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a  b  s  t  r a  c t

Borehole  temperature  logs  in urban areas  often  show deviation  from  the  regional geothermal gradient
that  increases  towards  the  land surface in  the  top ∼100 m. This  deviation  is  the  sum of two  effects:
atmospheric  global  warming and urban  heating. To  invert  the  temperature  profiles  (T-logs),  a novel
analytical model  is presented to  distinguish  effects  of global  warming and  of urban  structures  on  the
ground  thermal  regime.  The inversion  is  demonstrated  on four  characteristic  T-logs measured  in the  city
and suburbs of Zurich, Switzerland.  The  logging  was performed  in borehole heat exchanger U-tubes  by
an innovative,  wireless measuring  technique.  Detailed  information on past  climatic  and  land  use changes
enabled the  focus  on  two  main  urban heat sources,  buildings  and asphalt.  For  three  of the  locations, the  T-
logs could  be  reproduced  with  a plausible heating  of the  asphalt  by  3–3.5 ◦C,  and  an average temperature
of  15–16 ◦C  below  the  basement of buildings.  However,  the  other  location  within  the  highly urbanized
area, is influenced  by  additional heat sources.  In  most  of the  cases,  the  increased subsurface  temperatures
and the  associated  stored additional geothermal energy, mainly  originate  from urban  structures,  while
climate change  is  secondary.

© 2016  Elsevier  Ltd. All  rights  reserved.

1. Introduction

Vertical temperature profiles (T-logs) measured in  boreholes
can be utilized as long-term recordings of past atmospheric
temperature variations and recent global warming (Harris and
Chapman, 1997; Huang et al., 2000; Lachenbruch and Marshall,
1986; Pollack and Huang, 2000). This is  due to  the coupling between
ground surface temperature (GST) and surface air temperature
(SAT), as well as slow heat transport in  geological formations. In
borehole climatology, different concepts are available for relating
spatially variable temperature in the ground to  the temporal varia-
tions above the ground. Most commonly, one-dimensional vertical
conductive heat flux is assumed as the governing process, and
by inversion with an analytical half space conduction model, cli-
matic temperature trends for the last centuries and beyond are
derived (Barkaoui et al., 2013; Bodri and Cermak, 2011; Davis
et al., 2010; Hartmann and Rath, 2005; Lewis and Wang, 1992;
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Mareschal and Beltrami, 1992; Smerdon et al., 2003). For  simulating
the combined effect of vertical groundwater flow and conduction,
analytical advection-conduction models are  applied (Kurylyk and
MacQuarrie, 2014; Taniguchi et al., 1999; Yamano et al., 2009).
Alternatively, in  order to account for spatial parameter heterogene-
ity, local groundwater flow, terrain or topographical effects, more
flexible and versatile numerical models are employed (Hopcroft
et al., 2009; Kohl, 1999; Kooi, 2008; Vogt et al., 2014).
When T-logs are used for past climate inversion, focus is set on

atmospheric forcing. The neglect of specific heat sources or  ther-
mal  transport processes may  result in  misinterpretation. It is  well
known that changes in land use and coverage perturb the ther-
mal  regime in  the ground. For  example, increased temperatures
are induced from changes of annual snow cover, deforestation, and
urban infrastructures (Bense and Beltrami, 2007; Dutra et al., 2011;
Kataoka et al., 2009; Lewis and Wang, 1992; Mann and Schmidt,
2003; Nitoiu and Beltrami, 2005). However, even if perturbed T-logs
are too noisy for past climate reconstruction, this apparent noise
carries precious information about direct anthropogenic effects.
When GST trends are known, e.g. based on SAT measurements
or from close-by non-perturbed profiles, it is possible for exam-
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ple to examine the evolution of urbanization in T-logs (Ferguson
and Woodbury, 2004; Taniguchi et al., 2009; Yamano et al., 2009;
Zhu et al., 2015; Zhu et al., 2010). For example, in several Asian
cities such as Osaka, Bangkok, Taipei, Jakarta, Seoul, and Tokyo,
Taniguchi and co-workers (Huang et al., 2009; Taniguchi et al.,
1999; Taniguchi et al., 2007; Taniguchi et al., 2005) inspected the
footprint from the atmospheric urban heat island (UHI) in the sub-
surface.
Despite the fact that large-scale spatial trends in cities have

been identified and regional heat fluxes have been modelled, the
main focus so far has been on average conditions and features that
are reproduced in repeated measurements or at different locations.
Much less effort has been dedicated to inspecting local urbanization
effects. For instance, Reiter (2006) and Reiter (2007) measured T-
logs in 120 m deep boreholes in the Albuquerque basin, and found
that encroaching urbanization leads to increased temperatures.
Westaway et al. (2015) examined the conditions in the vicinity of
an industrial site and found substantially increased temperatures
in  the ground. Ferguson and Beltrami (2006) and Dědeček et al.
(2012) presented numerical modelling studies for quantifying the
theoretical impact of increased heat flux due to  land use change and
from buildings on T-logs. Dědeček et al. (2012) applied numerical
models to two field cases in  Prague (Czech Republic) and in  Slove-
nia, where repeated measurements from around 150 m deep T-logs
reveal substantial warming effects from the land surface. It was
shown that forcing the numerical model with measured SAT tem-
peratures yields insufficient vertical heat flux, and the observed rate
of warming is  around two times the modelled value for the bore-
hole in Prague. By implementing different land use types (buildings,
playground and asphalt areas) and assigning measured elevated
values of specific temperatures, a  fairly good agreement between
simulated and measured logs can be achieved. Similar findings
are obtained for the Slovenian borehole. However, due to  the lack
of detailed measurements, the temperatures characteristic for a
sports hall (17 ◦C) and paved ground (offset of 3.5 ◦C) had to  be
manually calibrated.
As described, those approaches available for studying direct

