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ABSTRACT: Anthropogenic alterations in urban areas influence the
thermal environment causing elevated atmospheric and subsurface
temperatures. The subsurface urban heat island effect is observed in
several cities. Often shallow urban aquifers exist with thermal anomalies
that spread laterally and vertically, resulting in the long-term
accumulation of heat. In this study, we develop an analytical heat flux
model to investigate possible drivers such as increased ground surface
temperatures (GSTs) at artificial surfaces and heat losses from basements
of buildings, sewage systems, subsurface district heating networks, and
reinjection of thermal wastewater. By modeling the anthropogenic heat
flux into the subsurface of the city of Karlsruhe, Germany, in 1977 and
2011, we evaluate long-term trends in the heat flux processes. It revealed
that elevated GST and heat loss from basements are dominant factors in the heat anomalies. The average total urban heat flux
into the shallow aquifer in Karlsruhe was found to be ∼759 ± 89 mW/m2 in 1977 and 828 ± 143 mW/m2 in 2011, which
represents an annual energy gain of around 1.0 × 1015 J. However, the amount of thermal energy originating from the individual
heat flux processes has changed significantly over the past three decades.

■ INTRODUCTION

Increasing temperatures due to anthropogenic alteration in
urban areas are not solely found in the atmospheric
environment [urban heat island effect (UHI)].1−6 Also in the
subsurface, human activities lead to significant and extensive
warming, which causes urban aquifer temperatures to increase
by several degrees.7−11 Oke12 gives a review of the studies that
investigated the diverse processes and factors that lead to
atmospheric UHI formation by examination of the urban
energy balance. These efforts resulted in the development of
various schemes for the quantification of urban heat fluxes into
the atmosphere (i.e., upward) such as anthropogenic heat
flux13,14 and into the subsurface (i.e., downward) such as soil
and ground heat flux.15,16 The latter is thereby usually
incorporated in the urban heat storage term and often
calculated as the residual from the radiation balance at the
surface.16,17 Others developed analytical and numerical
solutions to calculate the ground heat flux based on
temperature or surface heat flux measurements.18−20 Average
measured and simulated values for monthly ground heat fluxes
in urban areas were found to vary between −10 and 20 W/m2,
depending on the location and month of examination.18,20

However, because of the complexity and heterogeneity of the
urban environment, studies of ground heat flux yield only data
with either spatially (e.g., remote sensed data)17 or temporally
high resolution (e.g., time series at single measurement
points).21 Another limitation of the commonly used atmos-
pheric models concerning ground heat flux is their lower

boundary condition. As discussed, for example, by Baker and
Baker22 and Kollet et al.,23 the assumption of an adiabatic or
fixed temperature boundary in the shallow subsurface (<10 m)
seems unrealistic and can lead to substantial biases in long-term
simulation of subsurface temperature and ground heat flux.
Stevens et al.24 showed that especially subsurface heat storage
can be underestimated by up to 75%, if the bottom boundary
condition is placed insufficiently deep, leading to significant
errors in future climate projections.25

The changes in subsurface temperatures due to variations in
ground surface temperature (GST) are also used for past
climate reconstructions.26,27 A common approach is to obtain
GST histories and the corresponding ground surface heat flux
histories by mathematical inversion of deep borehole temper-
atures.28,29 Beltrami et al.30 derived spatial patterns of heat gain
in the subsurface of the Northern Hemisphere with a mean
surface heat flux of ∼21 mW/m2 over the past 200 years based
on 588 boreholes. Other studies scrutinized the coupling of
surface air temperatures (SATs), GSTs, and shallow subsurface
temperatures showing that the temperature offset is mainly
influenced by surface cover and climate conditions.31−33

However, studies of the evolution of urban subsurface
temperature and GST are rare.34 Taniguchi et al.8 found
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temperature anomalies in the subsurface of four Asian
megacities at depths of up to 140 m that correspond to the
historic air temperature increase due to urbanization. Especially
in built-up areas, solar irradiation of artificial surfaces leads to
heterogeneously increased GST and thus ground heat fluxes.35

