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Abstract: Despite the fact that the presence of a heat island over a city was established quite a
long time ago, now there is no versatile algorithm for the determination of the urban heat island
intensity. The proposed models either take into account only one or several factors for the formation
of an urban heat island or do not consider physical reasons for the difference in thermodynamic
conditions between a city and countryside. In this regard, it is impossible to make a forecast and
determine the optimal methods for reducing the urban heat island intensity for an arbitrarily chosen
city in a wide range of its characteristics and climatic conditions. This paper studies the causes for
the formation of an urban heat island in order to develop the quantitative model of this process
through the determination of the difference in radiation fluxes of various nature between a city and
countryside (background area). A new equation allowing the intensity of an urban heat island in
different seasons and different times of day, as well as under various atmospheric conditions, to be
calculated from meteorological parameters measured at a stationary observation station is proposed.
The model has been tested through the comparison of the results of numerical simulation with
direct measurements of the heat island in Tomsk with a mobile station. It is shown that the main
contributors to the formation of the heat island in Tomsk are anthropogenic heat emissions (80-90%
in winter, 40-50% in summer) and absorption of shortwave radiation by the urban underlying surface
(5-15% in winter, 40-50% summer). The absorption of longwave radiation by the urban underlying
surface, absorption by atmospheric water vapor and other constituents, and heat consumption for
evaporation are insignificant. An increase in the turbulent heat flux is responsible for the outflow of
40-50% of absorbed energy in summer and 20-30% in winter.

Keywords: urban heat island; heat flux; city; heat balance of the underlying surface

1. Introduction

The main difference between thermodynamic conditions in a city and countryside
consists in an increase in the air temperature at the urban territory, i.e., the formation
of an urban heat island (UHI). Despite the fact that the presence of a heat island over a
city was established quite a long time ago [1], this topic does not lose its urgency, since
regularities of UHI formation and, accordingly, the methods of controlling this mostly
negative phenomenon have not been determined yet.

The main adverse effect of the presence of a UHI is the formation of local air circulation
in the vicinity of a city, which traps pollutants in its territory [2,3]. In this case, the higher
the UHI intensity (UHII), the more stable the local circulation and the stronger the urban
air pollution. In addition, an increase in the temperature in the city significantly worsens
the living comfort in the hot period [4-6].

The reasons for UHI formation have been analyzed for a long time [7]. The main
factors for the UHI formation in the city are the following: direct emissions of heat gen-
erated by combustion of all types of fuel and consumption of electricity [8], an increase
in the absorption of solar radiation by the underlying surface due to a decrease in its
albedo [9], accumulation of absorbed solar energy during the day and release at night due
to change in the thermophysical properties of the urban underlying surface [10], lack of
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energy consumption for water evaporation in the city [11], and extra absorption of solar
radiation by atmospheric water vapor [12] and minor gas and aerosol constituents [13]
formed as a result of economic activities (combustion of all types of fuel). Despite attempts
to develop a UHI model based on different approaches, now there is no versatile algorithm
for the determination of the UHIL Thus, for example, only dependences of UHII with the
immediate environment of the measurement site were obtained in [14]. Unger focused
on the sky view factor [15]. Robbiati et al. quantified thermal reduction and evaluated
the performance of vegetated-microcosm treatment [16]. Stache et al. demonstrated that
significant differences in thermal behavior between different types of urban vegetation
surfaces occur [17]. Statistical models have limited applicability because they require
additional analysis (calibration) for every city [18,19]. Of particular note is the paper by
Theeuwes et al. [20], in which several factors of UHI formation are taken into account. How-
ever, the proposed approach does not allow taking into account the significant contribution
of anthropogenic heat and some other factors. The recent study based on the analytic
hierarchy process (AHP) [21] provided the quantitative estimation of the main factors
affecting UHII in the summer season. However, this model does not consider physical
reasons for the difference in thermodynamic conditions between a city and the countryside.

The aim of this study is to develop a quantitative model of the UHI formation based
on the determination of the difference in radiation fluxes of different nature in the city and
in the countryside (background area). The possibility of constructing this energy model
is provided by the earlier integrated study of the heat balance of the urban underlying
surface, in which all radiation and heat fluxes over the territory of the city of Tomsk were
determined [22,23], as well as by the series of experiments on assessing the UHII and size
though spatial measurements by the mobile station [24]. It is important to note that this
UHI model should take into account the influence of all the main factors of UHI formation
and their relative contributions in different seasons and different times of day, as well as
under various atmospheric conditions.

2. Model of Urban Heat Island

To construct the quantitative energy model, we assume that UHI covers a spatial
region with changed, in comparison with the background, characteristics of reflection,
absorption, and emission of energy that cause an increase in temperature. Within the
framework of this model, the change in the absorption of energy from external sources
and its emission into the outer space is estimated without a detailed analysis of the energy
redistribution inside the UHI. Figure 1 illustrates schematically the main changes in the
heat and radiation fluxes that cause the UHI formation.
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Figure 1. Main changes in the heat and radiation fluxes at the urban underlying surface that cause
the formation of the urban heat island.
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The sun (radiation flux Q) and the atmosphere (radiation flux B;) are the main external
energy sources. The energy is accumulated in UH]I, first, due to the difference in the
reflective (and, accordingly, absorptive) properties of the urban surface as compared to
the countryside (change in the flux Qs,r). The second factor is the extra absorption of
both the shortwave and longwave radiation in the city by anthropogenic constituents,
including water vapor (change in the flux Q;). Third, one of the important causes for
the UHI formation is the absence of energy consumption for evaporation, since it was
found that in the countryside the hidden heat flux for water evaporation Qf is much larger.
Finally, direct heat emissions from the combustion of all types of fuel and the consumption
of electricity are considered as the main reason for the UHI formation. This internal energy
source is referred to as the anthropogenic heat flux Qr.

