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Preface 

The aim of my thesis is to assess various factors effecting the transient component of 

the subsurface temperature field. The thesis is based on three published articles and its 

content is a follow-up to my diploma thesis, in which I dealt with the processing of 

long-term temperature series measured in a borehole at the campus of the Geophysical 

Institute in Prague. In PhD thesis I tried to move the knowledge of mechanisms forming 

the transient component of subsurface temperature field and especially I wanted to 

separate the influence of climate and "disturbing" signals caused by human activities.  

The initial impulse was monitoring of long-term warming of subsurface in several 

observatories operated by GFU, while the greatest warming in the borehole situated at 

the campus of the Institute did not correspond with regional climate change. Since this 

borehole is situated inside the built-up area, it was clear that the Urban Heat Island 

effect takes a role. 

The next step was the development of several algorithms allowing the calculation of 

thermal diffusivity from long-term temperature series up to the depth of annual 

temperature variations. I have already dealt with this in my diploma thesis, but now the 

effect of possible convective heat transfer was included. It was thus possible to prove 

that heat transfer by conduction dominates in the vadose zone. 

The findings mentioned above were used in the 3D numerical modeling enabling 

detection and quantification of the impact of local anthropogenic structures and regional 

climatic changes on subsurface temperature field in cases of Spořilov and Šempeter 

boreholes, were the strong influence of human activity on subsurface temperature field 

was discovered. 
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Abstrakt 

Z důvodu rozlišení a popisu možných zdrojů nestacionární složky teplotního pole pod 

zemským povrchem byly zpracovány dlouhodobé teplotní řady a opakované teplotní 

karotáže zaznamenané v několika vrtech v České republice, Slovinsku a Portugalsku. Z 

dlouhodobých teplotních záznamů byl pak pomocí dvou různých metod proveden 

výpočet tepelné difuzivity půdy a skalního podloží. Na základě těchto výpočtů byl 

prokázán zanedbatelný vliv konvektivního přenosu tepla v půdě a horninovém masivu 

do hloubky 10 m a také, že vliv změny půdní vlhkosti na teplotní pole je významný 

pouze ve svrchních 5 cm půdního horizontu.  Využitím 3D numerického modelování 

byl prokázán přímý vliv činnosti člověka na nárůst teploty pod zemským povrchem a 

byly rozlišeny příspěvky jednotlivých antropogenních struktur k tomuto oteplování. 

Díky tomu bylo možné rozdělit a popsat vliv změny klimatu a vliv člověka na 

nestacionární složku teplotního pole.   
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Abstract 

Long-term air and ground temperature series and repeated temperature logs from 

several boreholes in Czech Republic, Slovenia and Portugal were processed to 

distinguish and describe possible sources of transient signals in subsurface temperature 

field. Two methods for estimation of the soil and bedrock thermal diffusivity from long-

term temperature records are presented and compared.  Results proved that on the 

annual time scale the convective heat transfer did not contribute significantly to the 

temperature-time variations monitored in the uppermost 10-m depth zone and that the 

influence of moisture changes on subsurface temperature field noticeably appears only 

in upper 5 cm of soil.  Using 3D numerical modelling a direct human impact on the 

subsurface temperature warming was proved and contributions of individual 

anthropogenic structures to this change were evaluated. It made it possible to split the 

transient component of the present-day temperature depth profiles into the climatic and 

anthropogenic signals. 
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Introduction 

There is clear evidence that the world climate has been undergoing a general warming. 

This warming was typical for the most of the last century, following the previous 

relatively colder nineteenth century, and continues in the 21st century. An important 

question to answer is whether this warming is just a manifestation of natural climate 

variability and a certain “return” to previous conditions or an indication of a new (and 

permanent) trend. What is alarming, is the matter of fact, that the warming rate has been 

accelerating in the last decades. The 1990s was the warmest decade of the last century 

(IPCC 2001) and the WMO Statement on the State of the Global Climate in 2018 

(WMO 2019) states that past four years – 2015 to 2018 – were the top four warmest 

years in the global temperature record between 1.1 – 1.2 °C above the pre-industrial 

mean. It represents acceleration of the warming when the average global temperature 

for the decade 2006–2015 was 0.86 °C above the pre-industrial baseline. 

Geothermal research based primarily on the temperature-depth logs measured in several 

hundred meters to several kilometres deep boreholes provides information on the 

energetic balance of the Earth (Pollack et al. 1993). However, the information stored in 

the transient component of the temperature-depth profiles, which is considered as a 

noise in the terrestrial heat flow determinations, can be used as a valuable archive of the 

past climatic changes (Harris and Chapman 1997; Beltrami 2002; Šafanda et al. 199199 

4). The steady-state part of the subsurface temperature corresponds to the long-term 

annual mean of the ground surface temperature. The seasonal and inter-annual surface 

temperature variations propagate downward and disappear at the depth of 15–25 m. In 

case of a climatic change, however, the long-term annual mean of the surface 

temperature changes and this transient signal propagates much deeper— to hundreds of 

meters for the centennial and millennial climatic changes and to first kilometers for the 

glacial—interglacial cycles. By solving the inverse problem, the history of the ground 

surface temperature (GST) variations can be reconstructed from this transient 

component obtained by a precise temperature logging and by removing the steady-state 

part of the temperature-depth profile. For the climatic interpretation of the reconstructed 

ground surface temperature history, it is necessary to know how the long-term 

difference between the mean annual ground and surface air temperatures (SAT) 

behaves. The extent to which the SAT change will be reflected in the GST change 

depends especially on the albedo of the ground, intensity of solar radiation and 
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magnitude of the ground isolation that can be formed for instance by a vegetation or 

snow cover (Lewis and Wang 1992; Majorowicz and Skinner 1997a, b; Smerdon et al. 