anthropogenic perturbation of T-logs are based on mainly sim-
plifying synthetic, or computationally demanding, case-specific,
numerical models. Especially when long-term trends of land use
changes are simulated, numerical methods demand long com-
puting times for achieving a  satisfactory time-resolution. This is
prohibitive for automatic inversion techniques, which often require
numerous iterations of model executions. Analytical models, which
can be rapidly evaluated, are popular in borehole climatology but
not considered for simulating spatially and temporally variable
land use effects on T-logs. This gap is closed in  our work. We there-
fore present an analytical model framework that can be utilized
for T-log inversion with different land use types and conduction
as dominating heat transport process. It is implemented into a
Bayesian framework for reconstructing the past land use effects on
T-logs measured in  urban environments. Hence, our objective is  to
quantify the spatially and temporally variable contributions of dif-
ferent anthropogenic heat sources on T-logs. With this insight, we
are able to distinguish effects of atmospheric global warming and
of urban infrastructures on the ground thermal regime, which is
not only crucial in the context of borehole climatology, but also for
understanding the evolution of subsurface UHIs (Arola and Korkka-
Niemi, 2014; Ferguson and Woodbury, 2004; Huang et al., 2009)
and their geothermal potential (Zhu et al., 2010).
In the following, the analytical model and the inversion pro-

cedure is described first. Then, we  report characteristic T-logs
measured in the city and suburbs of Zurich, Switzerland. For  the
measurement locations, the land use variability in space and time
is analysed and analytical models are calibrated. We finally derive

characteristic temperature values for each land use type and reveal
their sensitivities.

2. Methodology

2.1. Analytical model

Previous studies have highlighted the role of long-term changes
in urban GST for explaining the thermal anomalies in the shallow
urban subsurface (e.g. Benz et al., 2015; Dědeček et al., 2012). These
changes are characterized by a  strong spatiotemporal variability
that challenges the performance of standard numerical heat trans-
port solvers (Epting et al., 2013; Herbert et al., 2013). Recently,
Rivera et al. (2015) proposed an analytical model for simulat-
ing borehole heat exchangers (BHEs) based on a superposition of
Green’s functions, which can simulate transient and non-uniform
land-surface effects. This model is easily scalable in space and is
appealing for use within standard T-log inversion procedures. Con-
ceptually, the model is built for a  semi-infinite homogeneous space
bounded by a  flat ground surface (top boundary). The latter consists
of a rectangular area with a distinctive land use within the coordi-
nates [xa, xb] and [ya, yb], which is  embedded in an infinite plane
(representing the background).
If the temperature of the rectangular area is  �lu (t) and one of

the infinite planes is zero, as well as the initial conditions, the tem-
perature Tlu at any point x = (x, y, z) and time t reads (Rivera et al.,
2015):
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where v  is  the horizontal effective thermal velocity, which is
assumed uniform and steady, and a is  the thermal diffusivity of the
porous medium. It relates the bulk thermal conductivity, ␭,  the bulk
specific heat capacity, c, and density, �,  of the material by a = ␭/(c�).
If the initial thermal conditions are not zero but defined by  a

given surface temperature Ts and an in-situ geothermal gradient
k, the following expression is superposed to Eq. (1) (Carslaw and
Jaeger, 1959):
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Moreover, if the temperature of the infinite plane or background
on top is  not zero but �inf (t), we additionally superpose the follow-
ing analytical expression (Carslaw and Jaeger, 1959):
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In this case, the function �lu (t) in  Eq. (1) is  replaced by �lu (t)−
�inf (t). Finally, the temperature at the point x and time t reads:

T (x,  t) = Tinf (z, t)+ To (z, t)+ Tlu (x, t) (4)

With Eqs. (1)–(4) it is possible to estimate complex land use
settings via superposition as exemplified in the theoretical analy-
sis by Rivera et al. (2015) on BHEs for geothermal energy use. In the
present work, conditions without the operation of  a  BHE are consid-
ered. Also, potential heat loss from underground structures such as
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sewage channels or  district heating systems is  ignored (Benz et al.,
2015).

2.2. Inversion strategy

For calibration to a  measured T-log, a  fundamental hurdle is
that the number of different influential parameters to describe
long-term spatial and temporal variations in an urban environ-
ment is  huge, thus the inversion problem is not  well delineated.
For arriving at a  reduced set of a  few free parameters, we  propose
(i) predefining average thermal properties of the ground instead of
including these in a calibration, (ii) grouping those parameters that
are representative of different sources but the same processes and
assigning averaged global values, and (iii) approximating trends
in past GST temperatures based on polynomial regression of mea-
sured atmospheric data. Details and implications of these strategies
are discussed in  the following.
In the first step, the values of Ts and k  in To (Eq. (2)) have to

be determined. For this, the linear trend defined by the ambient
geothermal gradient, at sufficient depth of a  T-log, is extended to
the ground surface. This trend represents the expected and ideal
site-specific conditions without distortions from the ground sur-
face or from groundwater flow. By this, we also assume that thermal
properties in  the ground are homogeneous, or  in  other words, ther-
mal conductivity can be approximated by one integral value. The
value of the linear trend at the ground surface equals Ts and the
slope of this trend is k. The deviation from the initial linear trend
is caused by  distortion due to spatiotemporal variability in  GST.
The latter is split in two superimposed components: the prevailing
GST influenced by climate conditions (background) and the effect
of urbanization (land uses). These are described in the next section.

