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Abstract 
 

The paper deals with the analysis of the subsurface urban thermal field using temperature 

logging in boreholes. The method for the separation and quantification of temperature 

anomalies in an urban subsurface induced by climate change and the building construction 

at the local area has been described. The differences in the penetration dynamics for climate 

and local anomalies afford to estimate their contributions separately. The study was carried 

out by the example of the borehole IGF-280 located in Yekaterinburg, Russia. It was found 

that the value of local temperature anomaly caused by the building construction is much 

higher than that induced by climate change (11 K versus 1.4 K). But the climate temperature 

anomaly penetrates deeper than the local one (140 m for the climate anomaly versus 90 m 

for the local one). We also assessed changes in heat content due to climatic changes and 

building operation. The heat content of the rocks increased by 15.6·107 J/m2 due to climate 

change over the past 150 years. The building input to the heat content increase is more than 

twice as higher – 38.6·107 J/m2. About 40% of the heat content gain caused by climate 

change is concentrated in the 20-meter layer of rocks, and 97% of that – in the upper 100 

m. 74% of the heat content gain due to the building influence are concentrated in the upper 

20 m.  

 

 

 

1. Introduction 
 

An urban heat island effect is one of the major problems of 

modern climatology, ecology, and urban planning. Active 

modification of ground surface due to urbanization leads to 

changes in radiation balance of urban territory and, hence, to 

temperature increase of the urban environment in comparison 

with the rural area (Fergusson and Woodbury, 2007; Menberg 

et al., 2013; Esau et al., 2018). Since the discovery of this 

phenomenon two centuries ago by Luke Howard (Howard, 

1818; Mills, 2008), this problem has only been escalating, and 

attention to the issue has been increasing. Most of studies have 

been focused on the investigation of the atmosphere, e.g., the 

features of its thermal, wind and humidity conditions, as well 

as the harmful substances distribution, while the method being 

meteorological observations (Oke, 1973; Rizwan et al., 2008; 

Lokoshchenko and Korneva, 2015; Dudorova and Belan, 

2016; Brusova et al., 2017 etc.). However, increasing 

temperatures due to anthropogenic alterations in urban areas 

can be found not only in the atmosphere but also in the 

subsurface (Fergusson and Woodbury, 2007; Epting et al., 

2013; Benz et al., 2015 and references therein). Changes in 

rock’s temperature influence its filtration and strength 

properties (Liu et al., 2011). The heat entering the subsurface 

can be accumulated by groundwater and be spread laterally 

and vertically (Menberg et al., 2013). An underground thermal 

field contains the information on the heat flows integrated over 

sufficient long-time intervals. Therefore, its analysis allows 

the more precise evaluating of heat exchange at the ground 

surface in comparison with meteorological data. 

Rock temperature at any depth is the sum of the steady-

state component of thermal field produced by the heat flow 

from the Earth’s interior and transient temperature anomaly 

caused by the ground surface temperature (GST) variations. 

The seasonal temperature waves disappear at the depth of 15–

25 m. The influence of long-term climate change is observed 

up to hundreds of meters in case of millennial climate 

variations and even to 1-2 kilometers for the glacial—

interglacial cycles (Pollack et al., 1993; Pollack and Huang, 

2000; Demezhko and Shchapov, 2001; Bodri and Cermak, 

2007; Huang et al., 2009). In case of urban heat islands local 
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transformations of ground surface including building 

construction, alterations of surface cover, an urban 

infrastructure development, etc., contribute significantly to 

transient temperature anomaly of an urban subsurface in 

addition to climate change forcing (Taniguchi et al., 2005, 

2007; Dedecek et al., 2012; Menberg et al., 2013).  

The main source of information on the subsurface 

temperatures inside the city is shallow boreholes (Ferguson 

and Woodbury, 2007; Huang et al., 2009; Dedecek et al., 

2012). Temperature logging provides estimating the modern 

thermal regime of the subsurface. In this paper, we describe 

how to separate and quantify the subsurface temperature 

anomalies caused by climate change and the heated building 

at the local area by the analysis of temperature log using the 

example of the borehole located in Yekaterinburg.  