2003; Majorowicz and Safanda 2005). Transfer of heat from the surface into the ground 

(soil) and into the bedrock takes place mainly by the heat conduction, but precipitation 

affects the thermal properties of the soil. In winter, when air temperatures decrease 

below zero, the latent heat released or consumed during phase changes of water within 

the active layer can influence appreciably the heat transfer (Beltrami and Kellman 2003; 

Smerdon et al. 2003; Woodbury et al. 2009) leading to a certain decoupling between 

SAT and GST.  

Beside the natural causes, the activities of people have been involving more and more in 

forming the Earth’s surface. Human impact is either passive, when human activity 

changes the albedo or isolation of the Earth’s surface, thereby altering the SAT–GST 

relation, or active, when heat is supplied into or extracted from the ground with the use 

of geothermal (ground source) heat pumps, for example. Humans began to radically 

alter temperature relations on the earth surface with the arrival of agriculture, when they 

started to deforest landscape and cultivate soil. Extensive deforestation of landscape 

and/or conversion into the arable land that took place in the past and continue in many 

regions of the world today, altered completely SAT–GST relations in that areas 

(Majorowicz and Skinner 1997a, 1997b; Nitoiu and Beltrami 2005; Bense and Beltrami 

2007). Another substantial change has been brought by urbanization. Urban 

agglomerations, apart from extensive paved surfaces with a low albedo (asphalt, 

concrete) that absorb sunshine, bring also an active energy exchange due to heated or 

cooled buildings.  

Heat transfer from the Earth surface downward is driven by thermal diffusivity of soil 

and bedrock. Knowledge of thermal diffusivity is therefore a prerequisite for modelling 

of time-dependent changes of subsurface temperature field in order to access a role of 

the individual factors affecting the non-stationary component. Estimates of thermal 

diffusivity from in-situ measured temperature series can be used as an input parameter 

of numerical models and also enable to assess the effect of convective heat transfer to 

the depth of penetration of periodic temperature variations. 
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Data set 

Prague 

As a part of the “Borehole and Climate” program of the International Geological 

Correlation Program (IGCP 428) 40 m and 150 m deep boreholes were drilled in 

October 1992 on the campus of the Geophysical Institute in Praha Spořilov (50º02’27” 

N, 14º28’39” E, 275 m a.s.l.). The holes are located on a low E-W trending ridge. The 

upper four meters of the lithological column represent soil and a man-made loose 

material backfill of low conductivity (1.7–2.0 W/mK), underlain by silt to clayey shale 

of gradually increasing conductivity, below 10 m the conductivity is practically constant 

(3.2 ± 0.2 W/mK) (Šafanda 1994; Štulc, 1995). The corresponding diffusivity of the 

upper strata is only 0.4 × 10−6 m2s−1, lower strata is characterized by values of 0.73–

0.9 × 10−6 m2s−1.  

Malence and Šempeter (Slovenia) 

In order to study the coupling between the air, soil and bedrock temperatures, the 

Malence Borehole Climate Observatory (MBCO) was established at the borehole V-

8/86 at Malence, SE Slovenia (45◦52.1´N, 15◦24.5´E, 152 m a.s.l.) in November 2003. 

The borehole is located on the alluvial plain of the Krka river on a rim of a meadow in 

the rural area of the Krško basin. The basin is filled with Tertiary and Quaternary 

sediments and belongs to the large Pannonian basin. The hole was drilled in October 

1986 with a diameter of 90–120 mm through 16 m of Quaternary clay, sand and gravel, 

down to the bottom at 100 m through Miocene marl strata, sandier in its upper part and 

more clayey in its deeper part. The groundwater level in the borehole was 2.5m below 

the surface in 1987 and rose to approx. 1.5m after 2003. During a nine-month period of 

continuous monitoring in 2006/2007, the groundwater level slightly varied between 1.5 

and 1.6 m. It is possible that during high stands of the Krka river, the groundwater can 

be even closer to the surface. The site was flooded for several days in 2010. The 

borehole was cased with a zinc-coated steel tube 1.6 in of inner diameter. Thermal 

conductivity was measured on the only two available rock samples collected from two 

different depth sections, 1.7 W.m−1.K−1 in 0.7 m depth and 1.45 W.m−1.K−1 in 99 m 

depth. As a part of the MBCO instrumentation a chain of platinum sensors (Pt1000, 

class A, sensitivity of first mK) for temperature monitoring was installed in 2003 and 

kept in the hole in the depth interval of 1 to 40 m for a permanent recording experiment 
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(Rajver et al 2006). The data logger system (16 channels, 24 bits A/D converter, 16 bits 

resolution) records air temperatures at 2 m and 0.05 m above the ground level, soil 

temperatures at 0.02, 0.05, 0.1, 0.2, 0.5 and 1 m below the surface and bedrock 

temperatures in the borehole at the depths of 2.5, 5, 10, 20, 30 and 40 m. The soil 

temperature sensors were buried about 1 m beside the borehole. All information was 

collected in preselected 30 min time intervals and for further interpretation the observed 

temperature data were averaged to furnish series of daily means. The experiment started 

on 13 November 2003. 

The second Slovenian locality is the borehole Še-1 in Šempeter (45°55.28′N, 

13°37.95′E, 68 m a.s.l) located in the southwestern part of Slovenia in a flat terrain of 

an industrial zone. The borehole is 1541 m deep, was drilled in 1994 and encountered 

Quaternary sediments (alternation of sandy and clayey layers) in the upper 90 m, which 

are followed by fine grained sedimentary rocks (marly shales, silty marls, siltstones, 

sandstones) of mostly Middle Eocene age with approximately horizontal position of 

bedding along its entire length. The thermal conductivity was measured only in lower 

part of the borehole and the mean value from several samples in section 500–1000 m 

was 2.4 W.m−1.K−1 along the bedding and 1.9 W.m−1.K−1 perpendicular to it. The 

borehole is cased and filled by groundwater, the level of which varies in the depth 

interval 13–16 m.  