Taylor and Stefan36 investigated GSTs of different surface types
in Minneapolis-St. Paul and found differences of up to 3 K in
the annual mean GST between grass and asphalt cover.
The upper boundary of the urban subsurface is formed by

not only open ground covered by different surface materials but
also basements of buildings. The heat loss from basements or
ground floors of single buildings into the ground has been
examined for design and thermal comfort purposes.37,38

Various analytical and numerical methods for predicting the
seasonal heat loss for individual buildings with specific
geometries and different kinds of insulation exist.39,40 The
applicability of such models to study processes on the urban
scale, however, is limited.
In addition to the heat input from above, there are embedded

anthropogenic heat sources that emit heat directly in the urban
subsurface, like sewage networks, incompletely insulated district
heating pipes, or reinjections of thermal wastewater.11

However, until now, the question of which heat sources
contribute what amounts to subsurface urban warming is
unresolved. As pointed out by Taylor and Stefan36 and
Ferguson and Woodbury,41 increased GST and heat loss
from basements, respectively, cannot cause such extensive and
widespread temperature anomalies like those found under most
urban areas.
In this study, we focus on the heat input into shallow urban

aquifers caused by various anthropogenic heat sources, which
we define as the anthropogenic heat flux into the subsurface
(AHFs). The objective of this study is therefore to quantify the
contribution of the individual heat processes that cause
underground urban warming. A novel approach using an
analytical heat flux model is developed for the city of Karlsruhe,
Germany. To account for the uncertainty of the various input
parameters and to identify the most relevant processes and

parameters, we perform a Monte Carlo simulation and
sensitivity analysis. Using a data set from 1977 and recent
measurements from 2011, the long-term evolution of the
subsurface urban heat island in Karlsruhe is comprehensively
assessed by analyzing all dominant heat flux processes. The heat
fluxes from buildings are spatially resolved for both years to also
investigate the spatial temperature development.

■ MATERIALS AND METHODS

Study Area. As a study site, we chose the city of Karlsruhe
because the subsurface temperature distribution was intensively
investigated in the past and recently.11,42,43 The study area is
shown in Figure 1. It is delimited to the built-up area of
Karlsruhe, covering urban, suburban, and industrial compart-
ments, as well as inner city green spaces. The city is located in
the upper Rhine Valley in southwest Germany, at approx-
imately 49°00′ N and 8°24′ E, at a mean altitude of 115 m
above sea level. The total population amounted to 275828
inhabitants in 1977 and increased to 294761 in 2011. The
shallow subsurface geology in the study area is mainly
composed of sand and gravel with minor contents of silt and
clay.44 The uppermost aquifer is unconfined and reaches a
thickness of up to 30 m. The water level below the surface
varies between 3 and 8 m, and the general groundwater flow
direction is northwest to the Rhine River (Figure 1). Water
level and shallow vertical groundwater temperature (GWT)
profiles in 1977 were measured monthly at 142 observation
wells by Makurat.42 For 2011, we use daily values of water level
and GWT from data loggers installed in 83 wells, which are
operated by the Public Works Service Karlsruhe. Although only
41 of the original wells in 1977 could be used for measurements
in 2011, both measurement campaigns yield representative
regional GWT distributions because of the homogeneous
distribution of the wells within the study area (Figure 1).
Because of the fixed position of the data loggers in 2011, GWT
in 2011 is only available at a depth of 3−4 m below the water
table. The difference in GWT at the groundwater surface and 4
m below the surface in the 142 profiles in 1977 was found to be