It is obvious that as the air temperature in UHI increases, the value of the turbulent
heat flux Qp, which serves as an evacuator of excess energy, should increase too.

Thus, in the general form, the equation for the radiation flux Qs providing for a
temperature increase in UHI can be written as

Quar = QF + AQuur + AQq + AQE — AQyHH! 1)
where Qr is the anthropogenic heat flux in the city, AQsur = AQSWSR + AQqu MR is the differ-
ence between shortwave (AQus"% = Quisry — Qnmrsur>X) and longwave

(AQsur™® = Quypsur™® — Qrursur™®) radiation fluxes absorbed by the urban (Qyp.s,r) and
rural (Qrursur) underlying surface, AQ, = AQ.SR + AQ,ER is the difference of shortwave
(AQ:*R = Qu.a®™ = Quura®) and longwave (AQaR = Qurpa™ — Qrura™®) radiation fluxes
absorbed by the urban and rural atmosphere, AQf is the difference in the urban and rural
heat consumption for evaporation, and AQyYH! = Q"™ — Qi™ is the difference in the
urban and rural turbulent heat fluxes.

It should be also noted that the radiation flux AQs,, associated with the changed
absorption capacity of the urban surface is redistributed as follows: During the day, a part
of the absorbed energy is spent directly in the increase in the UHI temperature (through an
increase in the fluxes Qp and By), while another part is accumulated in the deeper layers
(road surface and building walls) due to the heat flux Qs. At night, the accumulated energy
is directed in the opposite direction from the deeper layers to the surface and spent in the
increase in the UHI temperature. This fact should be taken into account when assessing the
diurnal variation of the UHIL

2.1. Absorption of the Shortwave and Longwave Radiation by the Underlying Surface

The contribution of absorption of shortwave (SR) and longwave (LR) radiation to the
formation of the UHI in the city can be determined from estimates of the following parameters:

AQSHVSR = Qurb.surSR - QVMT‘SHTSR (2)

LR LR LR
Aqur = Qurb.sur - Qrur‘sur (3)

where Q4 sy and Qyursur are the radiation fluxes absorbed by the urban and rural underly-
ing surfaces, respectively.

2.1.1. Absorption of Shortwave Radiation (AQSWSR)

As was noted above, the decreased value of the reflection coefficient of urban surfaces
in comparison with natural ones when exposed to the solar radiation in the daytime is the
reason for their stronger heating [25,26] and, accordingly, an increase in their own radiation
By, turbulent heat flux Qyy, and the heat flux to the deeper layers Qs. It is obvious that the
positive difference in the heat fluxes (By,,p + Qrur) — (Borur + QHrur) in the daytime is the
direct reason for the increased air temperature in the city (contributes to the UHI formation).
At night, the UHI formation is affected by the daytime increase in Qg in comparison with
Qsrur- Massive buildings and asphalted surfaces in the city in the daytime act as a storage
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for the energy of thermal radiation carried by an increased (compared to the rural value)
flux Qs. Obviously, to determine the effect of absorption of shortwave solar radiation on
the UHII at different times of day, it is necessary to study in detail the diurnal dynamics
of the following components of the heat balance equation: By, Qy, and Qs. However, to
find the average contribution of changes in the absorption of solar radiation by the urban
surface, it is sufficient to use the average values of QaurR.

The difference between the solar radiation absorbed in the city and outside the city
can be estimated from the known urban A,,;, and rural A,,, albedos as follows:

AQSWSR = Q(l - Aurb) - Q(l - Arur) = Q(Arur - Aurh) (4)

where Q is the total solar radiation and A,,;, and Ay, are the albedos of the underlying
surface in the urban and rural areas, respectively.

2.1.2. Absorption of Longwave Radiation (AQg, %)

It is obvious that a change in the underlying surface in the city, along with a change in
the absorption capacity of solar radiation, also changes the absorption capacity of thermal
(longwave) radiation of the atmosphere B,.

Using an approach similar to the calculation of the difference between the absorbed
solar radiation in the city and in the countryside (Equation (4)), we can estimate the
difference between the absorbed longwave radiation in the city and outside the city using
the following equation:

AqurLR = Ba(l - Kurh) - Bu(l - Krur) = Ba(Krur - Kurh) (5)

where K,;;;, and K;,; are the integral reflection coefficients for the longwave radiation in the
urban and rural areas, respectively.

It should be noted that Equations (4) and (5) can be directly used to determine the
diurnal average contribution of these components to an increase in the UHIL. However, as
was already mentioned, the process of redistribution of the energy absorbed by the urban
surface is inertial. Therefore, we propose the use of the following equations to estimate the
diurnal variation of the contribution of these components:

0
AqurSR = %/ Q(t)(Arur - Aurb)dt (6)

-7
1 0

AqurLR = ;/ Ba(t) (Krur - Kurh)dt (7)
-7

where T is some time interval preceding the time of determination of the UHII f = 0.

