution of the spectral
amplitudes of Typ(t), Tryr(t) and AT(t) oscillations at the frequencies corresponding to the annual (v=1/365 d™1) and diurnal (v=1.0
d 1) courses using SDA method with a running window of duration Lyyy=10 years (3650 days) and the window shift Ay= 1 year (365
days).

For j-th window (j =1, ..., N), the received spectral amplitude |P,(t;)| is assigned to the time, corresponding to the window's center.
For the first time interval L;;=[1977, 1986] (j = 1), the obtained value of the spectral amplitude is defined as |P,(t;)|=|P,(1986 —
0.5Ltw) | = | P,(1981) | . Since in 2020 temperature data are present only for the first four months, which is significantly less than the
window shift Ay=1 year, we applied SDA method only for the data set cropped until 2019 incisively . In total, for the interval
L=[1977, 2019] we get N=34 shifts of the window and corresponding values of |P,(t)|, with a last time period L;34=[2010, 2019],
where t34 = 2019 — 0.5L1y = 2014.

Since the UHI in a temperate city such as Moscow is controlled by different physical mechanisms in cold and warm seasons (Oke,
1982; Varentsov et al., 2020), it is essential to consider separately evolution of the temperature and UHI oscillations for contrasting
summer and winter seasons. For this, SDA method was applied for “glued” time series of TS (©), Tr (8 and ATS(2) consisting from the
data for three summer months (June, July, August) in the time interval 1977-2019; as well as series TV, T’ (® and ATV(D
consisting of data for three winter months (December, January, February) in the interval 1977-2020. January and February 1977 were
not included in the winter temperature series constructed in this way, since data for December 1976 are not available. Therefore,
constructed “glued” series included data for 43 individual summer/winter seasons. SDA analysis was carried out again with a 10-year
sliding time window (with Lry= 900 days for winter and Ltw= 920 days for summer) shifted by one year (with Ay=90 days for winter
and Ay=92 days for summer) along the corresponding summer/winter temperature series 1977-2019,/2020.

Fig. 6 shows the evolution of the spectral amplitude |P,(¢)| for temperature and UHII oscillations at the frequency v=1/365 d?,
corresponding to the annual course. Spectral amplitudes for temperature experience a non-linear V-shaped dynamics with a decrease
in 1977-1997 (time points ;=1981, ...,1992 in panels (a), (b)), followed by an increase starting from the decade L;3=[1989, 1998]
(time point t;3=1993). Similar V-shaped pattern is observed for UHII (Fig. 6b). Comparing the spectral amplitudes values of UHII
annual oscillations between the first and last decades (for L1=[1977, 1986], t;=1981, and L;34=[2010, 2019], t34,=2014), we get a
relative increase by 40%.

The urban-rural difference in the spectral amplitudes of annual temperature oscillations is inconstant: annual temperature course is
weaker in the city until 1990th, but then the city steadily overshadows the rural background with an increasing margin. Such a pattern
clearly indicates a switch between contrasting regimes of UHI annual course with wintertime or summertime maxima, which is in line
with results discussed in Section 3.1 (Fig. 3). In 1970th and 1980th the UHI was stronger in winter than in summer, resulting in lower
annual spectral amplitude for T,;4(t) than for Ty,(t). The superiority of the summer UHII over the winter UHII has been increasing since
the 1990th, also increasing the spectral amplitude of annual temperature oscillations the city. The period of switch between regimes
with summer and winter UHII maxima corresponds to minimum of UHII spectral amplitude, which is observed at the decade
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Fig. 6. Evolution of spectral amplitude |P,(t)| for the temperature oscillations T,,4(t) and T,,(t) (a), for UHII AT(t) (b) at the frequency v=1/365 d!
corresponding to annual oscillations in the time interval Ly=[1977, 2019].
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1988-1997 (t12=1992 at Fig. 6b).