2.3. Ground surface temperature components

The background or outdoor urban GST, here GSTout,  is  mainly
controlled by the surface air temperature (SAT). Generally, both
temperature fields are coupled, but to some extent they are
detached from each other depending on site-specific conditions
such as wind, evapotranspiration, land use type, and snow cover
among others (Herb et al., 2008; Rivera et al., 2016a). Therefore,
taking SAT as a  surrogate of GSTout for solving the heat trans-
port problem with prescribed temperature at the ground surface, is
often not  appropriate. At the regional scale, for instance, Signorelli
and Kohl (2004) observed differences from 0.2 ◦C to  3.6 ◦C between
the annual mean of both temperature fields. For this, data from 29
measurement stations in  Switzerland were considered. The data
from Signorelli and Kohl (2004) also show that annual mean values
of SAT and GSTout follow the same trend without appreciable phase
shifting. This feature will be considered in this work for approxi-
mating the GSTout,  provided a  recorded SAT time series.
In urban Zurich, at Fluntern, the station SMA  (MeteoSchweiz,

2015) has measured near surface air temperatures since before
1900. Fig. 1 shows the annual mean SAT at this station for the period
of 1880–2014. Earlier SAT measurements (not shown) do  not  indi-
cate temperature trends and we deduce a  mean SAT of 7.93 ◦C for
the time before 1880.
The continuous increase in SAT after 1900 is  a  common fea-

ture when we compare it with related studies in urban areas (e.g.
Yamano, 2011; Zhu et al., 2015). Before circa 1900, the recon-
structed GST history described in  (Yamano et al., 2009) also shows
a relatively stable GST period in  the analysed cities of Bangkok and
Taipei. This indicates that, similar to Zurich, effects from urbaniza-
tion and global warming are not identifiable in  very early time.
In line with this, we assume that a quasi-thermal equilibrium
in GSTout exists before 1880 for the initialisation of the model.
This equilibrium in GSTout is site-specific and identified using the

Fig. 1. Annual mean and polynomial regression of surface air temperatures (SAT)
measured at  Fluntern, Zurich.

Fig. 2. Schematic relationship between SAT, background GSTout, shift  between both
(�TG-S), temperature of paved ground (asphalt) and buildings. The bottom figure
illustrates the effects of long term background warming (GSTout),  asphalt (�Ta)  and
buildings (TB)  on  a temperature profile for arbitrary points in time.

parameters Ts and k in Eq.  (2). Parameter Ts is  the initial GSTout,
which is known from linear interpolation of  the undisturbed T-log,
and the temporal trend in  GSTout is determined by  the trend in
the measured SAT. In the model, this means that we calculate the
difference �TG-S between initial GST (Ts) and initial SAT (7.93 ◦C),
and use this increment to shift the values of SAT for approximat-
ing the GSTout trend during the long-term simulation (Fig. 2). For
convenience, the trend in  this GSTout is  fitted with a polynomial
regression of SAT (Fig. 1) and this expression is  used as �inf (t) in
Eq. (3). Thus, any seasonality in  the GSTout signal is neglected, since
only its long-term changes can be tracked from deeper T-logs.
The obtained GSTout trend, �inf (t), is  implemented in the model

(Eq. (4))  and not calibrated. It is  used as time-dependent back-
ground (or outdoor) temperature to describe areas other than
sealed and covered ground. The latter are quantified by the other
component in GST (�lu) accounting for changes in land use (Eq.
1). For our study cases, two different categories are identified:
pavements (or asphalted areas) and buildings. For pavements, we
follow the suggestions by Dědeček et al. (2012) and assume that
these follow the same trend as the background GSTout

	
�inf (t)
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Fig. 3. Illustration of wireless temperature logging in a  U-tube of a borehole heat
exchanger (BHE), showing (a)  lowering during measurement phase, and (b) sub-
sequent back-flushing by pumping water in counter flow. Typical vertical depth of
borehole is 100–450 m.

plus an unknown increment �Ta (Fig. 2). For built-up areas, we
hypothesize a  constant annual mean ground surface temperature,
TB, regardless of the nature of building or transient patterns in
heating/cooling demands (Fig. 2).
The site-specific values of �Ta and TB could be determined via

single model calibration, and thus minimizing the misfit between
the model and T-log. However, given the ill-posedness of the inver-
sion problem, we  favour a Bayesian approach (Goto et al., 2009).
For evaluating the likelihood distribution of the two unknown
parameters, Metropolis–Hastings sampling (MHS) is  performed
(Hastings, 1970; Metropolis et al., 1953). This is a  standard Markov-
Chain Monte Carlo (MCMC) method that increases the efficiency
of sampling by concentrating the search on domains with a  high
probability of the likelihood function. Even though such a  MCMC
method requires thousands of model evaluations, the overall cali-
bration procedure is  fast, given the efficient analytical solution of
the transient 3-D heat transport problem.