 

2. Materials and methods 

 

The borehole IGF-280 was drilled in 1983 in 

Yekaterinburg in the territory of the Institute of Geophysics 

UB RAS. The borehole is cased with a 79 mm inner diameter 

steel pipe to a depth of 44 m, and there is an open hole with a 

diameter of 76 mm below (to a depth of 202 m) and 59 mm (to 

the bottom at a depth of 280 m). At the interval of 0 – 20 m, 

the borehole penetrates the weathering crust of gabbro, below 

– dense gabbro with rare peridotite, amphibolite, quartz 

inclusions. In 1984, a heated production building without a 

basement 30 Х 60 m in size was built in the borehole site. The 

borehole is located in the eastern corner of the building at a 

distance of 5 and 10 m from the walls (see Figures 1, 3). 

 

 
Figure 1 - Borehole location (left) and the temperature-depth 

profile measured in the IGF-280 borehole (right). 

 

A precision discrete temperature measurement using a 

quartz thermometer was carried out in January 2020 (Figure 

1). The temperature-depth profile is determined by two 

factors, i.e., climate changes in Yekaterinburg and the increase 

in temperature at the local area of the heated building. It can 

be represented as follows: 

𝑇(𝑧, 𝑡) = 𝑇0 + 𝐺0𝑧 + 𝛥𝑇𝑐𝑙𝑖𝑚(𝑧, 𝑡) + 𝛥𝑇𝑙𝑜𝑐(𝑧, 𝑡)   (1), 

where T0 is an initial undisturbed ground surface temperature 

(GST); z is the depth; t is time; G0 is the geothermal gradient; 

ΔTclim(z, t) and ΔTloc(z, t) are the temperature anomalies related 

to changes in urban climate and the local temperature changes 

in the building, respectively. For the borehole IGF-280 T0 = 

4.67 °С, G0 = 6.9·10-3 К/m (see Figure 1).  

Figure 2 shows the history of surface air temperature 

(SAT) variations in Yekaterinburg almost two centuries long 

(http://pogodaiklimat.ru/history/28440.htm). We suppose that 

even if GST during this period was slightly higher than SAT, 

it varied synchronously with SAT at the same amplitude. This 

assumption was confirmed by a direct comparison of 

geothermal reconstructions and instrumental data (Demezhko 

and Golovanova, 2007), by the numerical simulation results 

(Gonzales-Rouco et al., 2003, 2006), and by the data of 

temperature monitoring in boreholes (Chapman et al., 2004). 

To simulate the thermal field due to changing climate, the 

initial SAT history until 1984 (before the building 

construction) was approximated by a series of steps of 

individual intervals of constant temperature (Figure 2, bold 

blue curve). The mean SAT until 1900 is equal to 0.59 °С that 

is lower than undisturbed GST estimated from the 

temperature-depth profile by 4.1 °С (T0 = 4.67 °С). Thus, 

climatic GST history is equal to SAT shifted by 4.1 °С. After 

1984 urban climate did not influence the subsurface thermal 

field, therefore, the GST was considered constant.  

 

 
Figure 2 - Mean annual SAT in Yekaterinburg according to 

meteorological data (thin blue curve) and the approximation of the 

GST variation before (bold blue curve) and after (red curve) the 

building construction. 

 

For the GST history approximated by a series of steps of 

individual intervals with constant temperature, the vertical 

distribution of temperature anomaly for the source-free 

laterally homogeneous semi-infinite medium without any 

features of hydrological activity can be expressed as a solution 

of a 1-D non-stationary heat conduction equation (Carslaw and 

Jaeger, 1958): 

𝛥𝑇𝑐𝑙𝑖𝑚(𝑧, 𝑡) = ∑ 𝐷𝑖
𝑐𝑙𝑖𝑚𝑒𝑟𝑓𝑐

𝑧

𝐿

𝑛
𝑖=1 , 𝐿 = 2√𝑎𝑡𝑖            (2), 

where Di
clim is the amplitude of the i-th stepwise change of 

GST; ti is time elapsed after that to the moment of temperature 

logging (the present); z is the depth; a is the thermal 

diffusivity; erfcU is the complementary error function.  

 

Temperature anomaly induced by the building construction 

 

In contrast to the climate impact, the influence of a 

building spreads to a limited surface area. The propagation rate 

of the local temperature anomaly differs from those of 
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anomaly caused by climate change. For the circle anomalous 

zone of radius r, an analytic expression for the vertical 

distribution of temperature anomaly in the center of a circle 

was obtained in (Demezhko and Ryvkin, 1996; Demezhko, 

2001):  

𝛥𝑇𝑙𝑜𝑐(𝑧, 𝑡, 𝑟) = 𝐷𝑙𝑜𝑐 [𝑒𝑟𝑓𝑐 (
𝑧

𝐿
) −

𝑧

√𝑧2+𝑟2
𝑒𝑟𝑓𝑐 (

√𝑧2+𝑟2

𝐿
)] , 𝐿 = 2√𝑎𝑡   (3) 

 

where Dloc is the amplitude of a stepwise increase in local 

GST.  

