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Abstract: In most cities in the world, the daytime maximum of the urban heat island (UHI) intensity is
observed after sunset. It is minimal around noon. We propose a new mechanism for the formation of
the UHI intensity’s diurnal cycle that considers the phase shift between surface temperature variations
in the city and surroundings. This phase shift occurs due to the difference in thermophysical structure
of the subsurface in urban and rural areas. In the case of a homogeneous medium, the temperature
maximum at the surface is observed π/4 later than the heat flux maximum at solar noon. With the
presence of an upper layer having a low thermal conductivity compared to the underlying layers, the
phase shift would be less than π/4. Such conditions are often observed in rural areas. The delay of
the temperature variations in the city relative to those in the countryside leads to an even greater
delay in the UHI intensity relative to the heat flux. This is probably the main reason for the UHI
intensity’s diurnal variations being observed. The proposed mechanism was verified through the
data obtained at weather stations in Yekaterinburg and its surroundings.
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1. Introduction

The phenomenon of an urban heat island (UHI) in surface air temperature has been
known for two centuries [Howard, 1818]. It is manifested by warmer surface air tempera-
tures in cities compared to those in rural surroundings [Lokoshchenko et al., 2016; McBoyle,
1968; Rizwan et al., 2008]. In the scope of ongoing global warming and more frequent
occurrences of heat waves, understanding the causes and patterns of the UHI effect is
vital for developing heat mitigation strategies and improving urban development and
management policies [Ao et al., 2019; Founda and Santamouris, 2017; Liu et al., 2022; Tan
et al., 2009].

T. R. Oke defined a heat island as a “nocturnal phenomenon” [Oke, 1982]. The daytime
maximal of the UHI intensity occurs after sunset. It is minimal around noon in most cities
in the world [Jongtanom et al., 2011; Kim and Baik, 2002; Kłysik and Fortuniak, 1999; Lai
et al., 2018; Liu et al., 2022; Magee et al., 1999; Mao et al., 2023; Scott et al., 2018; Xue et al.,
2023]. Following T. R. Oke, most researchers explain this fact by the absorption of part of
the outgoing night long-wave radiation by the walls of buildings, while in the countryside,
nothing hinders the ground surface from cooling rapidly [Johnson et al., 1991; Liu et al.,
2007; Oke et al., 1991; Sobstyl et al., 2018].

S. N. Goward pointed out the differences in the thermal properties of urban and rural
surfaces as the main reason for the nighttime maximum [Goward, 1981]. The influence
of thermal effusivity (thermal inertia, thermal admittance) on the diurnal temperature
variation was considered in his simplest model. Thermal effusivity E determines the rate of
heat transfer at the interface between two media and is related to thermal conductivity λ,
density ρ, and specific heat capacity C by the relation E = (λρC)1/2. The higher thermal ef-
fusivity of urban surfaces (asphalt, concrete) in comparison with natural rural ones ensures
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slower heating of the urban surfaces but also slower cooling. However, the calculations
performed by this model contradicted the experimental data, so the author had to account
for the thermal inhomogeneities of the media, though only by calculating the apparent
thermal effusivity. He also added latent heat transfer from the surface in rural areas to
the model, which made the UHI intensity positive throughout the day. Even that did not
resolve all the contradictions but led to the conclusion that the diurnal cycle cannot be
explained by differences in thermal properties alone [Stewart et al., 2021].

The fallacy in Goward’s approach was that he considered the temperature response to
an isolated radiation pulse and not to a periodic signal. As will be shown further, thermal
effusivity (as it may be) determines only the amplitude of temperature variations under
conditions of a homogeneous medium. Temperatures in the city and in the countryside
change in phase with each other and with the UHI intensity. Montávez et al. combined
mechanisms of the UHI formation proposed by T. R. Oke and S. N. Goward in their model
[Montávez et al., 2007]. They showed that the urban canyon structure and the urban-rural
difference in thermal properties are the main factors affecting the UHI intensity. However,
the model does not explain the timing of the UHI maximum.