2.2. Estimation of Atmospheric Absorption of the Shortwave and Longwave Radiation

The change in the fluxes of shortwave and longwave radiation in the atmosphere due
to the absorption by anthropogenic atmospheric constituents can be determined as

AQ R = AQw R + AQ,R 8)

AQH = AQWH + AQM ©)

where AQyy is the change in the radiation fluxes due to absorption by water vapor and
AQ)y is the change in the radiation fluxes due to absorption by minor gas constituents and
aerosol of anthropogenic origin.

2.2.1. Absorption of Shortwave Radiation by Urban Water Vapor (AQw°)

The change in the flux of solar radiation due to absorption by urban water vapor
can be most easily estimated from direct measurements of humidity in the city W,
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and in the rural area Wy, [24] using the results of simulation of solar radiation fluxes Q
for different humidity [27]. If we know the values of shortwave solar radiation fluxes
incident on the Earth’s surface in the spectral range 0.2-5.0 um for winter and summer
meteorological conditions with characteristic minimum, average, and maximum values of
the total water vapor content, then we can calculate the increment of the solar radiation
flux 0Q at a change in the total water vapor content by 0W in the entire range of possible
atmospheric conditions.

Then, from the measured solar radiation flux Q and the estimated difference between
the urban and rural total water vapor content AW = W,,,;, — Wy, we can determine the
difference AQw R = Q,;p — Qpur using the following equation:

9Q/0W |

AW = -5

W (10)

where the normalized derivative 222" determined from the simulated solar radiation
fluxes for various humidity [27] characterizes the relative change of the solar radiation flux
Q at a change in the total water vapor content W in the atmosphere.

2.2.2. Absorption of Longwave Radiation by Urban Water Vapor (AQu"?)

The change in the longwave radiation flux B, due to anthropogenic water vapor in the
urban atmosphere, as in the case of shortwave radiation, can be estimated from downward
longwave fluxes simulated for winter and summer conditions at different total water vapor
values [28]. The values of downward fluxes of longwave radiation in the spectral range
0-3000 cm ™! (wavelengths longer than 3.3 um) for winter and summer meteorological
conditions at characteristic minimum, average, and maximum values of the total water
vapor content are given in [28]. These results allow us to calculate the increment of the
longwave radiation flux dB, as the total water vapor content changes by dW, which is
needed for determination of the normalized derivative w. The parameter W
characterizes the relative change of the longwave radiation flux B, at the change of the total
water vapor content in the atmosphere W.

Then, using the measured longwave radiation flux B, and the difference between the
urban and rural total water vapor contents AW = W,,,;, — W, estimated from measure-
ments of the meteorological parameters with the mobile station at the territory of the city
and its suburbs, we can determine the difference AQwR = —AB, — AQw°R, where AB, =
By up— Ba rur, which is the reason for an increase in temperature in the city:

B, 0B,/ oW

AW — AQw°R (11)
B,

AQW =

The subtraction of AQuw"R in Equation (11) is explained by the fact that the thermal ra-

diation of the atmosphere within UHI increases due to absorption of not only the longwave
but also solar radiation by water vapor.

2.2.3. Absorption by Minor Gas Constituents and Aerosol of Anthropogenic Origin (AQ,°}
and AQPLR)

The studies of pollution in a city with a moderate pollution level [29-33] have shown
that the mass content of all pollutants is several orders of magnitude lower than the
difference in the mass water vapor content in the city and outside the city. In this connection,
without making an accurate estimation of changes in the fluxes of shortwave and longwave
radiation due to absorption by minor gas constituents and aerosol of anthropogenic origin
AQPSR and AQPLR, we can assert that AQPSR and AQ,,LR are much smaller than AQp R
and AQu!R. Therefore, they can be neglected when determining the reasons for the UHI
formation. Then, we obtain that

AQ.*R &~ AQw"



Atmosphere 2022, 13, 457

6 of 18

AQaLR ~ AQWLR

and, consequently, the change in the absorptivity of the urban atmosphere has a little effect
on the UHI formation.

2.3. Estimation of the Effect of Lower Energy Consumption for Water Evaporation in the City
(AQg) on Formation of the Urban Heat Island

One of the most significant factors forming the urban heat island, according to many
authors, is the decreased energy consumed for evaporation of water in the city as compared
to the background area [11].

The effect of lower energy consumption for water evaporation in the city on the
UHI formation in Tomsk was estimated from calculation of the heat flux associated with
evaporation and condensation of water vapor [23] and measurements of the absolute
humidity in the city and in the background region [24]. The value of AQf was calculated
as follows:

AQE ~ Qe@rur — Aurp)/ arur (12)

where QF is the heat flux associated with evaporation and condensation of water vapor
and a,,; and a,,,, are the urban and rural absolute humidity values in g/m?.

2.4. Anthropogenic Heat Flux

Obviously, within the framework of a human life, almost all energy consumed by a
person is sooner or later transformed into heat, which is the reason for the increase in the
UHIL In this connection, neglecting the outflow of an insignificant amount of energy from
UHI due to street lighting and other sources, the anthropogenic heat flux can be estimated
as follows:

QF = Qrr + OFe (13)

where Qpr is the anthropogenic heat from burnt fuel (enterprises, vehicles, and utility
gas) and Qrr is the heat from consumed electric energy. To determine these components,
we can request the statistical data on the consumed electric energy and fuel per month
in the relevant services and then calculate the average heat flux, taking into account the
specific heat of combustion of different types of fuel. If it is necessary to determine more
accurately the contribution of each component, we have to analyze all the main ways
of transformation of electric energy and energy from fuel combustion to determine the
redistribution of energy consumption within the standard working week and time of day
and to estimate the fraction of energy leaving the city.