However, the analyzed borehole is located under a 

noncircular building that does not allow using the expression 

(3) for a circle directly. To calculate the local temperature 

anomaly induced by the source of arbitrary shape, one can use 

the circular sectors approximation method (Balobaev et al., 

2008). Pattern and outline of the circular sectors 

approximating the building over the IGF-280 are shown in 

Figure 3 and in Table 1. The vertical distribution of 

temperature anomaly can be calculated as a sum of 

contributions of all sectors: 

 

𝛥𝑇𝑙𝑜𝑐(𝑧, 𝑡) = ∑ 𝛥𝑇𝑖
𝑙𝑜𝑐(𝑧, 𝑡, 𝑟𝑖)

𝑛
𝑖=1

𝜙𝑖

2𝜋
               (4), 

where ri and φi are the radius and the angle at center of i-th 

sector, respectively. 

 

 
Figure 3 - Outline of the circular sectors approximating the 

building over the IGF-280. 

 
Table 1 - Pattern of the building and the approximating circular 

sectors (The building: length – 61 m, width – 30 m. The borehole 

IGF-280: the distance from the nearest walls – 10 and 5 m) 

Approximating sectors 

Sector’s 

number, i 
1 2 3 4 5 6 7 

φ, 

degrees 
103 28 44 23 62 28 72 

r, 

m 
5 15 52 36 27 15 11 

 

To calculate temperature anomaly by equations (2 – 4), we 

know the chronology and amplitude of climate change from 

the instrumental data, as well as the date of the building 

construction, i.e., 36 years ago. Two parameters are not 

determined, i.e., the thermal diffusivity of rocks a, and the 

amplitude of a stepwise GST increase Dloc. Thermal diffusivity 

controls the propagation rate of temperature anomaly and 

consequently the depth of the anomaly penetration. According 

to the data by Robertson (1988), the value of thermal 

diffusivity of gabbro lies between (0.9 – 1.1)·10-6 m2/s, 

however, in situ it might differs from these estimates. Dloc 

controls the amplitude of temperature anomaly.  These two 

parameters have different effects on the form of temperature 

anomaly. Hence, one can estimate a and Dloc, as well as the 

values of temperature anomalies due to urban climate and the 

building individually calculating the minimum of the residual 

error: 

 

𝑅(𝑎, 𝐷𝑙𝑜𝑐) =

√∑ [𝛥𝑇𝑖
𝑐𝑙𝑖𝑚(𝑧𝑖,𝑎)+𝛥𝑇𝑖

𝑙𝑜𝑐(𝑧𝑖,𝑎,𝐷
лок)−𝛥𝑇𝑖

𝑚𝑒𝑎𝑠(𝑧𝑖)]
𝑛
𝑖=1

2

𝑛−1
→ 𝑚𝑖𝑛      (5) 

 

3. Results 
 

Transient climate and local temperature anomalies 

 

The residual (5) was calculated for each point of the 

temperature log except for two upper points. It seems that 

these two points are located within the limits of annual heat 

exchange. The minimal value of the residual error Rmin = 0.032 

К is achieved at a = 0.9·10-6 m2/s and Dloc  = 11 K (see Figure 

4). The surface R (a; Dloc) has an elongated minimum, 

therefore, within the isoline R = 0.05 K, the parameters (a; 

Dloc) can vary from (0.8; 12.0) to (1.0; 9.3). 

 

 
Figure 4 - The residual error surface 

 

Temperature anomalies induced by the variations in GST 

due to urban climate and the local influence of the building, 

corresponding to the minimal value of the residual error are 

shown in Figure 5. The anomaly due to climate change has a 

maximal value of 1.4 K at the surface and decays to 0.1 K at a 

depth of 140 m. The local temperature anomaly has a maximal 

value of 11 K at the surface and decays to the value of 0.1 K 

at a depth of 90 m. The modeling has shown that the local 

anomaly became stationary already about 10 years ago, and its 

penetration to the depth was terminated. 

 

Changes in the heat content  

 

Climate change in Yekaterinburg and the building 

construction over the borehole IGF-280 led to changes in the 

heat content. A total change of the heat content Q (z1, z2) in a 
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layer limited by depths z1, z2  can be directly estimated from a 

measured temperature anomaly. 