Evolution of the spectral amplitudes for diurnal temperature and UHII oscillations with =1.0 d ! is shown in Fig. 7 for the whole
year and separately for summer and winter seasons. On average for the whole year, the spectral amplitudes for T,(t) stably exceed
such amplitudes for T,4(t) on the entire time interval Lt= [1977, 2019] with an increasing margin (Figure 7a). Both spectral am-
plitudes experience an increasing trend, but amplitude for Ty,(t) has increased by 10.1% between the first and last decades, and
amplitude for Ty;(t) has increased only by 2.5%. The amplitude of diurnal oscillation for UHII shows a stable increasing trend on entire
study period (Fig. 7b). Comparison between the spectral amplitudes for the first and last decades gives a relative increase by 40%.
Considering the increasing UHI trend, such result indicates the asymmetry of the warming rates for daytime and nighttime.

Spectral amplitudes of the diurnal temperature and UHII oscillations have different dynamics for summer and winter seasons.
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Fig. 7. Evolution of the spectral amplitude |P,(t)| for the oscillations of T;(t), Tr,(t) (@) and AT(t) (b) at the frequency v=1 q! corresponding to
diurnal oscillations, for summer oscillations of T,,,bs(t), Tmrs(t) (c) and ATS(D) (d), for winter oscillations of Ty (0), T (t) () and AT™(®) (f) at the
frequency v=1 d7!. The corresponding parameters are: L11y=3650 (a, b), 920 (c, d) and 900 (e, f) days, Aw= 365 (a, b), 92 (c, d) and 90 (e, f) days,
in the time interval Ly= [1977, 2019] (a-d), [1977, 2020] (e,f). For each plot, slope coefficient of the linear trend k and trend determination co-
efficient R? are presented.
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Dynamics of summer spectral amplitudes repeats their average annual variations (Fig. 7c), but is much more pronounced, with a
relative increase between first and last decades by 15.6 and 5.9% for Ty,(t) and Ty(t), respectively. Hence, observed trends on the
average annual scale are largely contributed by faster changes in summer. Increase of summer spectral amplitudes was paused in
2000th and continued since the decade 2003-2012 (time point toy= 2007 in Fig. 7c) and up to the present. The spectral amplitude of
summer UHII diurnal oscillation again follows the same patterns as for rural temperature (Fig. 7d), with increase periods observed
from the decade 1982-1991 (time point ts= 1986) up to the decade 1994-2003 (time point t;g= 1998) and after decade 2003-2012
(time point toy= 2007), and with a relative increase between first and last decades of 52%.

For winter season, the spectral amplitudes of both urban and rural temperatures experience complicated dynamics with decrease in
1980th and 1990th, increase in 2000th and decrease since the decade 2005-2014 (time point t;9= 2009) to the present (Fig. 7e). The
spectral amplitude of winter UHII diurnal oscillation follows the same pattern (Fig. 7f).

In addition to diurnal and annual cycles, the atmospheric processes in moderate and high latitudes experience significant variations
on a so-called synoptic scale, i.e., with a period from first days to first weeks, associated with alteration of large-scale weather systems.
UHI phenomena strongly depends on the background weather. It is well-expressed under calm and clear weather and may almost
disappear under cloudy and windy weather conditions (Oke et al., 2017). Influence of the weather conditions on UHI intensity is well
documented for many cities including Moscow (Varentsov et al., 2020a, 2020b; Yushkov et al., 2019).