2.5. Turbulent Heat Flux

It is obvious that the outflow of the accumulated heat from UHI is mainly determined
by the difference in turbulent fluxes in the city and outside the city AQy"H! = Qp"t — Qu™.
Using the gradient method for determining the turbulent heat flux [23], we can write the

following equation for Qp:

oT
Qg = kapg (14)

where k is the turbulence coefficient (m?/s), 9T/dh is the vertical temperature gradient
(°C/m), C, = 1006 ]/ (kg °C), and p is the air density (1.25 kg/m?3).

2.6. Calculation of the UHII

If for the vertical temperature gradient we use the temperature difference
dT =Typ — Tyy with the height increment ok = hy — hy equal to the UHI height ok = hyyy, then
assuming that the urban and rural air temperatures above ki coincide, i.e., T = Ty,
we obtain the following equation for the difference between the urban and rural turbulent
heat fluxes:

(15)
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where ATygi= Tm”’b — Ty1™" is the increment of the near-surface temperature in the city
due to anthropogenic changes (UHII), in °C, and hyy; is the UHI height, in m.

Then, we can use the Matveev equation [34,35] proposed for estimation of the contri-
bution of the anthropogenic heat flux to an increase in the UHII:

Qrl

Alumr = CpphuniV

(16)

where Qf is the anthropogenic heat flux, in W/ m?; V is the wind speed, inm/s; and / is the
linear size of the city in the wind direction, in m. The physical meaning of this equation is
the following: if the air column moves within the city during the time ¢ =//V and the heat
entering it spreads to the height /i, then its temperature increases by AT.

In our case, the anthropogenic heat flux in Equation (16) should obviously be replaced
with the sum of all heat fluxes causing the UHI formation:

Qunr = AQsur + AQq + AQE + Qr — AQyMH! = Q, — AQy"H! (17)

Thus, Equation (16) for estimating the contributions of all the heat fluxes given by
Equation (17) to the increase in the UHII with allowance for the turbulent heat flux given
by Equations (14) and (15) has the following form:

UHI

CpPhUHIV

(Q+ —k CPP%)Z
ATynr =

(18)

Then, solving the obtained equation for ATy, we obtain the following equation for
the UHII:
10+

Cpohuni(V + Vh)

ATynr (19)

ki
h%IHI
limits, in m/s, and V is the speed of horizontal UHI motion, in m/s.

It should be noted here that the resulting equation is similar to the Matveev Equation (16)
with the only difference that the numerator includes the sum of all the heat fluxes characteriz-
ing the energy inflow to the UHI region and the wind speed in the denominator is replaced
with the sum of the wind speed and some parameter Vp, which has the meaning of the
speed of turbulent heat outflow from UHI. In this case, the speed V is determined by the
speed of wind-driven drift of the “city cap”. In the case of a constant wind direction, the
drift speed is determined by the absolute value of the wind speed. In situations that the
wind direction changes faster than the time needed for the “city cap” to be completely
displaced by the wind V' = V4

where Vi = has the meaning of the rate of turbulent heat outflow outside the UHI

0 2 0 2
Viripr = | <V >¢ | =< {ViVy} >= \/C /4 Vx(tl)dt/) + (1 /4 Vy(t/)dt/> (20)

where ¢ is the time interval for averaging; it should be ¢ > I/V.

Thus, the presented equations allow us to estimate the heat fluxes characterizing the
heat inflow to the UHI region, while Equation (19) allows estimation of the UHII in the form
of the temperature increment. We call this model an energy model because it does not allow
us to analyze the heterogeneity of the air temperature distribution in the city depending
on the building density, location of large enterprises, and other factors. In addition, based
on this model, it is impossible to analyze the smooth decrease in the UHII with height.
This model corresponds to the moderate increase in the air temperature within the volume
Vunr = Sunr X hymr. However, the results of testing this model have shown that, with
the correct choice of the parameter h;yj, the calculated UHII is in good agreement with
direct measurements.
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3. Testing of the Model against Direct Measurements of Heat Island in Tomsk as
an Example

3.1. Experimental Site, Measurement Systems, and Statistical Information

To test the proposed model, a series of experiments on direct UHI measurements was
conducted. The urban heat island and humidity were studied in the territory of Tomsk,
which had the total area of 294.6 km? and population of 528,600 people (for 2009) [24].
The meteorological parameters were measured in the period of 20042010 with the AKV-2
mobile station [29] on the chassis of a GAZ-66 boxcar. The mobile station was made by the
V.E. Zuev Institute of Atmospheric Optics SB RAS in 2004. The station equipment allowed
automatic every-second measurements of air temperature and humidity; wind speed and
direction; total solar radiation; size spectrum of aerosol; and concentrations of gases NO,
NOQ, 03, 502, CO, and COz.