Finally, several researchers associate the nighttime UHI maximum with weather and
anthropogenic factors with stable diurnal dynamics. For example, with diurnal fluctuations
in urban-rural humidity difference. However, the relationship between humidity and air
temperature is ambiguous in different regions. Various mechanisms are put forward to
explain the established relationship, depending on its sign. The positive relationship is ex-
plained by the fact that water vapor in the atmosphere delays outgoing long-wave radiation
from the surface. Urban humid atmosphere increases the sky’s long-wave irradiance over
the city and additionally heats the ground surface [Holmer and Eliasson, 1999; Kobayashi,
1982; Lindgren, 1997]. Several mechanisms are considered to explain the negative rela-
tionship. 1) More intensive evaporation from the rural surface, where soil humidity is
higher, leads both to the vapor pressure increase and the temperature decrease [Kim and
Baik, 2002]. 2) Under the same urban and rural water vapor content, relative humidity is
higher in areas with lower temperatures [Liu et al., 2007]. The latter explanation suggests
that not humidity differences, as they are, cause the UHI, but just the opposite. Demin et
al. associate the nighttime maxima recorded in Moscow during the cold season at weather
stations located at high elevations with the descent of cold air from the hills to the low-
lands [Demin et al., 2018]. Some researchers explain diurnal variations in the UHI by the
cyclical nature of human activity. Jongtanom et al. noted higher nighttime activity in cities
compared to rural areas and, hence, higher heat generation at night [Jongtanom et al., 2011].
Aslam et al. and Kulmala et al. associate the daytime relative decrease in urban areas with
an increased content of pollutants that prevent the entry of long-wave radiation [Aslam
et al., 2017; Kulmala et al., 2023].

There is no doubt that all these factors play a significant role in different climatic
conditions. However, the prevalence of the “nocturnal phenomenon” of the UHI in all
climatic zones of the world suggests the presence of a more universal mechanism for its
formation.

We propose a new possible mechanism forming the UHI diurnal cycle, accounting for
the differences in phase shifts of temperature courses in the city and in the countryside rela-
tive to astronomical noon. The differences, for their part, are determined not by the thermal
properties of the medium where the heat exchange occurs but by their inhomogeneities.

2. The Model

The proposed mechanism for the formation of the diurnal course of the UHI intensity
involves two simplifications:

1. The surface air temperature is determined mainly by heat exchange with the ground
surface and, consequently, by the ground surface temperature. This dependence
can be disturbed by the influence of wind, atmospheric precipitation, and moisture
evaporation, but it certainly plays a crucial role on clear windless days [Yoshino, 1975].
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In temperate climates, the diurnal variations of the surface air temperature and the
ground surface temperature show similar patterns in the four seasons, but they are
especially close in spring and summer in calm weather [Wen et al., 2023].

2. Changes in the ground surface heat flux occur in phase with variations in solar
radiation [Demezhko et al., 2022], and the heat flux amplitude is proportional to
the amplitude of solar radiation. The proportionality factor depends on the surface
albedo, humidity, and evaporation rate.

Diurnal variations of the UHI intensity are formed by successive transformations
(Figure 1).

Figure 1. Scheme of the formation of the diurnal cycle of the UHI intensity.

Here I is incoming radiation, q is the ground surface heat flux, Tu and Tr are, respec-
tively, variable components of the ground surface temperature in urban and rural areas,
∆T is a variable component of the UHI intensity, ∆T0 is a constant component of the UHI
intensity equal to the difference in mean daily temperatures T0u − T0r, α, β, γ are phase
shifts. The ground surface heat flux and solar radiation vary synchronously [Demezhko et al.,
2022]. Diurnal variations of incoming radiation I generate the surface heat flux variations
q and, in turn, fluctuations in the ground surface temperature. Harmonics of temperature
variations lag the corresponding harmonics of surface heat flux variations by the value of β,
which depends on the thermal inhomogeneities of the subsurface and frequency. Variations
of the UHI intensity are determined by the difference in instantaneous temperatures in
the city and rural surroundings (∆T = Tu − Tr). Therefore, the amplitude and phase of
the UHI are accordingly determined by the amplitudes and phase differences of surface
temperature variations in urban and rural areas.