3. Case study

3.1. Borehole temperature measurements

Our approach ignores any advective heat transport component.
Thus, groundwater wells, which often represent the most frequent
and best accessible boreholes in a city, are not suitable. Instead, T-
logs are taken in recently completed geothermal drill-holes in  the
region of Zurich before starting operation of a  ground source heat
pump. The boreholes were backfilled after drilling and equipped
with double U-tubes. The tubes were filled with water and left
standing for at least 7 days to reach thermal equilibration. For verti-
cal temperature logging, a  patented novel wireless probe, NIMO-T
(“Non-wired Immersible Measuring Object for Temperature”) was
inserted in  one of the water-filled U-tube limbs (Fig. 3). The device,
its specifications, and the measurement procedures are described
in detail in  (Rohner et al., 2005).
The NIMO-T probe (weight 100 g, length 20 cm,  diameter 2 cm)

carries a  temperature and pressure sensor, as well as a built-in
miniature data logger. It sinks by  its own weight at a  rate of around
7 m per minute, and it records a temperature and pressure (=mea-
suring depth) value every 25 cm.  The relative temperature accuracy

Fig. 4. Locations of four boreholes in urban and suburban region of Zurich (for exact
coordinates please see Table 1).

is  ±0.0015 K, and for depth it is ±20 cm (time constant of tempera-
ture sensor is  around 0.5 s). After the probe has reached the U-tube
bottom, it is flushed back to the surface by pumping. The recorded
data is then readout and processed in  a  computer (Schärli et al.,
2007).
From several available measurements, we  selected four loca-

tions, where groundwater effects are negligible. At these sites,
hydrogeological maps do not  show productive aquifers. During
drilling no water inflow was  observed and no advective distortions
could be perceived in the obtained T-logs. The boreholes are located
in the area of Zurich, as well as in  the suburbs around the lake of
Zurich. For the sake of simplicity, we name the boreholes according
to their relative geographical positions: Southeast, South, East, and
Central (Fig. 4, Table 1).
In  the Southeast,  in  the suburb of Meilen, a  borehole of 280 m

was logged in  October 2005. This location is typical for old residen-
tial areas in  the region of Zurich. In contrast, the South location on
the western side of the Zurich Lake, represents a  recently populated
area with mainly industrial land use since 1962. Here, the tempera-
ture profile goes to 200 m depth and was taken in September 2008.
The two  further and most recent measurements are from the city
area of Zurich. The one in the East is located at the Köllikerstrasse,
and the other in  the Central at the Rämistrasse. Both reach a  depth
of more than 400 m. The East location is characteristic for a  resi-
dential area, with separate houses and green spaces. The Central
location exhibits the highest building density, with a  small fraction
of green spaces.
The drilling profiles of the four sites are case-specific, but  show

similar sediments. The subsurface is built up mainly by  consoli-
dated fine sand of the Upper Freshwater Molasse (Tertiary). It  is
overlain by young Quaternary moraine deposits, of 53  m in the
South, 26 m in  the East and 15 m in the Central. In the South-
east, the Tertiary formation reaches to  the ground surface. Previous
works (Schärli et al., 2007; Stauffer et al., 2013) provide represen-
tative values for thermal conductivity, ␭ = 2.7 W/m  K, bulk density
of ␳ =  2700 kg/m3 and c = 700 J/kg K,  and based on these, we esti-
mate a  thermal diffusivity of a = 45 m2/year (1.43 × 10−6 m2/s). For
both formations, Molasse and moraine sediments, the mean ther-
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Table  1
Dates, locations, depths and elevations of borehole measurements, with linearly interpolated initial GST (TS), undisturbed geothermal gradient (k), and shift �TG-S between
GST  and SAT derived from T-log analysis.

Location Coordinates (WGS 84) Date Elevation Depth TS k �TG-S
(m a. s. l.) (m)  (◦C) (◦C/100 m) (◦C)

Southeast 47.26705 N/8.65591 E  Oct/2005 420 280 9.9 3.0 2.00
South  47.31006 N/8.54390 E Sep/2008 500 200 9.6 3.0 1.62
East 47.37442 N/8.56419 E  Sep/2009 520 410 10.7 3.0 2.72
Central 47.37086 N/8.55022 E  Mar/2013 420 540 10.4 3.6 2.47

mal  diffusivities are  similar. In a  sensitivity analysis, we examined
the influence of varying the thermal transport parameters within
realistic ranges (e.g., ␳ =  2900–2400 kg/m3). Since such ranges are
relatively small, these parameters, however, exert only a  minor
influence on the simulated T-logs.

3.2. Configuration of case-specific models

Close to the ground surface, the temperatures of all four bore-
holes indicate deviations from the nearly linear trends prevailing
at greater depths. For our analysis, we ignore the top 20 m in order
to avoid seasonal influences from the atmosphere. A straight line
was fitted to the non-distorted deeper part (>120 m)  of each T-log.
This yields the background geothermal gradient (k)  and an expected
non-disturbed initial ground surface temperature, TS. The values of
these parameters are listed in  Table 1.  It  is  shown that the results
for the South and Southeaster location are  comparable, but at the
East site a higher temperature, TS, and at the Central site, a  more
pronounced geothermal gradient, k, is computed. Still, the calcu-
lated values of TS = 9.9–10.7 ◦C and k  =  3.0–3.6 ◦C/100 m are within
a tight and expected range. Based on initial SAT of 7.93 ◦C, values of
TG-S, are between 1.62 and 2.72 ◦C (Table 1). This is within the range
reported in  the regional analysis by  Signorelli and Kohl (2004).
For each location, the geometries of buildings and historical land

use changes can be  delineated from publically available geograph-
ical data, cadastral maps, and orthophotos (Swisstopo, 2015). A
sufficiently broad radius (up to 200 m)  around the boreholes was
discretized, in order to simulate close-by effects such as from adja-
cent buildings as well as from distant heat sources such as roads
and highways. For visualization in Fig. 5, we chose three colours for
the corresponding land use types: asphalt and paved ground (blue),
buildings (red) and non-built-up areas (grey). Older buildings and
streets are marked by darker colours. At two sites, the ones in  the
South and Southeast, we further distinguish zones in the vicinity
(dotted) and at greater distance of the borehole. The boundaries
between these two zones were set arbitrarily. Major questions here
are, how far is the radius of influence for the T-logs, and what role
do distant heat sources play? We will address this by comparing
the contributions by the inner and outer zones to  the distortion of
the profiles.