Evora (Portugal) 

Geothermal Paleoclimatology Platform (http://www.cge.uevora.pt/index.php) is located 

5 km apart of Evora in south-central Portugal. Long-term monitoring, with 30 minute 

sampling interval, of soil temperatures (at depths of 0.02, 0.05, 0.1, 0.2, 0.5 and 1 m), 

and bedrock temperatures (at depths of 1, 2.5, 5, 10, 20, 30 and 40 m), complemented 

by air temperature measurements at 2 and 0.05 m above the ground, has been started in 

May 2005. The close vicinity of the borehole is completely without vegetation cover 

and soil in the first 50 cm has character of clayey sand with gravelly layers.  
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1.  Transient temperature signal in shallow subsurface 

 

The observed increase of air temperature is linked to the increase of the surface (soil) 

temperature. The response to changes in the surface conditions slowly penetrates 

downwards into the shallow subsurface. Subsurface temperature field at depth of 

several tens to several hundreds of meters contains a record of what has happened on 

the surface in the past, i.e. the long-term ground surface (soil) temperature history 

(GSTH). Regular temperature variations at the surface occur at temporal scales, such as 

diurnal or seasonal/annual. The typical magnitude of the daily variations amounts 10-15 

ºC, the amplitude of the seasonal variations may amount to 20-30 ºC and more. Inter-

annual and long-term temperature change patterns are irregular. As the surface 

temperature signal propagates  downward, its amplitude decreases exponentially with 

depth due to the diffusive process of heat conduction, each variation vanishes over a 

vertical distance related to the period of change and to the thermal diffusivity of the 

ground. The shorter period fluctuations attenuate more rapidly.  

 

 

Figure 1. Characteristic temperature distribution in the shallow subsurface 

corresponding to the annual temperature variations on the surface. 
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Figure 1 demonstrates the amplitude attenuation of the temperature signal propagating 

downwards and the delay of its phase by presenting the results of the 12-year 

temperature monitoring in the Spořilov hole. Contrary to the annual temperature wave, 

the daily wave is practically not observable below 1 m depth. On the other hand, the 

temperature at 1 m depth represents integrated average of the daily signal of the 

previous day(s). Similarly, annual GST oscillations practically vanish at about 15-20 m 

depth, the temperature field below 20-30 m depth is free of any response to the annual 

or shorter temperature variations and contains exclusively the fingerprints of longer 

time scale evens with characteristic time of several last years. 

The 15-year (1994-2008) record of temperature observed at 38.3 m depth in the 

Spořilov hole (Figure 2) clearly demonstrates the steady increase of temperature with 

slightly varying rate. The maximal warming rate, 0.038 °C/year, was observed during 

the period 2001 - 2005. 

 

 

Figure 2. The observed time – temperature series at 38.3 m in the GFU-2 borehole 

divided into periods of approximately constant warming rate. The warming trend of the 

whole observational period 1994 – 2008 is 0.034 °C/ year. 

 

The similar experiments were performed in the borehole located in a rural area on a 

meadow close to the meteorological station Kocelovice (49º28'02.2" N, 13º50'18.7" E, 

519 m a.s.l.). Figure 3 presents temperatures observed at depth of 40 m in the borehole, 

where due to technical problems only two shorter monitored series could have been 

obtained. Both of them confirmed warming rate, namely 0.0168 °C/year (in 1999) and 
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slightly higher rate of 0.0240 °C/year in 2003.  It is obvious that in the case of 

Kocelovice the warming rate of both series is lower by approximately 0.013 °C/year. 

This difference is caused by impact of local anthropogenic structures in urban area 

where the Spořilov hole is located. Quantification of this phenomenon is described in 

chapter 5.  

 

 

Figure 3. Results of temperature monitoring at depth of 40 m (Kocelovice hole). Two 

records correspond to 1999 and 2003 monitoring series. 
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2.   Thermal diffusivity from subsurface temperature series  

 

In order to model time changes of subsurface temperature field and to separate the 

individual transient signals, it is necessary to know the temperature diffusivity (TD) of 

the environment. The temperature diffusivity depends on the mineral composition of the 

soil / rock, its porosity and water saturation. In this work, two ways of calculating TD 

from long-term temperature series are presented. In both cases the influence of 

convective heat transfer (meteoric water infiltration) on the subsurface temperature field 

is discussed. 

 

2.1.   Estimation based on the error function solution of the heat  

         conduction equation 

 

 In a thin layer of soil to the depth of the range of daily temperature variations, this 

method brings the possibility to observe detailed changes of thermal diffusivity during 

the year. Method uses solution of heat conduction equation in one dimensional 

homogenous environment by error function (Carlslaw a Jeager, 1957), which has the 

form  

kt
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The Matlab code based on this approach enables us to compute downward penetration 

of temperature changes from the surface, or from a given level in the soil profile, to the 

depth in given time intervals. The code was written to allow calculations in floating 

time windows of varying length. Synthetic temperature series for different values of TD 
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(with step 1x10-8 m2.s-1) are automatically compared with observed temperature time 

series in given depth. The TD value minimizing the standard deviation of difference 

between the measured and computed temperature series is considered the best 

approximation of reality. The Figure 4 shows the change of standard deviation for short 

time intervals in summer and winter in 2008 in Evora (Portugal). The minimum of 

curves determines the best value of TD. 