3. Lag of Temperature Variations from Surface Heat Flux Variations

For simplicity, let us consider the transformation of the fundamental 24-hour har-
monic of the surface heat flux variations, assuming the conclusions obtained are also valid
for higher harmonics of radiation origin. The surface heat flux variations are described by
the dependence:

q(t) = Aq cos(ωt −α),
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where Aq is the amplitude, ω = 2π/24 hours−1 is the frequency, and α is the initial phase.
Since the heat flux reaches its maximum at solar noon, α = π. The ground surface tempera-
ture variations lag the heat flux variations by β:

T (t) = T0 +AT cos(ωt −α − β), (1)

where T0 is the mean daily surface temperature. In a homogeneous half-space, β = π/4,
i.e., 1/8 of the oscillation period [Bennet et al., 2008; Carslaw and Jaeger, 1959]. In absolute
terms, this lag depends on the oscillation period. It equals 3 hours for a 24-hour harmonic,
1.5 hours for a 12-hour harmonic and an hour for an 8-hour harmonic. If the total solar
radiation maximum and the maximum of the surface heat flux are observed simultaneously
at the solar noon, the temperature maximum of the main 24-hour harmonic will be observed
3 hours later. Note that the phase shift value does not depend on the thermal properties
in contrast to the amplitude of temperature variations at the surface of a homogeneous
half-space:

AT =
Aq

Eω1/2
, (2)

where E is the thermal effusivity (thermal inertia), E = (λρC)1/2 = λ/a1/2, λ is the thermal
conductivity, ρ is the density, C is the specific heat capacity, and a is the thermal diffu-
sivity. Thermal effusivity, also known as thermal inertia, thermal admittance or thermal
responsivity, is a measure of a material’s ability to exchange energy with surroundings.
The amplitude of temperature variations is directly proportional to the amplitude of the
surface heat flux and inversely proportional to the thermal effusivity of the soil E and
the root of the frequency. The latter determines the smaller contribution of the higher
harmonics present in the heat flux variations to temperature variations.

The lag of the temperature curve will differ from π/4 in the case of vertical heterogene-
ity, for example, a horizontally layered medium. The amplitude under these conditions
can no longer be determined in terms of a single thermal parameter, for example, thermal
effusivity. The solution to this problem for a layered inhomogeneous medium was obtained
in [Byrne and Davis, 1980] within the concept of “complex thermal admittance”. The mono-
graph [Demezhko, 2001] presents a solution to the problem of propagation of harmonic
temperature oscillations from the surface to the depth if the upper contrasting layer of
thickness h lies on a layer of infinite thickness. Temperature variations in the upper layer
at a depth of z will also be described by the harmonic law:

T (z, t) = T0 +AT (z)cos(ωt −ψ(z)). (3)

The amplitude AT (z) and the phase shift ψ(z) of temperature variations in the upper
layer at a depth z are described by relations:

AT (z) = AT (0)exp(−kz)
[︄

1− 2pz cosuz + p2
z

1− 2p0 cosu0 + p2
0

]︄1/2

,

ψ(z) = kz − arctan
[︄

pz sinuz
1− 2pz cosuz

]︄
+ arctan

[︄
p0 sinu0

1− 2p0 cosu0

]︄
,

where pz = εexp(−uz), uz = 2k(h − z), p0 = εexp(−u0), u0 = 2kh, k = (ω/2a)1/2, ε is the
thermal contrast parameter:

ε =
E2 −E1

E2 +E1
. (4)

Thermal effusivity E1 refers to the upper layer, while E2 refers to the lower one. Having
numerically differentiated (3) with respect to depth, we find the variations of the surface
heat flux:

q(0, t) = −λdT (z, t)
dz

. (5)
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Comparing variations of temperature and heat flux at the surface, let us estimate the
ratio of their amplitudes AT /Aq and the phase shift β in relation (1). They depend on the
thermal diffusivity of the upper layer and the thermal contrast ε expressed in terms of the
thermal effusivities of the two media. Thermal conductivity in (5) can also be expressed
in terms of these parameters: λ = E1a

1/2. Since the thermal conductivity, density, and
specific heat capacity of unlithified soils increase as humidity rises, the thermal diffusivity
a = λ/ρC changes insignificantly. With that in mind, we can express the dependencies of
the phase shift β and the amplitude of temperature variations AT on the thickness of the
upper layer h and thermal contrast ε (Figure 2).

The lag of the temperature curve from the heat flux change curve will differ from
π/4. β < π/4 if the upper layer has a lower thermal effusivity compared to the lower
one, and β > π/4 if the thermal effusivity of the upper layer is higher (Figure 2a). Curves
β(h) have extrema. The maximal effect is observed at the thickness of the upper layer
heff ≈ 0.06L, where L = 2π(2a/ω)1/2 is the wavelength. Indeed, for a diurnal wave L = 1 m
(at a = 1×10−6 m2/s), the maximal deviation from π/4 in phase shift will be observed under
heff ≈ 6 cm. The effective thickness will be smaller for higher harmonics, i.e., heff = 4.2 cm
for a semi-diurnal harmonic, and heff = 3.5 cm for an 8-hour harmonic. An overly thin
(h < 0.5×10−3L) or, on the contrary, an overly thick (h > 0.5L) layer does not affect the phase
shift; like in the simplest model, it remains equal to π/4. The higher the deviation of the
phase shift from π/4, the greater the thermal contrast of the layers.