Figure 1. Location of the study area with contours of groundwater level and temperature. The groundwater temperature in 1977 was measured at
the water surface and in 2011 3−4 m below the water level. The length of the bars indicates the reinjected energy amount per year. The bar in the
legend represents ∼0.5 MW. Note that both background images display a map of Karlsruhe in 2010.
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on average −0.1 ± 0.3 K, which is in the same range as the
accuracy of the measurement device in 1977.42 Thus, in 2011,
the variability of GWT over this depth is expected to be minor
and the temperatures from 3 to 4 m below the water table are
adopted to approximate the GWT at the groundwater surface.
The spatial distribution of the annual mean of the groundwater
level and the GWT is shown in Figure 1 for 1977 and 2011.
Also depicted are the locations of all reinjection wells, where
cooling water (i.e., warm water injection) from, for example,
industrial processes is discharged into the aquifer, and the total
discharged energy.
In 1977, the highest GWT occurred in industrial areas close

to major reinjection sites and in the city center. Compared to
those in 1977, background temperatures in 2011 have increased
by approximately 1 K, while the maximal GWT is nearly equal
at ∼15 °C. However, the area of the thermal anomaly has

spread significantly over the past three decades. In some areas,
for example, in the northeastern parts, where a large residential
area was developed, the GWT increased by even up to 2 K. The
long-term development of major climate and groundwater
parameters over the past decades in Karlsruhe is shown in
Figure S1 of the Supporting Information. The mean annual
SAT at a weather station outside of Karlsruhe was 10.7 °C in
1977 and increased to 11.5 °C in 2011, which is in agreement
with the general long-term trend of SAT45 (Figure S1a of the
Supporting Information). This climatic trend is reflected in an
increase in GWT in the rural background. The annual
precipitation shows a slightly decreasing trend over the past
decades (Figure S1b of the Supporting Information). In
contrast, the water level indicates an opposite development of
higher water tables. Here, reductions in the size of groundwater

Table 1. Assumed Parameter Ranges and Distributions for the Monte Carlo Simulations in 1977 and 2011

heat flux process parameter name unit year minimum mode maximum distribution

increased GSTs λ thermal conductivity (unsaturated
zone)a

W m−1 K−1 0.3 1 1.8 triangular

dT temperature difference of GST −
GWTb

K 1977 0 1 5 triangular

2011 0.8 1.8 5.8 triangular
dz depth of water table m spatial

distribution
A study area km2 − 61.94 − constant value
Ab area covered by buildingsc km2 1977 10.34 10.88 11.43 triangular

2011 12.37 13.02 13.67 triangular
buildings Tb temperature of basement/ground

floord
°C 15 17.5 20 triangular

Tgw groundwater temperature °C spatial
distribution

db depth of basements m spatial
distribution

reinjection of thermal
wastewater

cpw heat capacity of watere J kg−1 K−1 − 4195 − constant value

γw water densitye kg/m3 − 999.8 − constant value
Vri volume of reinjected thermal

wastewaterf
m3/a 1977 6408034 7209038 8010042 triangular

2011 3526640 3967470 4408300 triangular
Tri reinjection temperaturef °C 1977 20.4 22.7 24.9 triangular

2011 18 20 22 triangular
sewage network Ts sewage temperatureg °C 12 18.5 25 triangular

dsd diameter of sewage drainsh m 0.1 0.4 2 triangular
ds depth of sewage drainsi m 1 2 5 triangular
lsn length of sewage networkj m 1977 532000 600000 665000 triangular

2011 770000 880000 990000 triangular
rdhf percentage of downward-directed

heat flux
% 25 37.5 50 triangular

rsatm percentage of heat flux to
atmosphere

% 20 30 40 triangular

sewage leakage cps heat capacity of wastewaterk J kg−1 K−1 3708 4120 4532 triangular
γs density of wastewaterk kg/m3 990 1100 1210 triangular
Vs annual wastewater volumeg m3/a 1977 41259600 45844000 50428400 triangular