Since the synoptic-scale processes do not have a regular period, they are not expressed as a single peak in temperature or UHII
spectra in Fig. 4, with only a faintly discernible maximum traced for the period around 7 days. Zooming to a narrower frequency range
0.033<v<0.5 d~}, corresponding to oscillations with a period from 2 to 30 days (Fig. 8), allows considering this peak more closely on
example of two periods, 1977-1986 and 2010-2019. To suppress the noise, here we smoothed the initial spectrum using the 5-points
adjacent averaging. Both for rural temperature and UHII spectra, peaks with a period around 7 days are found against overall growth of
spectral power with an increase of period length. Nevertheless, peaks for 7-day period remain dominant until the period L= 14 days for
temperature (a, b), 30 days (c), 26 days (d) for UHIL For temperature, this peak is expressed much weaker than in classic study by
Mitchel (1976), where synoptic maximum remains dominant until the period of 6 months.
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Fig. 8. Fourier spectrum of rural temperature T,,,(t) (a, b) and UHII AT(t) (c, d) on the short time intervals duration 10 years 1977-1986 (a), (c) and
2010-2019 (b), (d) in the frequency range 0.033<v<0.5 d! (c), (d) in a linear scale. Initial spectrum is shown in blue, the smoothed spectrum (5-
points adjacent averaging) — in red. Horizontal dotted line indicates the spectral maximum found around 7 + 2 day period. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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For UHI intensity, the spectral maximum with 7-days period may be associated not only with alteration of synoptic processes, but
also with weekly cycle of human activity. Previously the coherent, but statistically insignificant dependence between UHI intensity and
day of the week was documented for Moscow by Lokoshchenko (2014). Comparing spectra for two periods shown in Figs. 8,
1977-1986 and 2010-2019, one may note that 7-day oscillation is stronger expressed for the first period. This may indicate a transition
from industrial to post-industrial society but should be additionally analyzed in further studies.

To quantify the contribution of the synoptic-scale processes to the temperature and UHI oscillations and to track its temporal
evolution within study period, we analyze the integral power in the frequency range 0.07<r<0.5 d~! corresponding to oscillations
with the period from 2 tol4 days. Using the same technique, which was applied for the computation of the evolution of spectral
amplitude |P,(t))| at the chosen frequency v (Egs. (5), (6)), we can obtain the evolution of the integral power of temperature oscillations
W,(t)) corresponding to the selected frequency range. Taking into account that when computing the spectral amplitude |P,(t;)| in each
window length L1y = Nrwh, it was already divided by factor N1 (the discrete case of Eq.(5)), we obtain:

W) =2 3 S(5)=2Nm > |P(5)| i=1...N an

0.07<v<0.5 0.07<v<0.5

The factor 2 in Eq. (11) is due to the fact that for a real function T(t) the discrete Fourier transform is even symmetric, so, the values
|P,(t;)| are completely specified by Nrw/2 time points.

In Fig. 9 the evolution of the “synoptic-scale” temperature oscillations power W,(t)) is depicted for winter waw(t), T,ww(t) (a) and
summer temperature series Tu,bs(t), m,s(t) (b), winter UHII ATY(® (¢) and summer UHII ATg(t) (d) computed in the frequency range
0.07 <v<0.5 d"! . The parameters of the computation are the same as described above for Fig. 7. In Fig. 9a one can see the decrease of
the winter power both for urban and rural temperature starting from the decade 1996-2005 (time point t20=2000). Such results
indicate that winter weather is becoming less changeable in winter during last two decades, i.e. alterations of cold and warm weather is
becoming weaker and/or rarer. The summer power (Fig. 9b) increases for urban temperatures, starting from the decade 1996-2005
(time point t;7=1997) with a maximum observed in the decade 2002-2011 (time point t;4=2006), while for rural temperature there
are not any significant changes.

It is interesting to note that the power of winter oscillations is greater for rural than urban temperatures, and vice versa for summer
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Fig. 9. Evolution of the integral power W,(t;) for winter temperature oscillations TV (©), Trr(©) (2), summer temperature oscillations Turbs(t),
Tmrs(t) (b), and UHII ATY(D) (), ATS(® (d) computed in the frequency range 0.07<v<0.5 d~! with parameters Lry=900 (a), (c), 920 days (b), (d),
Aw= 90 (a), (c), 92 days (b), (d) in the time interval Ly= [1977, 2020] (a), (c), [1977, 2019] (b), (d). For plots (c) and (d), slope coefficient of the
linear trend k and trend determination coefficient R? are presented.
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oscillations. This is not surprising, since the strongest winter UHIs in temperate and high-latitude cities typically follow frosty weather
episodes or so-called cold waves (Fortuniak et al., 2006; Konstantinov et al., 2018; Yang and Bou-Zeid, 2018; Yushkov et al., 2019),
resulting in a less pronounced temperature variations in the cities. This also explains the revealed anti-phase dynamics between mean
winter temperate and UHII (Fig. 3). From a physical point of view, such dependence can be explained by an increase in anthropogenic
heat flux from heated buildings, as well as by the trapping of released heat by the shallow stable boundary layer, the formation of
which is typical for winter cold weather episodes in middle and high latitudes (Akhmetshina et al., 2014; Bourne et al., 2010; Yushkov
etal., 2019). In summer, on contrast, UHIs tend to amplify during the warm weather, especially during the heat waves (De Ridder et al.,
2016; Li and Bou-Zeid, 2013; Schatz and Kucharik, 2015), enhancing the variations of the daily-mean temperature with respect to rural
areas.