(a) (b)
Figure 2. Dependence of the phase shift between variations of the surface heat flux and the surface
temperature (a) and the ratio of the amplitude of temperature variations to that of heat flux variations
on the thickness of an upper layer h that is anomalous in terms of thermal properties. Codes of
curves: (a) – the thermal contrast of two media, (b) – the thermal effusivity, J/(m2 K s1/2).

The amplitude of temperature fluctuations depending on the thickness h predictably
varies between the values determined by formula (2) for the thermal effusivities of the
upper and lower layers (Figure 2b). For a diurnal wave under a thickness of the upper layer
h > 15 cm, the amplitude at the surface is almost completely determined by the thermal
effusivity E1.

Assemblages of curves in Figure 2 can be reduced to one or two curves by introducing
dimensionless phase fβ(h) and amplitude fA(h) functions (Figure 3). Then the real phase
and amplitude can be calculated as

β =
π
4

(1− εfβ), (6)

AT (E1,E2) = AT (E2) + fA[AT (E1)−AT (E2)], (7)

where AT (E1) and AT (E2) are amplitudes of temperature variations at the surface of a ho-
mogeneous half-space with thermal effusivities E1, E2.
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(a) (b)
Figure 3. The dependences of the (a) phase and (b) amplitude functions on the thickness of the upper
anomalous layer.

4. Phase Shift Between Temperature and UHI Intensity Variations

If urban and rural soils were homogeneous (even with different values of thermal
properties in urban and rural areas) or equally heterogeneous, then surface temperatures
would vary synchronously in the city and surroundings, and the maximal UHI intensity
would be observed simultaneously with the temperature maximum. However, differences
in surface thermal inhomogeneities in urban and rural areas lead to differences in phase
shifts of temperature variations (βu , βr). The phase γ of diurnal variations of the UHI
intensity ∆T will naturally differ from phases of urban and rural temperature curves:

∆T (t) = Tu − Tr =

T0u − T0r+AT u cos(ωt −α − βu)−AT r cos(ωt −α − βr) =

T0u − T0r +A∆ cos(ωt −α − βu −γ),

(8)

where T0u and T0r are the mean daily temperatures in urban and rural areas, respec-
tively. The phase γ counted from the urban temperature curve and the amplitude A∆ are
determined by relations:

tan(γ) =
sin(βu − βr +π)

Au
Ar

+ cos(βu − βr +π)
, (9)

A∆ = Au

⎡⎢⎢⎢⎢⎣1 +
(︄
Au

Ar

)︄2

+ 2
Au

Ar
cos(|βu − βr|+π)

⎤⎥⎥⎥⎥⎦1/2

. (10)

The amplitude of the UHI intensity A∆ does not depend on the sign of the phase
difference of the temperature curves but depends on the ratio of their Au/Ar amplitudes.
The phase of the ∆T curve is positive (γ > 0, i.e., ∆T lags temperature curves) if the rural
curve is ahead of the urban one (βu − βr > 0) and vice versa (Figure 4a). The amplitude
of the UHI intensity A∆ grows linearly with an increase in |βu − βr| in the case of equal
amplitudes of the initial curves (Au/Ar = 1) (Figure 4b).

5. Synthetic Example

In rural landscapes, the upper layer enriched with organic matter (sod, needles, leaves,
arable land) lies on loams and sandy loams, whose thermal conductivity is about twice as
high. Thermal effusivities relate to each other in approximately the same ratio.

Urban areas are laterally less homogeneous. There are asphalt roads here containing
layers of asphalt-concrete 8–15 cm thick (λ = 1.4–1.8 W m−1 K−1, see, e.g., [Stempihar et al.,
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(a) (b)
Figure 4. The phase shift γ of the UHI intensity relative to urban temperature variations (a) and the
relative amplitude A∆/Ar of the UHI intensity (b) depending on the phase difference βu − βr and the
ratio of the Au/Ar amplitudes of temperature variations in urban and rural areas.