The route for the mobile station was chosen to provide for the maximal coverage of
all the main highways of the city for the minimal time [32]. It took several hours for the
mobile station to complete the given route. For this time, the values of air temperature and
humidity varied (natural daily variation), which could significantly distort the UHI size and
intensity determined from the difference between urban and rural values of meteorological
parameters. In this connection, a correction for the natural daily variation was introduced.

The background values of air temperature and humidity for different wind directions
were taken from two sites: the TOR station and the meteorological station located in the
eastern and southern suburbs of Tomsk, respectively. Since the meteorological parameters
were measured every hour at the TOR station and every three hours at the meteorological
station, the TOR station was taken as the main background site. Measurements at the
meteorological station were used only in the westerly wind when the TOR station was
influenced by the air flow that passed through the city.

Table 1 presents the data needed to calculate the components of additional heat
influx and temperature increment in the city and characterizes the measurement systems
and periods.

Table 1. Data needed to calculate the components of additional heat influx temperature increment in
the city, measurement systems, and measurement periods.

Data Needed for Calculation

Measurement Systems, Measurement Period,

Statistical Databases Its Characteristics Ref.

Q—total solar radiation, W/m?2
t—air temperature, °C

Rh—air humidity, %

v—wind speed, m/s
P—pressure, Pa

Every-minute (with hourly averaging)
continuous measurements of

TOR station background values of meteorological [36,37]
parameters at a stationary observation
site on the eastern side of the city

t—air temperature, °C
Rh—air humidity, %
v—wind speed, m/s
P—pressure, Pa

Tomsk Center for

Hydrometeorology and Continuous (every 3 h) measurements
Environmental Monitoring—branch  of background values of meteorological [38]
of the West-Siberian parameters at a stationary observation =~
Hydrometeorology and site on the southern side of the city

Environmental Monitoring

t—air temperature, °C
Rh—air humidity, %
v—wind speed, m/s
P—pressure, Pa

Every-second (with minute averaging)
measurements of urban and
background meteorological parameters

AKV-2 mobile station at the mobile station with reference to [29-33]
coordinates. Twelve S-route trips
around the city and the background
area.
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Table 1. Cont.

Data Needed for Calculation

Measurement Systems, Measurement Period,

Statistical Databases Its Characteristics Ref.

*Q1T—solar radiation flux
reflected by the surface, W/ m?

*QJ—solar radiation flux incident

on the surface, W/m?

Every-second (with minute averaging)
measurements of solar radiation fluxes

Optik-E AN-30 flying laboratory from aircraft with reference to [39,40]
coordinates. One flight in a month over
the city and the background area.

t—air temperature, °C
Rh—air humidity, %

Every-minute (with hourly averaging)
measurements of background values of
meteorological parameters at a

v—wind speed, m/s BEC observatory stationary observation site on the [41]
P—pressure, Pa eastern side of the city at heights of 10,

20, 30, 40 m
Amount of fuel (tons) consumed
by large and small enterprises Tomskstat Annual statistical data [42]
and vehicles
Amount of generated electrical Territorial Generating Compan
energy (kW h) and heat energy No. 11. Tomsk brancﬁ pany Monthly statistical data [43]
(Gcal) for heating of buildings Y
Amount of consumed electrical Tomskenergosbyt regional energy Monthly statistical data [44]

energy (kW h)

retail company

*A = Q1/Ql, A—albedo of the underlying surface

3.2. Estimation of Heat Fluxes from Measurements of Meteorological Parameters
3.2.1. Estimation of Absorption of Shortwave and Longwave Radiation by the
Underlying Surface

The presence of a large number of massive buildings and asphalted surfaces in the
city significantly affects the thermodynamic conditions. To assess the possibility of heat
accumulation by the urban underlying surface during the day and subsequent heat release
at night, we first determined the mass of building materials absorbing radiation, namely
building walls and asphalt. When analyzing the development of Tomsk [45], it was found
that about 20% of the UHI area (Syp; = 50 km?) is occupied by houses with an average
height of 15 m, 50% is asphalted, and 30% is parks and plantings. The area of house walls
within UHT is about 17 km?. With an average wall thickness of 0.5 m and an average density
of 2000 kg/m?3, this amounts to 17 x 10° kg. With an average asphalt concrete thickness of
30 cm and a density of 2300 kg/m?, its mass within UHI is also about 17 x 10° kg.

Then, with the average heat capacity of building materials (brickwork, concrete,
asphalt concrete, etc.) C, = 0.9 ]/ (kg K), an increase in the temperature of asphalt concrete
and outer walls of houses by only 1 °C allows accumulation of about 3 x 10'° J of thermal
energy. Accumulation of this amount of energy due to absorption of radiation in a built-up
area within UHI (S = 35 km?) in the daytime (for 12 h) provides the radiation flux of
20 W/m?.

Thus, we can conclude that the change in characteristics of the underlying surface
in the city allows absorption and subsequent emission of radiation fluxes exceeding the
background (suburban) values by tens or even hundreds of watts per square meter.

Figure 2 shows the annual profile of AQg,,°R calculated by Equation (6) upon averaging
for the period of 1995-2005.
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Figure 2. Dynamics of the difference between the fluxes of absorbed shortwave radiation in the urban
and rural areas AqurSR.

One can see that the diurnal average value of AQs.r°R is about 5 W/m? in winter and
fall and 15-20 W/m? in summer. The marked increase in AQSWSR in March as compared to
the winter months can be explained by the marked difference in the urban A3, and rural
Aryr albedos in this period [40]. In March, the snow in the city had almost melted, while
outside the city there was a stable snow cover.