𝑄(𝑧1, 𝑧2) = 𝜌𝐶 ∫ 𝛥𝑇(𝑧)𝑑𝑧
𝑧2
𝑧1

                                         (6). 

Here ρ and C are the density and the specific heat capacity of 

rocks (gabbro). The contributions of climate and the building 

in a total change of the heat content can be estimated by the 

modeled temperature anomalies that describe the measured 

anomaly adequately. For gabbro ρ = 2980 kg/m3, С = 720 J/(kg 

К) (Robertson, 1988). 

 

 
Figure 5 - Temperature anomalies in the IGF-280 borehole: 

measured ΔTmeas (green points), anomaly due to climate change 

ΔTclim (blue curve), local influence of the building ΔTloc (red curve), 

and cumulative effect ΔTsum (black curve). 

 

The heat content of the rocks increased by 15.6·107 J/m2 

due to climate variation (see Table 2). This estimate is slightly 

higher than the average for the Urals, i.e., 12.9·107 J/m2 

(Demezhko and Gornostaeva, 2015a) obtained using another 

approach, i.e., from the reconstructed surface heat flux history 

(Demezhko and Gornostaeva, 2015b). The building input to 

the heat content increase is more than twice as higher – 

38.6·107 J/m2. 

 
Table 2 - Change in the heat content at different intervals of the 

borehole IGF-280, х107 J/m2. 

Interval, 

m 

Climate 

contribution 

Building 

contribution 
Total 

0 – 20 6.3 28.7 35.0 

20 – 100 8.8 9.8 18.5 

100 – 200 0.5 0.2 0.7 

0 – 200 15.6 38.6 54.2 

 

About 40% of the heat content gain caused by climate 

change is concentrated in the 20-meter layer of rocks, and 97% 

of that – in the upper 100 m. 74% of the heat content gain due 

to the building influence are concentrated in the upper 20 m. 

An average heat flux into the subsurface during the building’s 

usage period was equal to 0.34 W/m2. For comparison, in 

Karlsrohe the anthropogenic heat flux from buildings to the 

subsurface was equal to 3.61 ± 3.37 W/m2, in Köln it was 0.57 

± 0.47 W/m2 (Benz et al., 2015). In Basel Epting et al. (2013) 

estimated heat fluxes from different buildings in the range of 

0.18 to 16 W/m2. In our case, a heating system of the building 

over 36 years of operation has produced 4.3·1011 J/m2 of heat. 

Only a small part of this energy has spent to the heat content 

gain, i.e., 38.6·107 J/m2 (0.09%). An even lower value is given 

in studies of nearly a century of work of a brick factory in 

Stewartby, UK (Westaway et al., 2015). The heat stored in the 

interior under the factory was only equal to 0.03% of the 

energy released by burning fuel.  

 

4. Conclusions 
  

The study has shown that the present subsurface thermal 

field observed in Yekaterinburg by the precise temperature 

logging carried out in the IGF-280 borehole is strongly 

influenced both by the recent urban climatic change and by the 

local anthropogenic forcing from the heated building 

construction. It was possible to separate the transient signals 

of the two sources and to evaluate their contributions into 

subsurface thermal field individually using the differences in 

the penetration dynamics for climate and local anomalies. 

It was found that the value of local temperature anomaly 

caused by the building construction is much higher than that 

induced by climate change (11 K versus 1.4 K). But the 

climate temperature anomaly penetrates deeper than the local 

one (140 m for the climate anomaly versus 90 m for the local 

one). The local anomaly can be associated not only with the 

forcing from a building but also with changes of heat transfer 

conditions at the ground surface. Depending on the surface 

covering material (e.g., grass, gravel, asphalt, concrete etc.), 

the difference in maximal values may reach 10 – 20 K for 

diurnal temperatures and up to several degrees for mean 

annual temperatures (Santamouris, 2013 and references 

herein), that is comparable to the building influence.  

The building input to the heat content increase is more than 

twice as higher than the climate one (38.6·107 versus 15.6·107 

J/m2). About 40% of the heat content gain caused by climate 

change is concentrated in the 20-meter layer of rocks, and 97% 

of that – in the upper 100 m. 74% of the heat content gain due 

to the building influence are concentrated in the upper 20 m. 

An additional underground heat accumulated under the urban 

heat island can be treated not only as a factor of a heat 

pollution but also as a renewable energy source for heat 
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pumps. The developed approach allows evaluating the 

potential of such energy source.  
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