2012]) lying on a crushed stone-sand base up to 1 m thick. In natural water saturation, the
thermal conductivity of this layer fluctuates within approximately the same limits as that
of the asphalt surface. If the asphalt layer lies on a dry base with low thermal conductivity,
then the phase shift of the diurnal variation of the surface temperature will be opposite
to the rural situation, i.e., βu > π/4 (> 3 hours for a 24-hour harmonic). The same can be
said about concrete roof slabs, under which there is a layer of thermal insulation. However,
there are also parks and lawns in the city where the ratio of thermal properties is the same
as in the countryside.

Air temperature recorded at meteorological stations at a height of 2 m is formed by the
heat exchange over an area that is much larger than the size of the meteorological site. This
area may include territories with different thermal properties and different types of vertical
heterogeneity. That means that one can talk about thermal differences between urban
and rural areas only “on average”. It is practically impossible to compile a statistically
weighted “thermophysical portrait” of the city under these conditions. Therefore, in this
section we will illustrate the model for the case where the urban environment is usually
more homogeneous than the rural one, and surface temperature variations in the city will
lag those in the countryside (βu > βr). The model verification using meteorological data
will be carried out below in the Section “The Model Validation and Discussion”. If the
observed phase shift of a 24-hour harmonic of the surface air temperature variations will
occur close to 3 hours, then the diurnal temperature cycle was formed under conditions of
a homogeneous (on average) vertical thermophysical section.

Let us estimate the diurnal variation of the 24-hour harmonic of the UHI intensity
under conditions close to real ones (Table 1). For simplicity, we assume the amplitude of
the diurnal wave of surface heat flux Aq to be the same in urban and rural areas.

Figure 5 shows the calculation results. The surface heat flux reaches its maximum
at solar noon, simultaneously with the maximum of incoming solar radiation. With the
presence of an upper layer with low thermal effusivity, the surface temperature maximum
in the countryside lags the heat flux maximum by 2.2 hours. The surface temperature
maximum in the city lags the heat flux maximum by 3 hours, as in a homogeneous medium.

Note that the amplitude of temperature variations in the city is lower than in the
countryside due to the higher thermal effusivity of urban surfaces. The phase difference
βu − βr = 0.8 hours and the amplitude ratio AT u/AT r = 0.75 ensure the diurnal variation of
the UHI intensity with a nighttime maximum at α + βr +γ = 12 + 3 + 8.7 = 23.7 hours and
the amplitude equal to A∆ = 4.3 K.
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Table 1. The diurnal variation of the 24-hour harmonic of the UHI intensity under conditions close
to real ones. Input parameters are colored green

Surface heat flux variation

Urban Rural

Parameter Value Parameter Value

Aq, W/m2 150 Aq, W/m2 150

α, hours 12.0 α, hours 12.0

Surface temperature variation

Parameter Value Equation Parameter Value Equation

E, J/(m2 K s1/2) 1600 E1, J/(m2 K s1/2) 1000

∆Tu , K 11.0 (2) E1, J/(m2 K s1/2) 2000

a, m2/s 1 · 10−6 a1 = a2, m2/s 1 · 10−6

βu , hours 3.00 (1) ε 0.33 (4)

h, m 0.08

fβ 0.80 Figure 3a

βr , hours 2.20 (6)

fA 0.75 Figure 3b

∆Tr , K 14.4 (7)

UHI intensity variation

Parameter Value Equation

βu − βr , hours 0.80

∆Tu/∆Tr , K 0.77

γ , hours 8.71 (9)

A∆, K 4.3 (10)

6. The Model Validation and Discussion

The presented model describes the UHI forming in a diurnal cycle in terms of ground
(pavement) surface temperatures. Is this model suitable for describing the UHI in terms of
surface air temperatures? To answer this question, we used minute-resolution surface air
temperature data recorded in August 2022 at weather stations in the center of Yekaterinburg
(56.83◦N, 60.63◦E) and in Verkhnee Dubrovo village located 28 km southeast (56.73◦N,
61.07◦E). The Yekaterinburg weather station is located in the central part of the city on
a hilltop surrounded by a park (Figure 6). According to the concept of Local Climatic Zones
(LCZ) [Stewart and Oke, 2012], this place can be classified as LCZ-4 (open arrangement of
tall buildings to tens of stories, abundance of pervious land cover – low plants, scattered
trees). However, recent studies conducted in Moscow [Varentsov et al., 2021] have shown
that the spatial heterogeneity of the UHI intensity is not so much determined by local
factors described within the LCZ classification as by mesoscale drivers operating within
a radius of 2–20 km. Thus, it can be assumed that the data on surface air temperature
recorded at the Yekaterinburg weather station on a small hill characterizes the entire central
part of the city.
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Figure 5. The diurnal variation of the 24-hour harmonics of the surface heat flux (black curve),
the ground surface temperature in urban (blue curve) and rural (green curve) areas, and the UHI
intensity (red curve) under conditions close to real ones.