3.2.2. Absorption of Longwave Radiation (AQgur IR

The analysis of spectral dependences of the reflection coefficients of building mate-
rials [46] and various types of the underlying surface [47] has shown that the integral
reflection coefficient of the underlying surface of different types and various building
materials in the longwave range (longer than 3 pm) is an order of magnitude smaller than
the reflection coefficient in the shortwave range (from 0.4 to 3 pm). Figure 3 shows the
annual profile of AQg,,"R averaged for the period of 1995-2005. It can be seen that the
diurnal average value of AQq MR is smaller than 5 W/m?.

104 AQsutR, W/m? —@— 1993 — 2006

4] { ]

LN/NﬂAﬁﬂ\//

T

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

AN

Figure 3. Dynamics of the difference between the fluxes of absorbed longwave radiation in the urban
and rural areas.

3.2.3. Estimation of Atmospheric Absorption of Shortwave and Longwave Radiation

The results of the simulation of solar radiation fluxes [27] yield the following values
of the derivative dQ/dW normalized to the value of the radiation flux Q (Table 2). In our
calculations, we used “winter” data for air temperature below 0 °C and “summer” data for
positive air temperatures.
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Table 2. Relative change of the flux Q due to the change in W.

Winter Summer
Min Average Max Min Average Max
W, g/cm? 0.1 0.25 0.4 1.0 2.0 3.1
%, g/imz —0.155 —0.127 —0.096 —0.033 —0.028 —0.023

From these results, we can find, for example, that in winter, with an average rural
value of the total water vapor content of 0.25 g/cm?, if the urban value of the total water
vapor content exceeds the rural one by 0.1 g/cm?, the urban solar radiation flux coming to
the Earth’s surface is 1.27% smaller than the rural one.

The increase in the total water vapor content in the city AW can be estimated from
measurements of the absolute air humidity in the city and its environs [24]. Assuming
that the excess of the absolute humidity in the city Aa extends to the height of the surface
layer hypynq, which averages 300 m, we can determine AW = Aa hy,,,,5. The results of the
calculation of AW and AQy°R are given in Table 3.

Table 3. Estimates of AQw°R from measurements of the mobile station.

Date, Local Time Aa, g/m3 AW,0p, glem?  Q, W/m? AQwS R, W/m?

23 June 2004 11:00-12:00 —04 —0.012 317 —0.13
11 July 2005 14:30-17:30 0 0 240 0.00
26 August 2005 08:30-12:05 0.6 0.018 177 0.11
14 May 2009 15:00-17:30 0.6 0.018 361 0.21
31 May 2009 11:20-17:00 0.3 0.009 330 0.10
17 July 2009 02:00-07:00 0.4 0.012 337 0.13
25 December 2009 13:30-19:00 0.1 0.003 18 0.01
26 January 2010 13:00-17:00 0.06 0.0018 68 0.02
4 February 2010 00:00-03:40 0.07 0.0021 87 0.03
11 February 2010 12:20-16:20 0.06 0.0018 100 0.03
12 February 2010 20:00-23:00 0.04 0.0012 113 0.02
9 April 2010 11:30-16:20 0.03 0.009 216 0.06

One can see that the change in the solar radiation flux due to the additional absorption
by water vapor in the city is tenths of a watt per square meter.

It should be emphasized that the solar radiation fluxes calculated for the same water
vapor content should differ for the cases when water vapor is distributed vertically in
accord with the meteorological models used in [27] and when its concentration in the
surface layer of urban air is increased. However, since this difference, obviously, does
not exceed 10-15%, the influence of anthropogenic moisture concentrated in the surface
layer on the change in the solar radiation fluxes in our case can be estimated only from the
change in the total content of water vapor.

The results of the simulation of solar radiation fluxes [28] give the following values of
the derivative dBa/dW normalized to the value of the radiation flux B, (see Table 4).
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Table 4. Relative change of the flux Ba due to the change in W.
Winter Summer
Min Average Max Min Average Max
W, g/cm? 0.1 0.25 0.4 1.0 2.0 3.1
OB JOW 1 0.9 0.8 0.7 0.17 0.09 0.05

B, ’ g/cm?

From these results, we can find, for example, that in the winter period, with an average
rural value of the total water vapor content of 0.25 g/ cm?, if the urban value of the total
water vapor content exceeds the rural one by 0.1 g/cm?, the urban solar longwave radiation
flux coming to the Earth’s surface is 8% smaller than the rural one.

The results of calculation of AQw!R obtained similarly to AQ*R are given in Table 5.

Table 5. Estimates of AQwR from measurements of the mobile station.

Date, Time Aa, g/m3 AW, g/cm2 Ba, W/m? AQWLR, Wim?