 

 

Figure 4. Example of estimation of TD in summer and winter days in Evora.   

 

The climate in southern Portugal is characterized by alternating dry summer and rainy 

winter periods. Figure 5 shows the record of air (2 m) and soil (2 cm) temperature 

measured in 2008. Due to the absence of vegetation cover at the observatory, there is a 

substantial surface heating and drying of soil during the summer months. Figure 6 

presents the results of TD estimation between the years 2008 and 2013. There are 

clearly visible seasonal variations in the 2-5 cm layer related to the change of moisture, 

when the TD increases more than twice during the wet period. However, this 

dependence decreases significantly at a depth of 5-10 cm. It is also evident in Figure 7 

depicting a dependence of monthly averages of TD on the number of rainy days in 

individual months.  
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Figure 5. Air and ground temperature fluctuation at Evora observatory during 2008. 

 

 

Figure 6. Seasonal changes of thermal diffusivity of soil connected with daily sums of 

precipitations. 
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Figure 7. Dependence of the monthly TD averages on the number of rainy days per 

month in Evora in years 2008 – 2013. 

 

It is evident that the method used above allows a detailed monitoring of changes in TD 

related to the soil moisture changes during the year. The case of Evora is an extreme 

one due to the absence of vegetation cover and alternating hot dry and wet periods. 

Nevertheless, seasonal variations decline rapidly with depth. In case of Malence, where 

measurement are carried out in a meadow in a clayey soil, the seasonal variations are 

significantly attenuated below a depth of 5 cm (Figure 9).  

 

2.2.   Estimation based on periodical boundary condition 

 

Another way of calculating TD is based on solving the heat conduction equation 

assuming a periodic boundary condition. For that reason it is possible to process the 

temperature series up to the range of annual variations. Figure 8 shows the results of 

temperature monitoring at Malence (MBCO) observatory, where the annual wave is 

visible to the depth of 10 m. Practical algorithms for the calculation of the thermal 

diffusivity k from the soil temperature measurements were proposed e.g. by Horton et 

al. (1983), Lamba and Khambete (1991) or Hurley and Wiltshire (1993). These 
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algorithms are based on a 1-D solution of the heat conduction equation in a semi-

infinite homogeneous medium,  
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where t is time, z is depth, T is temperature. T0,  A0, and 0 represent mean surface 

temperature, amplitude and phase of the surface temperature wave, respectively. The 

underground temperature at depth z can be calculated  
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where gradT is geothermal gradient and /2kd    is damping depth of the surface 

temperature wave. In other words, the amplitude of the surface wave decreases 

exponentially as A(z)=A0∙e
-z/d and its phase increases linearly as (z)=0+z/d with 

increasing depth. As seen, the above solution applies to the uniform strata only. To 

estimate the thermal diffusivity within a given layer we have applied the following two 

methods. They use the amplitude and/or the phase lag of the temperature wave at depths 

z1 and z2 and the frequency of the investigated surface temperature wave (Horton et al., 

1983), namely, the Amplitude algorithm (AA) that calculates k from the equation (5) as 
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Here A1, 1 and A2, 2 are the amplitudes and phase lags of the temperature waves at 

depths z1 and z2, respectively. The k-value represents the thermal diffusivity within the 

(z1, z2) interval.  
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Figure 8. Time series of daily temperature averages at different depths in the borehole 

Malence. 

2.2.1.  Conduction-Convection (CCA) algorithm 

 Both AA and PA provide certain estimates of the thermal diffusivity only for a 

vertically homogeneous medium without convective heat transport. Subsurface fluid 

movements represent one of the most common and serious factors disturbing the 

underground temperature field. Even very small water flows could significantly distort 

the temperature (see e.g. Bodri and Čermák, 2005, and the references therein) and thus 

affect the estimated k-value. It is also known, that the thermal diffusivity depends upon 

soil water content. It increases with an increase of the rock moisture at low water 

contents (when the effect of increasing thermal conductivity prevails) and then 

gradually decreases with increasing water contents at high water (e.g. Viswanadham 

and Rao, 1972; Farouki, 1986). The Conduction-Convection algorithm (CCA) for the 

subsurface thermal diffusivity determination incorporates the impact of vertical water 

movement and thus takes into account the possibility of the advective heat transfer. The 
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detailed examining of this method by field experiments was performed by Gao et al. 

(2008, 2009). 

 In a porous medium with undeformable solid matrix and incompressible fluid, 

the 1-D equations for conservation of mass and energy can be expressed: 
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where C and Cf  are the volumetric heat capacities of the medium and fluid, 

respectively,  is the volumetric water content of the soil and v is the pore (distance) 

velocity. Product of   and v is Darcy fluid velocity. Negative velocity corresponds to 

the fluid flow towards the surface. Further on, values of the parameter 

v
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are considered, the second part of which,  - Cf /C * * v ,  defined Gao et al. (2008) as 

the fluid flux density. Shao et al. (1998) and Gao et al. (2003, 2008) suggested an 

analytical solution of Eqs. (8) and the following expressions for the calculation of k 
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This technique is generally known as the Conduction-Convection algorithm (CCA). At 

W=0 (purely conductive heat transfer in a homogeneous subsurface) one obtains          

1 - 2  = ln(A1/A2) and equation (10) reduces to the formulae (6) or (7). 

2.2.2.   Spectral analysis of data 

To obtain the annual temperature wave at a given depth we applied the Fourier analysis 

on measured data, which is a conventional method for analyzing time series data to 

determine the amplitude, phase and the power (mean square amplitude) as a function of 

frequency. Daily mean temperature series were subjected to the windowing Fourier 

transform method to estimate their heterogeneity spectra. The calculated values of the 

amplitude and phase (Table 1) monotonously decrease with depth in the upper 10 m. 
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Except of the annual wave, the spectra do not contain any distinct peaks that may 

indicate the presence of other periodic processes. 