(a) (b)
Figure 6. Location of weather station sites in Yekaterinburg (a) and Verkhnee Dubrovo (b) (photo by
Dmitry Demezhko and Vyacheslav Bukharov).

The weather station in Verkhnee Dubrovo is classified as LCZ-D (featureless land-
scape of grass or herbaceous plants; few or no trees; zone function is natural grassland,
agriculture, or urban park), partly as LCZ-A (heavily wooded landscape of deciduous trees;
land cover, mostly pervious).

Figure 7 shows diurnal surface air temperature changes averaged over the first two
decades of August 2022, the driest period of that summer (6 mm of precipitation in
Yekaterinburg, 0.6 mm in Verkhnee Dubrovo). The UHI intensity demonstrates a classical
form of variation with a nighttime maximum of 3 K and a daytime minimum of 0.5 K at
a mean daily value of ∆T0 = 1.6 K.

The 24-hour harmonic (Table 2) is responsible for most of the diurnal variability of
air temperatures and UHI intensity. The temperature maximum at the first harmonic is
observed at 4:01 p.m. local time in Yekaterinburg and at 3:28 p.m. in Verkhnee Dubrovo.
The lag of maxima from the solar noon (1:04 p.m.) amounts to 2 hours 57 minutes and
2 hours 24 minutes, respectively. A nearly three-hour lag of temperature variations in
Yekaterinburg (π/4) indicates that the heat transfer here occurs at the surface of a ho-
mogeneous medium. Less lag (by 33 minutes) and a higher amplitude of temperature
fluctuations in Verkhnee Dubrovo indicate the presence of an upper layer with reduced
thermal properties. It was confirmed by the thermal conductivity measurements carried
out in July–August 2020 [Demezhko et al., 2022]. An approximately 10-cm-thick upper
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Figure 7. Surface air temperature changes in a diurnal cycle in Yekaterinburg (Tu) and Verkhnee
Dubrovo (Tr) averaged over the first two decades of August 2022 (solid lines) and UHI intensity (∆T ).
Dotted lines show 24-hour harmonics. The colored arrows mark the maxima of the corresponding
harmonics; the black one marks the solar noon.

turf layer with a thermal conductivity of 0.8 W m−1 K−1 in dry July and 1.1 W m−1 K−1 in
wetter August 2020 lies on loams with a thermal conductivity of 1.5–2.3 W m−1 K−1.

The phase differences between the urban and rural 24-hour temperature harmonics
lead to the fact that the UHI intensity maximum of the 24-hour harmonic occurs at 1:06 a.m.
of the next day, or 9 hours and 1 minute later than the urban temperature maximum.

Thus, the described model explains the 24-hour component of diurnal variations in
the UHI intensity in Yekaterinburg in terms of surface air temperature quite well. Since
impenetrable urban pavements are typical for most cities in the world, just as upper soil
layers with reduced thermal properties are a feature of suburban areas, the described
model seems to be quite universal.

In addition to the 24-hour harmonic, the UHI intensity diurnal variations contain
a local afternoon maximum and local morning and evening minima (Figure 7). The morning
minimum, when ∆T sometimes reaches negative values (the so-called urban cool island, or
UCI), is observed in some cities. It is explained by the influence of the geometry of cities
(the canyon effect) that hinders direct morning insolation of the surface [Earl et al., 2016;
Oke, 1982]. It is possible that the canyon effect is also responsible for the evening minimum.
The local afternoon maximum is not a unique phenomenon either. A similar maximum
was observed, for example, in Delhi [Aslam et al., 2017], Athens [Founda and Santamouris,
2017], and Shanghai [Ao et al., 2019], but no convincing explanation was provided.