3.3. Implementation of Bayesian inversion

During Bayesian inversion, the values of �Ta (asphalt) and TB
(buildings) are randomly generated from truncated Gaussian distri-
butions within predefined ranges. For �Ta this range is  set between
0 ◦C and 10 ◦C, and TB is  between 10 ◦C and 25 ◦C.  These rather wide
ranges are intended to cover an equally broad decision space for
all locations and to mitigate boundary effects during stochastic
sampling. The standard deviations of these distributions are also
predefined. They are tuned by preliminary testing with randomly
initialized MCMC  chains, and set to  avoid local trapping and achieve
fast convergence. The standard deviations set for decision param-
eters are listed in  Table 2.
During a particular chain, pairs of (�Ta, TB) are iteratively

sampled, and for each pair the analytically simulated T-logs are

Table 2
Standard deviations specified for decision parameters (�Ta, TB) and likelihood func-
tion  during Bayesian inversion.

Location standard deviation (◦C)

�Ta TB likelihood function

Southeast 1  2 0.2
South 2  3 0.2
East 1.5 2.5 0.2
Central 2  3 0.5

compared with the measured ones. As  a measure of fit,  the root
mean squared error (RMSE) is computed. It  is  assumed that the
likelihood of the RMSE values follows a semi-Gaussian distribution
with zero mean (best possible fit) and with a  standard deviation
that is  specific for each location-specific model (Table 2).
A new sample (�Ta, TB) in the MCMC  chain is  proposed after

updating only one of both parameters (randomly chosen in each
iteration). Then the corresponding likelihood is  calculated and the
standard MHS  acceptance/rejection ratio is applied. By assigning
higher frequencies to  combinations (�Ta, TB) that maximize the
likelihood function (RMSE close to zero), the algorithm promotes
favourable model settings. Typically, a  chain consists of thousands
of iterations in  order to ensure convergence. For the four case-
specific models, we obtained stable results for the probability
density functions of (�Ta, TB) after about 50,000 iterations.

4. Results

4.1. Measured T-logs

The four measured T-logs are  shown in  Fig. 6  for depths of
20–140 m.  In  these depths, all logs show positive departures from
the expected linear profile near the ground surface, arriving at GSTs
that are several degrees warmer than the concurrent SAT of around
10 ◦C. Taking the temperature trend of GSTout for each location, we
can simulate the expected ground thermal conditions due to cli-
mate forcing. The relative effect is  calculated by comparing with
the initial conditions given by To as reference. It  is minimal at the
South site with a  difference of 0.8 ◦C at 20 m depth. For the East and
Southeast locations, the ground warms up by around 1.0 ◦C, while
at the Central site, a change of 1.2 ◦C is derived. Even when approx-
imating GSTs as shifted SAT (by adding �TG-S ,  Table 1), it is clear
that additional heat sources at the ground surface must exist that
have long-term effects on  the thermal regime in  the ground. For
example, at the Central location, the measured temperatures reach
nearly 15 ◦C at 20 m depth. This upper value is at least 1.5 ◦C lower at
the other locations and only around 12.5 ◦C in  the South. These dif-
ferences correspond well with the intensity of urbanization, which
is highest in the Central area.
The plots in Fig. 6 also show the linearly extrapolated non-

distorted GST trend (To). The site-specific conditions yield different
values for TS as listed in  Table 1.  The differences are  most proba-
bly due to case-specific coupling between SAT and GST, but they
could also indicate other factors. Our fundamental assumption is
that the conditions before 1880 can be approximated by an undis-
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Fig. 5. Land use maps with buildings and paved ground in the surrounding of the four boreholes, where the temperature measurements were taken. The age of each structure
is  reflected by color intensity, and for the Southeastern and South location, an  inner (continuous) and outer zone (dashed) is  distinguished for examining the effect of more
distant  heat sources at the ground surface. (For interpretation of the references to  colour in the text, the reader is referred to  the web version of this article.)

turbed thermal equilibrium. However, the city of Zurich existed
already earlier and associated anthropogenic land use changes may
have impacted the ground thermal regime before. With the lim-
ited information available for earlier times, however, we will not
examine further the reasons for the different initial modelling con-
ditions. Note that our analysis of recent developments focuses on
relative changes, which are caused by  factors that superpose to the
background conditions.
The onset of deviation from the linear trends is slightly differ-

ent at each site (Fig. 6), and it can only roughly be determined. At
Southeast and Central, it is at around 120 m, at East, approximately
90 m and at South, around 100 m. Generally, when compared to
the expected temperature profile from climate forcing only, we see
earlier deviation in  the measured T-logs. This reveals that climate
change effects as measured in the SAT time series set in later than
those from land use changes at the sites.