 

Depth (m) Amplitude (K) Phase (rad) 

0.02 8.28425 -0.46042 

0.05 8.10476 -0.48170 

0.10 7.89128 -0.50976 

0.20 7.55725 -0.55585 

0.50 6.59817 -0.69859 

1 5.32925 -0.92259 

2.5 2.73109 -1.53812 

5 0.93930 -2.48123 

10 0.09850 -4.74586 

 

Table 1. Amplitude and phase of the annual wave. 

 

Interval (m) kAA
a kPA

a kCCA
a W (m/s) 

0.02-0.05 0.187 0.198 0.198 0.81x10-8 

0.05-0.10 0.350 0.316 0.316 -1.77x10-8 

0.10-0.20 0.533 0.469 0.468 -2.74x10-8 

0.20-0.50 0.487 0.440 0.440 -2.11x10-8 

0.50-1.00 0.546 0.496 0.496 -2.12x10-8 

1.00-2.50 0.502 0.592 0.590 4.00x10-8 

2.50-5.00 0.547 0.699 0.694 6.50x10-8 

5.00-10.0 0.490 0.485 0.456 -0.19x10-8 

 

Table 2. TD and parameter W calculated for different depth intervals (a kAA, kPA and 

kCCA were calculated by the AA, PA and CCA methods, respectively, and are given in 

10-6 m2/s). 

2.2.3.   Calculation of TD and parameter W 

The values of the parameters k and W calculated by the three algorithms mentioned 

above from amplitudes and phase lags of the annual temperature wave are presented in 

Table 2. As seen, all three algorithms gave reasonable results. The k-values estimated 

from the amplitude and phase angle by the AA and PA are consistent, their relative 

differences are below 12%, only in the layers 1 - 2.5 m and 2.5 - 5 m the PA values are 

larger by 18% and 28%, respectively. Both methods detect obvious vertical 

heterogeneity of the TD that equals to ~0.2-0.3x10-6 m2/s in the top 5-10 cm of the soil 

and increases to the values of 0.5-0.7x10-6 m2/s within the 0.1-10 m layer. TD estimated 
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by error function algorithm in three upper soil layers (Figure 9) shows good match in 

layers without seasonal variations. In the 2-5 cm layer where TD fluctuations occur as 

the soil dries in the summer months, the value is slightly higher than that given by 

"periodic" solution. 

 

 

Figure 9. TD estimated by error function algorithm in the upper soil layer at Malence. 

 

As seen, the k-values obtained by the CCA that specifies on a presence of the 

subsurface fluid flow, revealed a good agreement with the results given by only 

conduction solution. This is especially true for the PA and CCA results. As follows 

from formula (5) for the T(z,t), the natural logarithm of amplitude and the phase lag are 

linear functions of depth in a semi-infinite homogeneous medium.  

Figure 10 shows how closely this relationship is obeyed by the amplitudes and phases 

of the annual waves determined in the individual depths down to 10 m in these 

particular conditions. The regression lines of the logarithm of amplitude and the phase 

lag yield a mean thermal diffusivity of 0.51x10-6 m2/s and 0.55x10-6 m2/s, 

respectively. The zero depth intercepts of the regression lines also yield estimates of the 

amplitude and phase lag of the annual ground surface temperature signal, 8.29 °C and -

0.465 radian, respectively, which are close to the values determined for the depth of 2 

cm (Table 1). As mentioned above, for the amplitude and phase lag calculations the 

solution of conductive heat equation under periodic boundary condition was used. The 

linear regressions of the logarithm of amplitude and/or the phase lag with depth yield 

coefficients of determination 0.9999 and 0.9991, respectively. It is evident that heat 

conduction dominates in the entire domain.    
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Figure 10. The natural logarithm of amplitude and the phase lag as functions of depth 

and their linear regressions. The regression lines yield estimates of mean thermal 

diffusivity between the surface and the depth of 10 m. The zero depth intercepts of the 

regression lines also provide estimates of the amplitude and phase lag of the annual 

ground surface temperature signal. 
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3.  Impact of anthropogenic structures on subsurface 

temperature field 

As mentioned in chapter 3 discrepancy between the regional climate change and 

observed temperature response in subsurface was discovered in urban area at Spořilov, 

Prague. The second studied locality, where the heat urban island effect appeared, is 

borehole Še-1 situated in industrial area in Šempeter, Slovenia. The temperature logs of  

Šempeter borehole display a U-shape with a minimum at the depth of 65 – 70 m 

migrating downwards at the rate of about 1 m per year, and a gradual warming at the 

rate of 0.01 – 0.02 K per year. 

 

Figure 11. Temperature logs in the borehole Še-1, Slovenia, measured in the years 

2003, 2005, 2006 and 2008 (from left to right) at the depth section 40 m – 150 m. 

 

3.2.   Numerical modeling 

The mathematical modeling of thermal effects of the anthropogenic changes in 

surroundings of the boreholes and of the regional climatic changes on subsurface 

temperature field has been done using software packages FRACTURE (Kohl and 

Hopkirk, 1995) and commercial code COMSOL Multiphysics. Three-dimensional time-

variable geothermal models (cube, length of the sides 1000 m) of the boreholes’ sites 

were compiled with the aim to distinguish in the observed transient component of the 
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temperature logs the part caused by construction of new buildings and other 

anthropogenic structures in surroundings of the boreholes, and the part generated by the 

ground surface temperature warming due to the surface air temperature rise. The 3D 

models of the two studied localities (Spořilov, Prague and Šempeter, Slovenia) were 

composed taking into account the substantial anisotropy of thermal conductivity of 

rocks. The role of convective transfer of heat in the flat or subdued topography around 

the boreholes was assumed to be negligible and was not considered (see chapter 2, 

Smerdon et al, 2003). 