The integral power of UHII synoptic-scale oscillations shows a steady increase for summer season with a relative increase of 84%
within the study period (Fig. 9d), which corresponds to increase of spectral amplitudes by 35% according to Eq. (11). More
complicated dynamics is observed for winter season, with a decrease in 1980th, increase in 1990th and decrease in recent years since
decade 2000-2010 (Fig. 9b). Contrasting summer and winter patterns are generally close to those ones observed for diurnal oscillation
amplitudes (Fig. 7), but here the amplification of UHII oscillations is largely contributed by increase of urban temperature oscillations.

The data analysis methods in our study are configured to analyze multi-year trends, and therefore do not allow detecting isolated
extreme events such as heat/cold waves and intense UHI episodes. Nonetheless, revealed long-term trends allows suggesting the
changes in climatology and behaviors of such events. Considering variations in the integral power of synoptic-scale oscillations of rural
temperature and UHII (Fig. 9), as well as the fact of UHI intensification during heat waves in summer and cold waves in winter
(discussed above), we could suggest that summer heat waves are becoming more frequent and/or more intense during the whole study
period, and winter cold waves are becoming less frequent/less intense during the last two decades.

4. Discussion

The UHI is one of the clearest examples of inadvertent climate modification due to humans (Oke et al., 2017), which turns the cities
to the hotspots of climate change. Higher rates of climate warming in comparison to rural areas are documented for several world's
cities. Although UHI appearance is linked with background meteorological forcing (e.g. wind speed and cloudiness), which may be
more or less favorable for UHI appearance (Hoffmann et al., 2012; Oke et al., 2017), faster urban warming is typically associated with
urban sprawl and development (Berlessova and Konstantinov, 2020; Fujibe, 2011; Kalnay and Ming, 2003; Lokoshchenko, 2017). The
possible impacts of the background forcing are often ignored in the UHI evolution studies, likely due to two reasons. Firstly, the
representative long-term UHI observations are available only for a few world's cities. Secondly, the long-term UHI evolution studies
typically consider only mean temperature values, averaged over seasons and years, so the changes of UHI temporal variations on
smaller time scales remain masked.

The current study addresses the problem of the long-term UHI evolution on example of Moscow megacity for more than four recent
decades (1977-2020). During this period, Moscow experienced population increase by 65%, intensive urban growth and development,
pronounced warming of regional climate by 2 °C as well as increase of mean UHII for city center by 0.4 °C. The latter represents the so-
called urban amplification of climate warming (Kislov et al., 2017).

In contrast to previous UHI evolution studies for Moscow and other world's cities, we focus not on the mean temperatures, but on
the spectra of the urban/rural temperatures and their differences. To study evolution of these spectra, we apply the time-dependent
spectroscopy method, which is popular tool for signal processing in different scientific areas but was not previously used in urban
climatology or in regional climate changes in general. Application of the novel approach allows to reveal that the long-term changes of
the mean UHII are accompanied by the changes of UHII amplitude Fourier spectrum. The UHII spectrum for Moscow has the dominant
peaks corresponding to diurnal and annual oscillations, which is in line with physical expectations and with UHII spectra found for
several Korean cities (Kim and Baik, 2004). However, we show for the first time that the amplitudes of such oscillations are inconstant
and experience the long-term variations.