Spectral decomposition of temperature data revealed 12-hour and 8-hour harmonics
both in Yekaterinburg and Verkhnee Dubrovo (Table 2). For an 8-hour harmonic, the
phase difference between temperature variations in the city and in the countryside in
radian terms is approximately the same as for 24-hour harmonics. The 8-hour harmonic
amplitude in Yekaterinburg is lower than in Verkhnee Dubrovo. It suggests that the 8-hour
harmonic is of radiative origin, and its transformation happens due to the same mechanism
as the transformation of the 24-hour harmonic. The phase shift between the city and
the countryside for the 12-hour harmonic is excessively large, while the amplitude ratio
AT u/AT r > 1, which indicates a different mechanism of its formation, for example, through
evapotranspiration or the canyon effect. At the same time, both the 8-hour and 12-hour
harmonics of ∆T form the daytime local maximum, and the 8-hour harmonic forms the
local morning and evening minima as well (Figure 8).

The UHI intensity in the diurnal cycle is everywhere positive. It is due to differences
in mean daily temperatures: 20.1◦C in Yekaterinburg and 18.4◦C in Verkhnee Dubrovo.
A higher mean daily temperature in the city is obviously associated with factors that
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Table 2. Summary of spectral analysis of surface air temperatures in Yekaterinburg (Tu) and Verkhn-
eye Dubrovo (Tr) in August 2022

Harmonic,
hours

Location
Amplitude,

K

Local
time of

maximum

Phase diff.
βu − βr

∆T phase shift
γu −γr

rad. min. rad. hours

24
Yekaterinburg 5.18 4:01 p.m.

0.144 33 2.38 9.09
V. Dubrovo 6.17 3:28 p.m.

12
Yekaterinburg 0.63

0.661 76
V. Dubrovo 0.36

8
Yekaterinburg 0.56

0.157 12
V. Dubrovo 0.82

constantly operate during the day, for example, the obstruction of the outgoing long-wave
radiation in the city. Although the traditional explanation of the variable component with
a nighttime UHI maximum suggests the nighttime obstruction of the outgoing radiation in
the city, it is easy to make sure that this is not the case. It suffices to consider the diurnal
behavior of the outgoing radiation recorded by actinometric stations. For example, in
Verkhnee Dubrovo in July 2020, the diurnal intensity of outgoing long-wave radiation
varied from 400 W/m2 at night to 500 W/m2 during the day [Demezhko et al., 2022]. The
temperature effect in the city caused by this factor will be proportional to the intensity
of the outgoing radiation, i.e., a little higher during the day. Other factors leading to
an increase in the long-term surface temperature in the city are permanent heat sources,
reduced evapotranspiration, and albedo.

Figure 8. The diurnal cycle of temperatures in Yekaterinburg (Tu) and Verkhneye Dubrovo (Tr)
synthesized from the first three harmonics and the UHI changes (∆T ).

The given example for August 2022, when the a priori simplifications adopted in
the model (see section “The Model”) were observed almost perfectly, showed that in such
conditions the model explains the diurnal variation of the UHI well. Let’s consider the
model’s validity in other seasons. Table 3 shows the characteristics of 24-hour harmonics
of diurnal air temperature variations in Yekaterinburg and V. Dubrovo, averaged over the
months of 2023. The characteristics were calculated using spectral analysis of temperature
data from a 3-hour sampling (https://rp5.ru/).

The temperature maximum of the 24-hour harmonic in Yekaterinburg is observed
at 3:54–5:48 p.m. and in V. Dubrovo at 3:24–5:27 p.m. Moreover, in all months, the tem-
perature maximum in Yekaterinburg is observed 5–80 minutes later than the temperature
maximum in V. Dubrovo. A lag close to 30 minutes, as in the “ideal” example discussed
above, is typical for the warm half of the year (April–October). The large spread of βu − βr
estimates and the low amplitude of temperature variations in November–March indicates
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Table 3. Characteristics of the 24-hour harmonic of the diurnal variation of air temperatures in Yekaterinburg and V. Dubrovo and the
24-hour harmonic of UHI intensity in 2023