 

 

Figure 12. Mean annual surface air temperatures (SAT) recorded at meteorological 

stations in Prague (Klementinum), Czechia and in Ljubljana, Slovenia. 

 

The zero heat flow was used as the low boundary condition at the depth of 1000 m 

(Smerdon and Stieglitz, 2006). The boundary condition of the zero heat flow together 

with zero heat sources within the model imply that all modeled variations of the 

subsurface temperature are caused by the spatial and temporal changes of the ground 

surface temperature, which was the upper boundary condition of the models. Because 

the surroundings of the boreholes can be approximated by a horizontal plain, the spatial 

variations of the ground surface temperature are given by a pattern of the different types 

of surface (grass, asphalt, sand, buildings,..).  With the exception of buildings, under 

which a constant temperature was assumed, the ground surface temperature was 

subjected to the temporal variations consistent with variations of the mean annual air 
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temperatures observed at the nearby meteorological stations. To estimate mean annual 

temperatures of the individual surfaces, results of the aforementioned long-term 

monitoring of the soil temperatures were used. Because at the beginning of the 20th 

century the boreholes’ surroundings were grassy areas without buildings, the average air 

temperature of the period 1851 – 1900 observed at meteorological stations in Prague 

and Ljubljana (Figure 12) was used as the initial temperature of the corresponding 

models. The temporal development of the models started therefore in the year 1900. The 

time series of the mean annual air temperatures recorded at meteorological stations in 

Prague (Klementinum) and Ljubljana (Figure 12) display a similar pattern with 

significant warming in the last 50 years (the average warming rate of 0.04°C per year in 

both cases). Mean temperature in the second half of the 19th century was 9.02°C in 

Prague and 9.07°C in Ljubljana.  

 

3.3.   Borehole GFU-2 in Prague 

First we tried to model the temperature – time series observed in the borehole GFU-2 in 

Prague at the depth of 38.3 m in the period 1994 - 2008 as a pure response of the 

subsurface temperatures to the air temperature warming trend observed at the 

meteorological station Prague (Klementinum), about 7 km away from the borehole. 

When we used the air temperature variations as the surface boundary condition in 

transient solution of the heat conduction equation in the geothermal model of the site, 

we obtained for the depth 38.3 m and the period 1994 - 2008 the time – temperature 

series shown in Figure 13. The warming pattern can be divided into three time periods. 

The average increase of temperature was 0.020°C per year in 1994 – 1998, then 

(especially due to the very cold year 1996) it was 0.010°C per year in 1999 – 2001 and 

finally again 0.021°C per year in the third period 2002 - 2008.  The average warming 

rate of the whole explored period 1994 – 2008 was 0.017°C. Comparing the calculated 

warming rate  (Figure 13) yielded by the SAT variations (Figure 12) with the rate of 

the observed curve (Figure 14), we see appreciable quantitative difference. Namely, the 

mean annual warming rate for the whole period of observation is 0.034 °C per year 

instead of the calculated rate of 0.017 °C per year. However, it is obvious from Figure 

13 that also the observed temperature increase varies in time and that the curve can be 

divided into several time intervals with respect to the warming trend. The measured 

temperature increase amounts to 0.022°C/year in 1994 – 1995, to 0.029°C/year in 1996 
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– 1999, to 0.024°C/year in 1999 – 2000, to 0.038°C/year in 2001 - 2004 and to 0.036 

°C/year after the year 2004.  

 

 

Figure 13. Time – temperature variations at 38.3 m of the GFU-2 borehole calculated 

as a subsurface temperature response to the surface air temperature variations only. 

 

 

Figure 14. The observed time – temperature series at 38.3 m in the GFU-2 borehole 

divided into periods of approximately constant warming rate. The warming trend of the 

whole observational period 1994 – 2008 is 0.034 °C per year. 

 

As stated above, the average rate of warming in the borehole GFU-2 during the entire 

observational period is two times larger than the calculated warming rate caused by 

warming trend of the SAT. In searching for sources of this discrepancy we explored the 

effects of anthropogenic structures in the immediate surroundings of the borehole. 

Figure 15 shows configuration of these structures and the boreholes. There are asphalt 
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surfaces, a house with the ground plan of 20 m x 20 m and a red clay playing field (a 

tennis court). The rest of the area is covered mostly by grass. The asphalt surfaces and 

the playing field were built at the turn of the 1950s into the 1960s, the house was 

constructed in 1992 and has been used since 1993. 

 

 

 

Figure 15. Block plan of the immediate surroundings of borehole GFU-2 in Prague – 

Spořilov. 