Spectral amplitude of annual UHII oscillations experiences the nonlinear V-shaped dynamics. It is associated with a transition
between contrasting regimes with UHI maxima observed in winter (in 1970th and 1980th) and in summer (since 2000th), caused by
seasonally asymmetric trends of the mean UHIL The switch between two regimes happened in 1990th and resulted in the decrease of
spectral amplitude of annual UHII oscillations. Such changes cannot be explained by the urban growth and development, so they
clearly indicate the impact of changes in background meteorological forcing. Results for annual UHI oscillations stand out from
previous studies. Previously, ambiguous results on the UHI seasonal variations were reported for several mid- and high-latitude cities.
Summer maxima of the mean UHI intensity was reported e.g. for Istambul in Turkey (Unal et al., 2020), New-York (Gedzelman et al.,
2003) and Madison in USA (Schatz and Kucharik, 2014), London in UK (Wilby, 2003), Lodz (Klysik and Fortuniak, 1999) and Torun
(Przybylak et al., 2017) in Poland, Turku (Suomi and Kayhko, 2012) in Finland, while winter maximum was found for Beijing, China
(Yang et al., 2013), Belgrade, Serbia (Unkasevic et al., 2001), Seul, South Korea (Kim and Baik, 2005), and also in several cities in West
Siberia (Miles and Esau, 2017) and Fennoskandia (Miles and Esau, 2020) according to remote sensing data. However, none of these
studies analyzed the nonstationarity of the UHI annual course. Hence, listed ambiguous results may be associated not only with
geographical differences, but also with differences in study periods and associated variability of the large-scale atmospheric forcing.

Presented results also show the nonstationarity of the UHII diurnal course, which spectral amplitude experiences steady upward
trend and increased by 40% during study period. Together with upward trend for mean UHII, this allows speaking about the diurnal
asymmetry of urban-amplified warming in Moscow, by analogy with the diurnal asymmetry of global warming revealed by Davy et al.
(2017). Joint analysis of the diurnal oscillation spectral amplitudes for rural/urban temperatures and UHII suggests that the observed
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changes are again partially contributed by the variability of the background climatic conditions, which are becoming more favorable
for UHI appearance in summer. The increase of UHII diurnal spectral amplitude is accompanied with fast increase of rural temperature
spectral amplitudes, while urban temperature spectral amplitudes are increasing much slower. UHI intensity is well correlated with
diurnal temperature range, which determines the nocturnal cooling potential for rural areas (Theeuwes et al., 2017). We cannot deny
that the slower growth of the diurnal temperature amplitude in the city may be partially forced with its growth and development.
Nonetheless, rural temperature range is evidently more sensitive to the changes in background meteorological forcing, so its faster
increase under favorable weather conditions and resulted UHI intensification is expected even the urban properties are not changed.

In addition to diurnal and annual oscillations, we analyzed synoptic-scale oscillations of temperature and UHII, determined by
alteration of weather conditions with a period of several days. In contrast to temperature spectra from classic work of Mitchell (1976)
with a clear peak for the period of 3-5 days, we found only a weak and faintly discernible peak for a period of 7-8 days. For UHII, this
peak may be partially related with a weekly cycle of human activity as suggested by Lokoshchenko (2014). In either case, such effect
request more accurate investigation in further studies. Integral power of oscillations with periods from 2 to 14 days for temperature
experiences nonlinear dynamics both in summer and winter, with a pronounced decrease for winter during the last two decades. Power
of such oscillations for UHII in summer experiences steady upward trend, with a relative increase of corresponding spectral amplitudes
by 35%. This mean that UHII increases for the days when it is already high and does not change for the days when UHI is not expressed.
Considering the known fact of UHI amplification during summer heat waves (Li and Bou-Zeid, 2013) and winter cold waves (Yang and
Bou-Zeid, 2018), observed dynamics may be partially associated with trends of repeatability and/or intensity of heat/cold wave, that
should be analyzed in further studies.