Months

Temperature variation

Phase diff.
βu − βr , min

UHI intensity
Yekaterinburg V. Dubrovo

Loc. time of
maximum

Amplitude, K
Loc. time of
maximum

Amplitude, K
Loc. time of
maximum

Amplitude, K R2

Jan 05:48 p.m. 0.87 04:28 p.m. 0.94 80 11:58 p.m. 0.32 0.54

Feb 04:38 p.m. 2.53 04:17 p.m. 2.67 21 00:35 a.m. 0.27 0.38

Mar 04:15 p.m. 2.49 03:56 p.m. 2.72 19 01:16 a.m. 0.31 0.75

Apr 04:28 p.m. 4.58 03:53 p.m. 4.85 35 11:32 p.m. 0.77 0.79

May 04:03 p.m. 5.64 03:30 p.m. 6.10 33 11:41 p.m. 0.97 0.82

Jun 03:56 p.m. 4.04 03:24 p.m. 4.49 32 00:09 a.m. 0.74 0.66

Jul 03:54 p.m. 4.30 03:31 p.m. 4.44 23 10:53 p.m. 0.46 0.58

Aug 04:16 p.m. 3.76 03:40 p.m. 4.19 36 00:14 a.m. 0.76 0.98

Sep 04:09 p.m. 3.80 03:25 p.m. 3.63 44 08:52 p.m. 0.73 0.79

Oct 04:13 p.m. 1.64 03:43 p.m. 1.67 30 10:32 p.m. 0.21 0.78

Nov 04:35 p.m. 0.62 04:18 p.m. 0.85 17 07:16 p.m. 0.10 0.22

Dec 05:32 p.m. 0.58 05:27 p.m. 0.40 5 05:41 p.m. 0.18 0.33

an insignificant influence of solar radiation on the surface air temperature. The maximum
of the UHI (∆T ) is observed at 17:41 p.m.–01:16 a.m. of the next day. The maximal am-
plitude of the daytime UHI intensity is observed in April–September. The coefficient of
determination (R2) presented in the last column of Table 3 measures which part of the
observed dispersion of the diurnal variations of ∆T is determined by the 24-hour harmonic.
The coefficient of determination consistently exceeds 0.5 in the warm half of the year, and
it is minimal in the winter months. During this period, there are a minimum number of
clear days in the Urals. Snow cover also prevents radiation heat transfer. Thus, as it has
been expected, the described model explains well the nighttime maximum of the diurnal
UHI variations in the warm half of the year with the maximum number of clear days.

7. Conclusions

A new possible mechanism that explains the typical pattern of the diurnal UHI
intensity cycle with a nighttime maximum and a daytime minimum considers the phase
shift between the temperature variations in urban and rural areas. This phase shift occurs
due to the difference in thermal structure of the subsurface in the city and countryside.
The insolation maximum and the maximum of the ground (pavement) surface heat flux
are simultaneously observed at solar noon. In the case of a homogeneous medium, the
maximal temperature at the surface is observed π/4 later than the heat flux maximum
(i.e., 3 hours later for the main 24-hour harmonic). With the presence of an upper layer
having low thermal properties compared to the underlying layers (for example, turf lying
on loam), the phase shift between the heat flux and temperature variations would be less
than π/4. Such conditions are often observed in rural areas, leading to a decrease in the
phase shift between the heat flux and temperature in the countryside compared to the
values in the city. The delay of temperature variations in the city relative to those in the
countryside leads to an even greater delay in their difference (the UHI intensity) relative
to the heat flux. For the 24-hour harmonic, this additional delay will be approximately
6 hours, or 9 hours from the solar noon under equal rural and urban amplitudes of diurnal
temperature variations. The proposed mechanism is most efficient in calm weather with its
clear skies and low wind speed when the net radiation plays the main role.

The model’s validity was proven by a single example, that of Yekaterinburg. In
addition to the described mechanism, meteorological factors that have stable diurnal
dynamics in certain seasons, such as wind, precipitation, and processes occurring in the
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boundary layer, can contribute to the formation of the diurnal cycle of the UHI. The
height of the convective boundary layer that is usually less at night determines the relation
between the air surface and the ground surface temperatures and may introduces natural
distortions into the described mechanism.

Because a nocturnal UHI maximum is a common phenomenon, further testing of the
model should be carried out using high-resolution meteorological data from other cities
of various sizes, located in different geographical situations. That is the subject of future
research.

The described mechanism determines the variable part of the diurnal UHI intensity.
The permanent part is formed by the higher mean daily temperatures in the city. They
can be associated with excessive heat accumulation in the underground environment due
to permanent urban heat sources, reduced evaporation, and the low albedo of the urban
surface.

Because the UHI factor contributes crucially to global warming, heat related mor-
talities, and unpredictable climatic changes, it is very important to identify the main
causes of the UHI. We hope that the model we have developed will contribute to a better
understanding of the mechanisms of the urban heat island formation.
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