 

The effects of the surface anthropogenic structures on the subsurface temperature field 

were evaluated by considering different offsets between the mean annual temperature of 

the ground and the air according to the type of the surface, based on the results of the 

aforementioned long-term monitoring of the soil temperatures. The offset for the 

playground was assumed similar to that observed for sand, 1 – 2 °C and the offset for 

asphalt was taken in accord with observations as 3 – 4 ° C. Zero offset was considered 

for the prevailing  grassy surface (see the text below).  First, we evaluated the effect of 

the structures constructed at the turn of the 1950s into the 1960s, i.e. the playground and 

the asphalt surfaces and then separately the effect of the house used since 1993. The 

resulting time-temperature variations, calculated for the point of observation at the 

depth of 38.3 m in borehole GFU-2, are depicted in Figure 16a (the playground and the 

asphalt surfaces) and Figure 16b (the house). They show the pure effect of the 
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structures’ construction, because the ground surface temperatures were kept constant in 

time. It is obvious that the surface structures have an essential impact, albeit varying in 

time, on the measured warming in the borehole. It can be seen from Figure 16a that 

dynamics of the subsurface temperature response to the construction of the playground 

and asphalt areas has diminished appreciably after 1980 – 90, still before the beginning 

of the monitoring. On the contrary, the temperature signal of the house built 20 m apart 

from the borehole in 1992 reached the observational point after the year 1996 only and 

its warming rate culminated in the period 1999 – 2004. It means that the effect of the 

anthropogenic structures on the observed warming rate in borehole GFU-2 was minimal 

in the beginning of the observations. It corresponds well with the fact that the observed 

warming (Figure 14) is only by 0.003 °C higher than the modeled effect of the air 

temperature rise in the first years of the monitoring (Figure 13). On the other side, the 

period of the largest warming caused by the house, 1999 – 2004, overlaps partially with 

the period of the minimum warming generated by the air temperature rise due to the 

very cold year 1996. That is why the effect of the house is clearly visible in the 

observed data after the year 2001 only (Figure 14).  

 

 

Figure 16. Time – temperature changes in borehole 

GFU-2 at the depth of 38.3 m calculated as a 

response of the subsurface temperature to 

construction of the anthropogenic structures in 

surroundings of the borehole; a) – effect of asphalt 

(A) and sandy (S) areas with different combinations 

of the ground surface temperature offset with 

respect to the grassy surface. The magnitude of the 

warming increases with increasing offset from (A = 

3 °C, S = 1 °C) via (A = 3 °C, S = 2 °C), (A = 4 °C, 

S = 1 °C)  to (A = 4 °C, S = 2 °C), b) – effect of the 

warmer ground below the house with respect to the 

grassy surrounding for offsets 6 °C, 7 °C, 8 °C and 

9 °C.     
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The calculated time-temperature variation due to SAT (Figure 13) indicates only 

moderate warming rate of 0.021 °C per year after 2001, the transient effect of the house 

construction should diminish gradually and the effect of the hard anthropogenic surfaces 

(asphalt, playground) should be minimal after 2004 (Figure 16a,b). Calculations based 

on the model taking into account the SAT variations, the temperatures of asphalt and 

playground higher than grass by 4°C and 1.5°C, respectively, and the constant 

temperature of 20 °C at the base of the house, yielded warming rate of 0.030 °C  per 

year in the period 2005 – 2008. It is substantially less than the observed warming rate of 

0.036 °C per year.  

In search for explanation of this disagreement we explored the possibility that the offset 

between the mean annual ground surface temperature and the mean annual SAT has 

changed during the monitoring. Usually it is assumed that this ground – air coupling is 

constant on the time scale of decades and longer, but can vary on the inter-annual scale 

depending on variations of  meteorological factors like thickness and duration of snow 

cover, precipitation, solar irradiation etc.  

 

 

Figure 17. Number of sunny hours measured at the meteorological station Prague – 

Karlov in the period 1994 – 2008. 

 

An important source of data for the mathematical modeling of thermal effects of the 

anthropogenic changes in surroundings of the boreholes, namely mean annual ground 

temperatures under different types of surface, were the records from the observational 
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polygon located about 150 m from the boreholes in Prague, also on the grounds of the 

Institute of Geophysics. Here, the continuous monitoring of soil temperatures under 

various types of surface (grass, sand, bare soil and asphalt) together with air temperature 

and other meteorological elements has been running since 2003. Temperatures are 

measured by calibrated platinum sensors Pt-1000 in five-minute intervals at the depths 

of 2, 5, 10, 20 and 50 cm. The monitoring indicates that, in the period 2003-2008, the 

difference  between the mean annual temperature of the ground at the depth of 2 cm and 

the air temperature at 5 cm varied in the range 0,2 - 0,8 °C for grass, 1,5 – 2 °C for sand 

and bare soil and 4 – 5°C for asphalt. Inter-annual variation of the difference for the 

individual types of surface in the given period of 6 years is affected mostly by the 

number of sunny hours in summer months and to a certain degree by snow cover in 

winter.   

When we checked records from the nearest meteorological station Prague – Karlov, 

about 5 km away from the borehole, the only parameter that showed systematic trend 

since the beginning of 1990s was the annual sum of the sunny hours. As can be seen 

from Figure 17, which shows the annual sum of sunny hours in the period 1993 – 2008 

at Prague - Karlov, the sum fluctuated closely around its long-term standard of 1630 

hours (1961 – 1990) prior to 2002, but was significantly above the standard in the 

period 2002 – 2007. As mentioned earlier, the difference between the mean annual 

temperature of asphalt and air during 6 years of the soil – air temperature monitoring on 

premises of the Institute of Geophysics in Prague fluctuated between 4 – 5°C.  The 

maximum difference, almost 5°C, was observed in the year 2003, which was also the 

year of the highest annual sum of the sunny hours. Therefore it seems reasonable to 

assume that the difference of mean annual ground and air surface temperatures is 

sensitive, at least for surfaces with a low albedo, on the sum of the sunny hours. This 

assumption was taken into consideration in the final model, where the difference 

between asphalt and air was set on 3.5°C prior the year 2002 and to 4.5 °C since 2002. 