4.2. Inverted T-logs

Given measurement errors and other noise in the recorded data,
there often exists a set of near optimal solutions that are  similarly
acceptable. Aside from this, at the ground surface of all locations,
many superpositioned heat sources exist and even if we invert only
universal values of asphalt and buildings, the inversion problems
are hardly well-posed. We  are therefore not interested in  find-
ing a single global optimum. The Bayesian approach exhaustively
explores the decision space and we can extract the set of all those

solutions providing an acceptable fit. After MCMC  search, we  visu-
alized the results and compared the best solutions to the measured
data. Then, only combinations of (�Ta, TB)with RMSE of lower than
0.1 ◦C were kept, except for the Central site, where model fitting
was less successful and the tolerance was increased to  0.3 ◦C.
In  Fig. 7, the correlated ranges of acceptable (�Ta, TB) com-

binations are shown. For  the Southeast and East locations, the
mathematically feasible combinations span the entire parameter
value ranges with a  clear linear correlation. At these locations,
the timing of most thermally influencing buildings and pavements
is fairly similar (Fig. 5a,c). Due to  superpositioning of both heat
sources, the resulting TB and �Ta are inversely proportional. At the
East location for instance, we can obtain the same profile through
the increase of �Ta by 1.0 ◦C and by decreasing TB by  0.6 ◦C.
For the South and Central locations, the resulting values also

indicate inverse proportionality, but the ranges shown in Fig. 7  are
limited. For the South location, TB should be higher than 14 ◦C and
�Ta lower than 5 ◦C. For the Central site these limits are 14.6 ◦C
and 5.1 ◦C, respectively. The resulting parabolic shape in  Fig. 7 is
attributed to  the different timing of heat sources. In contrast to
the Southeast and East sites, the life time of buildings and pave-
ments varies significantly at the South and Central locations. At the
South for instance, streets are old compared to  the most influenc-
ing buildings in  vicinity of the borehole (Fig. 5b,d). This means that
pavements considerably affect deep subsurface temperatures here.
In other words, a  �Ta higher than 5.1 ◦C would imply a  deeper ther-
mal  anomaly that is not seen in the measured T-log. However, a  TB
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Fig. 6. Measured temperature profiles (T-logs) in depth of 20–140 m with results from Bayesian inversion of analytical model (envelopes with RMSE =  0.3 ◦C at  the Central
location and RMSE = 0.1 ◦C at other sites). Also shown are undisturbed linear trends, and expected profiles due to climate forcing alone.

Fig. 7. Ranges for inverted parameter values for the four borehole locations
(RMSE  = 0.3 ◦C at  the Central location and RMSE = 0.1 ◦C at  other sites) with full range
(left) and close-up based on  recommended range (right).

lower than 14.6 ◦C is insufficient to yield the relatively high tem-
peratures in  the shallow regime. In essence, both land use types
control different depths in the T-logs and their effects can be better
separated than for the other locations.
Taking all combinations (�Ta, TB) that  delineate the different

areas in Fig. 7 for the given RMSE thresholds, we  obtain the mod-
elled T-logs presented as grey bands in  Fig. 6.  For all sites, the
measured data is  well covered, with better fit for the East, South
and Southeast locations. The Central site requires a broad tolerance,
which also provides some insight into the limitations of  the model
for this specific case. According to Fig. 6d, the relative high GST
is reached by the right envelope of the grey band, which is associ-
ated with an extreme combination of TB =  19.1 ◦C, �Ta =  0 ◦C (Fig. 7).
Yet this high value of TB also yields overestimated temperatures in
the deeper profile. In  comparison, the left envelope (TB =  15.8 ◦C,
�Ta =  0 ◦C)  matches closely to the measured T-log starting at 70 m
depth, but the simulated temperatures are up to 1 ◦C cooler above.
Any other combinations with more realistic values, �Ta >  0 ◦C and
RMSE <0.3 ◦C, yield intermediate profiles that underestimate shal-
low temperatures and overestimate those at greater depths.
The unmatched high temperatures, especially in the shallow

zone of the Central location, are  probably induced by  additional
heat sources not accounted for in  the proposed model. In urban-
ized areas like the Rämistrasse in  Zurich, district heating networks
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Fig. 8. Depth-dependent contribution by  buildings and asphalted ground at  Southeast and West borehole, given the ranges derived from the inversion.

Fig. 9. Depth-dependent contribution by inner and outer zones at South and Southeast location, as distinguished in Fig. 5a,b.

Table 3
Energy stored additionally at four study locations beneath 20 m depth due to  background atmospheric temperature increase and due to urbanization. The  simulated
contributions by urban structures are the ranges associated with the results (grey bands) shown in Fig. 6.

Location Measured contribution
by atmospheric
warming (MJ/m2)

Measured contribution
by urban structures
(MJ/m2)

Simulated contribution
by urban structures
(MJ/m2)

Total measured
additional energy
(MJ/m2)

Southeast 30 (24%) 97 (76%) 85–116 127
South 32 (30%) 75 (70%) 59–87 107
East 43 (52%) 39 (48%) 24–52 82
Central 66 (30%) 151 (70%) 116–218 217

and sewage systems may  contribute to subsurface urban warming
as observed in other cities (Menberg et al., 2013b). Even though
such factors could be implemented in the analytical model as
nodal/line/planar sources with a defined heat rate (Rivera et al.,
2016b),  this is  not done here. The required temperature measure-
ments to describe long-term effects of such infrastructures are  not
available.
The wide range of acceptable value pairs (�Ta, TB) in Fig. 7 can

be further constrained by findings from previous work. According
to the measurements by Dědeček et al. (2012) in Prague, plausible
values for �Ta are between 3 and 4 ◦C. Benz et al. (2015) suggest
a rough range of 15 ◦C <  TB < 20 ◦C for basements of buildings in the
cities of Cologne and Karlsruhe. A zoomed view of the resulting
solution space is also shown in  Fig. 7.  It indicates that the win-
dow with TB =  15–16 ◦C and �Ta = 3–3.5 ◦C can be considered as a
universally valid solution for all locations. Nevertheless, a  lumped