Observed changes in temperature and UHII spectra are consistent with documented dynamics of other meteorological parameters
in Moscow region. There is a downward trend in the summer cloudiness and decrease in overcast frequency in the European part of
Russia according to observations at weather stations for 1990-2010 (Chernokulsky et al., 2011). Negative cloud cover trend in Moscow
region is also revealed based on satellite data for 1984-2007 (Tang et al., 2012). The high-quality observations at the meteorological
observatory of Lomonosov Moscow State University also show a downward trend in low cloud fraction and overcast frequency and an
upward trend in sunshine frequency (Gorbarenko, 2019), as well as upward trend of direct solar radiation (Gorbarenko, 2016). At the
same time, European part of Russia experiences downward wind speed trends, which is shown by several observational studies
reviewed by (Wu et al., 2018). Such changes are expected to increase the frequency of calm and clear weather conditions, favorable for
UHI appearance in summer. At the same time, there are not any significant changes in winter cloudiness in European part of Russia for
1990-2010 period (Chernokulsky et al., 2011). Moreover, the winters in Europe are generally becoming warmer, with increasing
repeatability of extremely mind winters (Twardosz and Kossowska-Cezak, 2016). Decreasing repeatability of cold waves, which are
favorable for winter UHI appearance, is also seen for Moscow since 2000th according to presented results. Changes in meteorological
forcing can be related both with regional aspects of ongoing global climate change as well as by natural climate oscillations such as
North Atlantic Oscillation (Iles and Hegerl, 2017), this question requires further investigation.

5. Conclusion

In this study, evolution of air temperature and urban heat island intensity (UHII) in Moscow megacity is analyzed based on long-
term observations for the period of 1977-2020. In addition to analysis of annual and seasonal temperature and UHII means, we apply
time-depended spectroscopy method to analyze the changes of the amplitude Fourier spectrum of the time series along the study
period. The temperature and UHII spectra for Moscow are dominated by diurnal and annual oscillations, yet synoptic-scale oscillations
are not expressed as a dominant spectral peak in contrast to classic studies. For the first time we show that temperature and UHII
spectra are inconstant in time and experience the long-term variations. Observed changes of temperature and UHII regimes are
complex, often non-linear, seasonally asymmetric, and include the following key patterns:

e Climate warming is clearly expressed in Moscow region. For rural areas, annual-mean warming rate is 0.52 °C per decade. Moscow
city center experiences 23% faster warming (0.64 °C per decade) due to increasing UHII.

e UHII experiences seasonally asymmetric and non-linear dynamics. The mean growth rate of summer UHII (0.23 °C per decade) is
twice higher that for annual-mean UHII (0.12 °C per decade), with the fastest changes observed from 1990 to 2010. The winter UHI
experiences pronounced interannual variations without significant trend.

e Steady upward trends are found for the spectral amplitudes of diurnal oscillations of rural temperature and UHIL, and synoptic-scale
UHII oscillations in summer. The relative increase between first and last decades is 40% for diurnal UHII oscillations for the whole
year and 52% for summer, 35% for synoptic-scale UHII oscillations in summer. Dynamics of the same spectral amplitudes is more
complex and non-linear for winter, with a decreasing tendency for two last decades.

e Spectral amplitudes of annual temperature and UHII oscillations experiences V-shaped dynamics with an increase since 1990th. For
UHII such pattern reflects a switch between regimes with wintertime or summertime UHI maximum.

Presented results provide an evidence that observed UHI evolution is a complex process, which is determined not only by urban
growth and development, but also by long-term variations in the large-scale meteorological forcing and its favorability for UHI
appearance. Hence, the nonstationary of meteorological forcing should not be ignored when discussing the urban-induced climate
changes and designing urban climate projections.

Summing up, we could recommend the time-depended spectroscopy method as extremely useful and illustrative for analyzing long-
term evolution of temperature and UHI intensity. In our opinion, this method is unfairly deprived of attention in urban climatology and
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regional climate research in general. In contrast to the analysis based on mean values, time-depended spectroscopy does not mask
small-scale variations of analyzed phenomena and allows tracking dynamics of corresponding oscillations. Its application can make the
research results for different regions more visual and facilitate their intercomparison.
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