23 June 2004 11:00-12:00 —04 —0.012 321 —0.52
11 July 2005 14:30-17:30 0 0 303 0.00
26 August 2005 08:30-12:05 0.6 0.018 296 0.90
14 May 2009 15:00-17:30 0.6 0.018 231 0.71
31 May 2009 11:20-17:00 0.3 0.009 309 0.47
17 July 2009 02:00-07:00 0.4 0.012 351 0.72
25 December 2009 13:30-19:00 0.1 0.003 110 0.30
26 January 2010 13:00-17:00 0.06 0.0018 121 0.20
4 February 2010 00:00-03:40 0.07 0.0021 122 0.23
11 February 2010 12:20-16:20 0.06 0.0018 123 0.20
12 February 2010 20:00-23:00 0.04 0.0012 120 0.13
9 April 2010 11:30-16:20 0.03 0.009 166 0.25

One can see that the change in the longwave solar radiation flux due to the additional
absorption by water vapor in the city is tenths of a watt per square meter.

Thus, we can conclude that atmospheric water vapor in the city absorbs shortwave
and longwave radiation, thereby increasing the flux B, as compared to the rural area by the
value AB, = AQWLR + AQWSR, which is smaller than 0.3 W/m? in winter and about 1 W/m?
in summer. The longwave solar radiation flux increases by AB; due to absorption of the
shortwave and longwave radiation to different degrees: in the summer period, AQuR
exceeds AQw°R by several times, while in the winter period AQwR exceeds AQw°R by an
order of magnitude.

3.2.4. Estimation of the Effect of Lower Energy Consumption for Water Evaporation in the
City (AQg) on the UHI Formation

Figure 4 shows the results of the calculation of AQf for 2004.



Atmosphere 2022, 13, 457

13 0f 18

10 - AQE, W/m2

_ —0—2004
5
e §§%\ /ﬁ\%—f
5 — |
-10
-15

T T T T T T T T T T T T T T T T T T T T T T T 1
Jan Feb Mar Apr May Jun Ju. Aug Sep Oct Nov Dec
Figure 4. Dynamics of the difference in the heat fluxes associated with evaporation and condensation
of water vapor in Tomsk and its background (rural) region.

Our estimates have shown that in winter there is no difference in consumption for
water evaporation at all, since the measurements of the extra urban water vapor coincide
with the estimate of the water vapor generated from the combustion of all types of fuel. In
summer, the cost for water evaporation within UHI can reach minus 6 W/ m?2.

Thus, we can conclude that this component is not decisive, as is often noted in the
literature. On the contrary, it may act with the opposite sign, as in our case, i.e., reduce the
UHI], although insignificantly.

3.2.5. Estimation of the Effect of Anthropogenic Heat Emissions on the UHI Formation

The map of the location of main industrial enterprises against the background of
residential quarters of Tomsk is given in [48]. Based on measurements of the temperature
distribution in the city, it was shown that the UHII in Tomsk [24] is in good agreement with
the density of residential and industrial buildings, whose area is significantly smaller than
the total area of Tomsk.

Earlier, we estimated the average value of the anthropogenic heat flux Qr [49]. The
calculations used data on the consumed fuel and electric energy for the entire city having an
area of 294.6 km?. It is obvious that the calculation of the contribution of anthropogenic heat
flux to the UHI formation should be restricted to the data on fuel and electric energy con-
sumption within the UHI area Sy;p;, which in this case is about 50 km?. The anthropogenic
heat flux within the UHI area is denoted as QY.

Based on the information received from the Federal State Statistics Service [42], we can
conclude that the UHI area Sypyy houses about 70% of the Tomsk population and about 70%
of industrial enterprises. Thus, we can assume that about 70% of energy is spent within the
area SUHI =50 kmz.

The distribution of the anthropogenic heat flux Qr/H! emitted within UHI as calculated
with allowance for the UHI area Syjpy; = 50 km? and the fraction of energy (70%) spent within
this area, as well as the annual dynamics of energy consumption, is shown in Figure 5.

It can be seen from Figure 5 that the value of the anthropogenic heat flux within UHI
QrYHI reaches 70-75 W/m? in the winter months and 20-25 W/m? in the summer months,
which is 4 to 5 times higher than the average urban values of Qr.
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Figure 5. Annual dynamics of the anthropogenic heat flux Qr emitted within the city in Tomsk.

3.3. Relation between the Factors of UHI Formation in Tomsk

It should be noted that Equation (19) proposed for calculating the UHII includes not
only meteorological parameters measured with our equipment, but also the parameter hy;,
which was not analyzed in this paper. However, the comparison of the UHII calculated by
Equation (19) with direct measurements by the mobile station has shown that the parameter
hypy for Tomsk can be taken constant and equal to 100 m. We can assume that for any
chosen city this parameter will be constant as well.

Figure 6 compares the UHII calculated by Equation (19) with direct measurements
by the mobile station. In the period of 2004-2010, a total of 12 measurements with the
mobile station were carried out [24]. For a more illustrative demonstration of the seasonal
dependence of the UHI], the results are grouped for months, regardless of the year. A
good agreement of the model results with direct measurements is observed in 11 cases.
Unfortunately, we failed to explain the discrepancy observed on 11 February 2010, within
the framework of the proposed approach. Nevertheless, it can be seen that the UHII is
about 2 °C in winter and about 1 °C in summer.
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Figure 6. Comparison of the calculated temperature change in the city under the effect of all fluxes
(¥) with that measured by the mobile station (MS).

Table 6 presents the calculated contributions of different factors to the formation of
the heat island in Tomsk for the same 12 cases accompanied by the measurements at the
mobile station.
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Table 6. Calculated contributions of different factors to the UHI formation (°C) for the measurements

of the mobile station.