�Ta between 3 and 4 ◦C may  be realistic for younger pavements
such as those found at the South and Southeast locations (i.e. park-
ing lots around buildings). Older streets may  be  better represented
by a  transient trend, for instance, by assigning bare soil character-
istics at earlier times. Potentially, �Ta slightly increases with the
rising temperature in the atmosphere. This could be also one of the
reasons for the unsatisfactory fit for T-log of the Central location.
Here, influential streets date back to 1880, and have likely not been
completely asphalted since that time.
Similarly, by assuming a  lumped value for TB,  we neglect not

only potential spatial variability but also temporal trends. Among
these are time-dependent changes in the indoor temperature due
to different cooling/heating patterns or changes in  building use, as
well as recent efforts for improved insolation of basements. Such
spatial and temporal heterogeneity can hardly be inferred from sin-
gle T-log inversion, but could be examined for instance by repeated
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measurements of multiple neighbouring boreholes. Such measure-
ments, however, are not available so far.

4.3. Role of land use types and lateral distance to borehole

In this section, we  shed light on the different land use charac-
teristics of each site and how these are reflected in the T-logs. This
also includes an analysis of the role of distant land use variations,
with a  focus on the South and Southeast locations. For conciseness,
we focus on the value ranges suggested by  Dědeček et al. (2012)
and Benz et al. (2015) (Fig. 7).
The Southeast location represents a  typical old residential

agglomeration with significant urbanization. Next to the borehole,
we find buildings and paved ground dating back to 1959 (age of
46 years in 2005, Fig. 5a). At  a range of around 30–70 m to the
northwest, five old buildings had been constructed in 1885, two of
which have already been demolished in 1959. These were located at
around the same spot as the (newer) building closest to the bore-
hole in the southern direction. Also, most of the streets already
existed before 1900.
From Fig. 7 we extract those acceptable models with TB between

15 and 16.5 ◦C and �Ta between 3 and 3.7 ◦C. Implementing these
ranges in the model, we can contrast the relative contribution by all
asphalted areas and all built-up areas to the simulated T-logs. For
the Southeast location, Fig.  8a  depicts the envelopes of the relative
contributions. The depth-dependent graph shows that the build-
ings contributed to the urban heating of the deeper ground by only
around 40–55%. This is  even less towards the ground surface at only
about 20–40%. The reason for this depth-dependent variation must
be found at the ground surface. Here, the borehole is  located within
asphalted ground that dominates the near-surface conditions. The
influence from the surrounding buildings, especially of old ones,
rises with depth.
In comparison, the result for the South location, with its rela-

tively young built-up structures (Fig. 5b), is  illustrated in Fig. 8b.
Here the buildings are mainly for commercial/industrial use and
accordingly, Fig.  7 suggests broader ranges and higher values for
TB = 15–17.5 ◦C, and for �Ta =  3–4 ◦C. By implementing these ranges
in the model, Fig. 8b shows that the relative contribution by build-
ings increases towards the ground surface and reaches more than
60% (in contrast to  around 20% in 140 m depth). A major factor is
the relatively young building next to the borehole, which was con-
structed in 1999 (Fig. 5b). Further, buildings at around 100 m radius
date back to 1962 and most of the other buildings in this area stem
from the 1960s and 1970s (age of 40–50 years). These all represent
substantial and recently active heat sources. Several streets have
existed already since 1900 (>100 years old) in this area. The striking
highway crossing the western part of the mapped area (from 1965)
may  act as crucial heat source, but is  at a  further distance than the
adjacent buildings. These observations for the South and Southeast
location elucidate the prominent role of those structures dominat-
ing the land use nearby a measurement location. These contribute
mainly to the ground heating in  shallow depth. While this is rather
logical, this analysis also emphasizes the deep penetrating contri-
bution from old and distant structures.
In order to  investigate the radius of influence for the measured T-

logs in  more detail, we  distinguish an inner and an outer area for the
two focal sites. The structures belonging to the inner area are in  the
vicinity of the borehole and marked by dashed borders in Fig. 5a,b.
For conciseness, the relative contributions for the two  land use
types are exclusively shown for a  moderate value of �Ta =  3.5 ◦C,
with TB set to 15.5 ◦C for the Southeast location and 17 ◦C for the
South location (Fig. 7). For the latter, Fig. 9b shows that the relative
contribution of distant land use changes are only marginal. Despite
a slight increase towards depth, paved ground and built-up areas
contribute less than 20% cumulatively. The major reason for this is

Fig. 10. Evolution of cumulative subsurface heat gain from buildings and paved
ground at the four case studies.

that most buildings, which dominate the outer area, are younger
than 50 years (Fig. 5b).
The Southeast location yields somewhat different results. While

the paved ground in the vicinity of the borehole is the most impor-
tant contributor to the distortion of the T-log, with increase of
depth, the relative role of structures in  the outer area becomes
more important. This is clearly due to the presence of many build-
ings that have been in existence for a  long time. An increasing
relevance towards depth is attributed to more distant streets. One
major factor for this is  that streets at this location date back to 1900.
The percentages shown in  Figs. 8 and 9 correspond to the urban

effect, which is restricted to changes in GST. This effect can be inter-
preted as subsurface urban heat island intensity (Lokoshchenko
and Korneva, 2015; Menberg et al., 2013a) and is computed from
the difference between the simulated profile bands and the profile
associated with climate forcing (see Fig. 6). This difference is obvi-
ously maximal close to the ground reaching magnitudes between
0.75 (East) and 2.4 ◦C (Central) at a depth of 20 m. With increasing
depth, the urban effect declines, and thus at greater depth, the rel-
ative contributions shown in Figs. 8 and 9 indicate only a marginal
urban effect.