In the case of the playing field it was 1°C, increased by 0.5°C since 2002. The mean 

annual temperature of grass was equal to that of air. The resulting time-temperature 

series is shown in Figure 18. The resulting curve can be divided into several time 

periods according to the warming rate again. Now, the warming pattern agrees fairly 

well with the observed one: 0.023°C/year in 1994 – 1995, 0.029°C/year in 1996 - 1998, 

0.024°C/year in 1999 - 2001 and 0.036°C/year after the year 2001. It is remarkable how 

well the final model reproduces not only the rate of warming, but also the absolute level 
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of the subsurface temperatures. After adding 0.77 °C to the temperature calculated for 

the depth of 38.3 m, which corresponds to the undisturbed gradient of 20 °C/ km 

observed in the lower part of borehole GFU-1, the temperature differs from the 

observed one by 0.18°C only (10.91 °C instead of 11.09 °C) at the end of 2008. As 

mentioned above, the difference between the mean annual ground temperature under 

grass and the mean annual temperature of air was 0.2 – 1.2 °C during the 6-year 

monitoring period. The resulting difference of 0.18 °C is therefore at the lower margin 

of this interval. The reason for this may lie in full-grown trees situated in the 

surroundings of the borehole. 

 

 

Figure 18. Time – temperature variations at 38.3 m in the GFU-2 borehole calculated 

by the final model as a subsurface temperature response to the surface air temperature 

variations together with the effect of the anthropogenic structures. 

 

3.4.   Borehole Še-1 in Šempeter 

 

The borehole Še-1 is located in the industrial zone of the town Šempeter. A large 

sporting hall is situated in the borehole’s close vicinity with adjacent asphalt areas, a 

small playing field and also industrial halls and asphalt roads further away (see Figure 

19). The whole agglomeration was built during the second half of the 1970s. The site of 

the borehole is warmer than in Prague, the long-term ground surface temperature 

extrapolated from the temperature logs is nearly 13 °C compared to 9.5 °C in Prague. 

The long-term mean of the annual sum of the sunny hours at the near meteorological 

station Bilje is around 2000  (Mesečni bilten ARSO 2009), which is by 370 hours more 
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than in Prague.  As mentioned above, the upper 90 m of the borehole passes through 

unconsolidated Quaternary sediments characterized by alternating sandy and clayey 

layers with different thermal properties.  Whereas samples of these Quaternary 

sediments were not available, we estimated values of thermal conductivity and thermal 

diffusivity of the individual layers using our laboratory measurements on similar rock 

types, and published data (Abu-Hamdeh and Reeder, 2000, Shan Xiong Chen, 2008). 

Effect of this fine layered structure on transient temperature is substantial. When the 

structure is approximated by a homogeneous model of the same thermal resistance, the 

resulting transient profile differs appreciably. This is demonstrated in Figure 19 which 

shows downward propagation of SAT changes simulated by the transient layered model 

and the transient homogeneous model.  Figure 19 depicts also the difference of the two 

profiles. It amounts to several tenths of degree in the upper part of the borehole. The 

layered, more realistic model was used in simulating the effect of the anthropogenic 

structures in 3-D models. 

 

 

Fig. 19.  Block plan of surroundings of the borehole Še-1. 

 

The individual effects of the regional climatic and local anthropogenic forcing together 

with their composite effect on the subsurface temperature field in the borehole Še-1 are 

shown in Figure 20 in a form of transient components of the temperature – depth 

profiles. They are compared with the observed transient component. All profiles are 

related to the year 2008. Variations of the mean annual SAT series observed at 

meteorological station Ljubljana were used as the climatic forcing. The offsets chosen 

for the ground surface temperatures of the individual types of surface were similar to 
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that in Prague, 3.5°C for asphalt and 1.5°C for the playground. Temperature below the 

sporting hall was considered between 15°C through 20°C in the individual versions. 

The best fit to the observed profile was achieved for 17°C. The transient component of 

both the observed and the simulated temperature logs was obtained by subtracting from 

the profile its linear part fitted to the depth section 150 – 400 m, where the transient 

component is negligible in comparison with the uppermost 100 m of the borehole.  

 

 

Figure 19. Synthetic transient temperature – depth profiles and their difference in the 

borehole Še-1 calculated by layered and homogeneous transient geothermal models of 

the same thermal resistance as a response to climate change.   

 

 

Figure 20. Transient components of the temperature – depth profiles in the borehole Še-

1 in 2008 generated (i) by the individual effects of the regional climatic ( Tclim ) and 
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local anthropogenic ( Tantr ) forcings and (ii) by their composite effect ( Tmod ) 

compared with the observed  transient component ( Tobs ). 

 

The warming effect of the anthropogenic structures is about 50 % of that caused by the 

SAT warming at the depth of 50m and becomes negligible below 100 m. The impact of 

climatic signal attenuates more slowly with depth than the anthropogenic one and 

becomes smaller than one hundredth of degree below 160 m. The sum of the two 

signals approximates fairly well the observed transient component of the Še-1 

temperature logs. 
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Conclusions 

The thesis has shown that the present subsurface temperature field can be strongly 

influenced both by the recent regional climatic changes and by thermal effects of local 

anthropogenic structures. On the other side the influence of water movement on 

subsurface temperature field caused by a meteoric water infiltration is negligible and 

heat conduction dominates in vadose zone. Only the thinnest layer of soil to a depth of 5 

cm is affected by changes in moisture and the induced seasonal variations of thermal 

diffusivity can affect heat transfer in the shallow subsurface, especially in places where 

the significant alternation of hot dry and cooler wet periods occurs. 

The results of the study indicate that the factor of “thermal pollution” due to local 

anthropogenic effects in precise temperature logs must be taken into account seriously 

both in the terrestrial heat flow studies and in the ground surface temperature history 

reconstructions. Especially for the climatic studies based on the temperature logs, 

selection of boreholes or borehole sites should always consider this possible problem.       
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