AT ATynr
Date, Local Time Weather Conditions Qr AQ?,E, A Qﬁ,ﬁ A QgR A QﬁR AQ: 0. A QgHI " *MS
ﬁ’zégrjf;:ggll 11\? 0/ }ljrce‘c‘l}i‘tagff 2Im/si 434 051 0.13 0.00 000 016 214  —104 110 11
Loty 200 i{f}iﬁciﬁigéﬁ/ S 048 045 006 000 000 000 099 031 068 09
26 Llugus 2005 i?é pONs calny 359 000 043 002 015 020 399  -298 101 10
}gzggf{;ggg i{:ﬁ;&‘;ﬁxﬁv Lom/si 434 061 004 001 002 000 202 081 121 13
oy 2 i?g JCPCUSWWLOmM/S: 159 011 005 001 002 000 178 080 098 13
(1);:{)‘5%%%9 gg;zciﬁgéfnm/ % 099 115 0.13 0.01 003 000 231  —102 129 12
fg’:;)icle%%er 2009 ﬁsgﬁtl Slr?é VOV; S24m/s; 339 015 010 000 001 000 365 -169 196 2.1
fgzg)%‘j‘l‘;f(%zow icz Z)r;rez:c(i};ilt\;lt\ilgx;liim/s; 384 113 0.13 0.00 001 000 511  —317 194 1.9
o ebraary 2010 ﬁlg?rzl;yl;iigfnz’l m/S 579 038 004 000 001 000 32  -142 180 18
Ezggl_alrgzroy 2010 Efégr?;giﬁgfn” m/s; 248 017 0.04 0.00 001 000 270  -1.02 168 09
éézgglfg%rg 2010 ;f‘;frzlgiyéifat‘zr{“/ s 381 1.03 0.06 0.00 001 000 491  -28 209 20
?g%ﬂ £100 Ss;rrzlgiy};igﬁl(ﬁm/ S 284 030 0.06 0.00 001 000 321  -158 163 16

*% = Q+ + QuUHT; MS is for the average UHII measured with the mobile station.

Analyzing this table, we can see that if the turbulent heat outflow is not taken into

account, then the Matveev equation gives strongly overestimated values. For example,
for the case of 26 January 2010, we can see that, without the turbulent heat outflow, the
calculated UHII is 2.5 higher than the actual value.

The comparison of the UHII calculated by the proposed approach with the measure-

ments of the mobile station has demonstrated the good correlation of the results with the
correlation coefficient of 0.82.

Figure 7 shows the monthly averaged UHII due to all the heat fluxes (19) in 2004.
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Figure 7. Air temperature increment in the city due to all the heat fluxes.

It can be seen that the major energy contributor to Tomsk UHI is the anthropogenic

heat flux: 80-90% of the total energy increment in winter and 40-50% in summer. The
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second most important contributor is the absorption of shortwave radiation by the urban
underlying surface: 5-15% in winter and 40-50% in summer. The absorption of the
longwave radiation by the urban underlying surface amounts to 2-5% in winter and
summer, while the absorption by water vapor and atmospheric constituents is low—below
1%. Heat consumption for evaporation in winter is absent, and in summer it can slightly
(up to 15%) reduce the UHIL The turbulent heat outflow significantly reduces the UHIIL: by
25-30% of the total heat influx in winter and 40-45% in summer.

4. Conclusions

Thus, the proposed equation for the calculation of UHII was obtained with allowance
for the effect of all the main factors of UHI formation and their relative contributions
in different seasons and times of day and under different atmospheric conditions. The
model proposed in this study is based on the understanding and quantitative estimation of
the physical causes of the difference between thermodynamic conditions of the city and
countryside. Its main advantage is versatility. In this case, there is no need to calibrate
the model for different climatic conditions of the geographic location of the analyzed city,
since it does not matter which of the factors are of decisive importance. Moreover, in this
model, heat fluxes affecting the UHI formation can be estimated with measurement facilities
and statistical data different from those used by us. Thus, for example, to determine the
albedo of the urban and rural underlying surface, we used the available data of the flying
laboratory. Perhaps, these data can be obtained somewhat more readily with ground-based
measurement facilities with fairly good averaging over the urban or rural area.

Testing the proposed model through comparison of the calculated UHII with the direct
measurements by the mobile station in Tomsk has shown its good applicability for various
observation conditions: seasons, time of day, and weather conditions.

The relative contributions of the main factors of UHI formation in Tomsk have been
determined. The main contribution to the UHI formation is due to the anthropogenic heat
emissions, followed by the absorption of shortwave radiation by the urban underlying
surface. The absorption of longwave radiation by the urban underlying surface and the ab-
sorption by water vapor and atmospheric constituents are insignificant. Heat consumption
for evaporation in winter is absent, and in summer it can slightly reduce the UHIL

Turbulent heat flux prevents a linear increase in the UHII with an increase in the sum
of radiation fluxes providing the energy inflow to the UHI area. In the warm season, up
to 50% of the absorbed energy is removed due to an increase in the turbulent heat flux
in Tomsk.

It should be noted that the proposed model has one free parameter, namely the height
of the heat island. Therefore, our following study will concentrate on the analysis of the
factors determining this parameter. Tests of our model with the city of Tomsk taken as
an example have shown that this parameter is fixed. Thus, the need to analyze UHI in
significantly different climatic zones and for different kinds of cities encourages wide
scientific cooperation.
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