4.4. Additional energy stored in the ground

As an alternative to  the depth-dependent urban heat island
intensity, we  can compute as integral value the additionally stored
energy, E (z, t) =

� z
0
␳c · [T (h, t)− To (h, t)] dh.  The values associ-

ated with the increase of the background temperature (GSTout) are
compared to  those related to urban land use changes. We focus
only on the energy below 20 m. Table 3 demonstrates that back-
ground values are mostly moderate and comparable between 30
and 43 MJ/m2.  For the Central location, however, the inferred con-
tribution is 66 MJ/m2.  This may  be  an indicator for special site
conditions, local atmospheric urban heating or, as discussed above,
already perturbed initial conditions. With the strong ground heat-
ing shown in the profile in Fig. 6d, the Central location also reveals
a significant contribution from urban structures. Based on the mea-
sured profile, it reaches 151 MJ/m2. As expected, the stored “urban
energy” is  higher in  the older residential area in  the Southeast than
in the younger South. The East location represents an outlier, with
relative small urban contributions. This reveals the role of  the rel-
atively low building intensity and the few heat sources present at
this location.
For illustration of the transient trends, Fig. 10 shows the amount

of energy cumulating in  the ground, which originates from urban
structures (and thus excluding natural heat flux). For each site,
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a trend is obtained for simulation with one representative com-
bination of �Ta and TB. Based on Fig. 7,  we chose �Ta = 3.5 ◦C
and TB =  17 ◦C for South, East and Central location, while keeping
TB = 15.5 ◦C for the Southeast site as specified for Fig. 5.
Abrupt changes in Fig. 10 indicate the times when new struc-

tures appeared. Finally, the curves arrive at values that are within
the ranges listed in  Table 3 for the simulated contribution by
urban structures. Accordingly, the Central and Southeast sites are
clearly more affected by urbanization. At early times, the cumu-
lated energy is higher at the Southeast site due to the influence
from very old buildings in the vicinity of the borehole. Those build-
ings were demolished in 1959 leading to  a  temporal release of the
stored energy through the ground surface. This is reflected by a
declining trend of the energy stored. During the last decades, this
however was compensated by  new buildings and asphalted areas.
At the Central site, mainly asphalted ground yielded energy

input at  early times. These areas are relatively distant from the
borehole, when compared to the most influential buildings that
were built between 1936 and 1958. Overall, the urbanization pro-
cess and growth of built-up area was clearly faster than at the other
sites, explaining the strong increase in the stored energy.
The South and East sites are less urbanized areas and there-

fore, a lower amount of stored energy is expected. At the South site
for instance, some of the surrounding buildings were constructed
in 1962, while the closest one was built in 1999. Both events are
reflected in the abrupt steepening of the cumulated energy. In
contrast, the East site exhibits a  rather monotonic increase. This
is mainly driven by the permanent contribution by surrounding
asphalted areas which date back to  1905. Here, most of the sur-
rounding buildings were built after 1980.

5. Conclusions

The main new contribution of our  work is  that temporal and
spatial land use changes are included in the analytical inversion
of temperature profiles (T-logs). Most related studies in  bore-
hole climatology focus on backtracking of climatic changes where
land use changes are  unfavourable. We  demonstrate that T-logs
measured in urban environments show perturbations that can be
quantitatively related with the lifetime of buildings and asphalted
streets in the vicinity of the measurement locations. This is because
urban structures raise heat fluxes in  the ground, which here is
simulated by  increased temperatures at the top boundary of the
three-dimensional analytical model.
The presented inversion problem is necessarily dependent on

several parameters which are unknown, and reliable backtracking
of past land use effects is  only feasible when considerable knowl-
edge of developments and changes in  the past are available, such as
building histories and ground surface temperature evolution. Even
for the well documented case study in the urban area of Zurich pre-
sented here, however, we made several simplifying assumptions to
carry out the inversion. We distinguished only two  urban land use
types, buildings and asphalted ground, and assumed that these can
be described by universal parameters. Still, further analysis would
be necessary to investigate the role of heterogeneous land use types
on T-logs and the identifiability of parameters in the inversion.
The Bayesian approach used for the inversion in  this work

delivers a possible set of results and gives insight into potential
parameter correlations. This is crucial for exploring the range of
feasible solutions, which would not  be possible by deterministic
calibration. For the four locations, plausible results for character-
istic temperatures for buildings and asphalt are derived. Even if
site-specific results may  be broader, buildings can be  generally
described by  a constant temperature of 15–16 ◦C, and asphalt in
this climate zone by  an increase of temperature by 3-3.5 ◦C in

comparison to unsealed land for asphalt. At  locations with higher
urbanization, however, additional heat sources such as sewage and
district heating systems appear to  be relevant.
The presented inverse modelling framework does not allow

only backtracking of past changes, but could be used for local and
even city-wide predictions of the future thermal conditions in the
ground. This is of interest to envisage the long-term evolution of
subsurface urban heat islands (UHIs), and especially their spatial
development and associated geothermal potential. This also allows
for the comparison of the roles of urbanization and climate change
on ground thermal conditions. For the study case of Zurich, for
instance, it was  revealed that in most cases, urban structures are
the major contributors to  the additional accumulated energy in  the
subsurface. Climate change, however, which is  the subject of  most
borehole temperature inversions, is  a  secondary cause.
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