2011 33997000 35707500 37418000 triangular
rl leakage rateh − 0.05 0.15 0.25 triangular
rlatm percentage of heat flux to

atmosphere
% 20 30 40 triangular

district heating network Pld heat loss from district heating
pipesl

MW 1977 8.99 9.99 10.99 triangular

2011 7.99 9.13 10.27 triangular
aFrom refs 50 and 51. bFrom refs 31, 36, and 45. cMode estimated from Google Earth, ±5%. dRange from DIN EN ISO 13370.52 eFrom ref 53.
fNinety percent of the licensed data;42 Public Works Service Karlsruhe, ±10%. gFrom ref 42 and Public Works Service Karlsruhe. hData from refs 48
and 49. iFrom the municipal water supplier of Karlsruhe.54 jFrom ref 42 and the municipal water supplier of Karlsruhe,54 ±10%. kFrom ref 42,
±10%. lData from ref 42 and the municipal energy supplier of Karlsruhe, ±10%.
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withdrawals and the influence of the regional flow system are
also important factors.
Heat Flux Model. To evaluate AHFs, we developed a

statistical analytical heat flux model. In this model, vertical heat
fluxes from several heat sources through the unsaturated zone
to the top of the groundwater body are considered. On the
basis of spatial inspection of groundwater temperatures in
several cities,11 six individual heat flux processes qi (eqs 2−6)
are summed up in annual AHFs analysis (eq 1).

∑=
=

qAHF
i

is
1

6

(1)

All model parameter values are listed in Table 1 and
illustrated in Figure S2 of the Supporting Information.
The ground heat flux in our model is expressed as a heat flux

process because of the increased GST and calculated by
Fourier’s law of heat conduction (eq 2).46 We choose the
temperature gradient in the unsaturated zone between the
ground surface and the water table and apply the heat flux to
that part of the study area that is not covered by buildings. The
corresponding temperature difference is defined by the local
variance between GST and GWT at the groundwater surface.

λ= × × −q A A AdT/dz ( )/1 b (2)

The heat flux from basements of buildings (eq 3) is also
calculated based on Fourier’s law and applied to the area
covered by buildings. Here, only the heat flux through the
basement floor is considered. The heat flux through the
basement walls is neglected, because experimental and
modeling studies of the heat loss through basements showed
that the heat loss through the walls is mainly connected to the
atmosphere.37,38 Likewise, the increased heat flux that can be
observed at the edges of a basement is primarily upward
directed. Thus, we assume no correction factor for edge effects
or building geometries. The temperature gradient is set
between the air temperature inside the basement and the
GWT. The thermal conductivity in eq 3 is the integral
conductivity of the basement slab and the soil underneath.

λ= × − − ×q T T A A( )/(dz db) /2 b gw b (3)

As Fourier’s law describes only conduction, advective heat
transport, for example, by infiltration, is neglected. Infiltration
of surface water in urban areas is assumed to be low because of
the high rate of surface sealing.47 Thus, vertical advective heat
transport in the study area is expected to be rather small. The
heat input due to reinjections of thermal wastewater is assessed
by the energy content of the amount of water and the
temperature difference between withdrawal and reinjection:

γ= × −q c V T T A( )/3 pw w ri ri gw (4)

Two heat flux processes are thought to arise from the sewage
system. The first is a conductive heat flow from the pipes of the
sewage network, which are partly filled with wastewater of a
certain temperature and emit heat to some extent upward as
well as downward:

λ π= × − − × ×

× −

q T T d l A r

r

( )/(dz ds) ( )/

(1 )
4 s gw sd sn dhf

satm (5)

Additionally, sewage leakage occurs to some degree from all
sewage pipes.48,49 The energy content of the leaked water is
calculated and assumed to partly reach the water table:

γ= × − × −q c V r T T A r( )/ (1 )5 ps s s l s gw latm (6)

As the city of Karlsruhe operates a widespread district heating
network, also heat losses from the underground district heating
pipes are considered to cause a partly downward directed heat
flux:

= ×q P r A/6 ld dhf (7)

The methods for the calculation of heat fluxes q3 and q6 were
adopted from ref 42. The author estimated average heat fluxes
in the shallow subsurface mostly based on literature values such
as solar irradiation and heat loss from buildings. As a
consequence, that approach yields partly unreasonable results
when it is applied for the entire city.

Monte Carlo Simulation. Most of the parameters of the
heat flux equations in Table 1 cannot be captured with single
values for the entire study area; thus, parameter ranges are
specified. Some parameters, such as groundwater temperature
or thermal conductivity of the unsaturated zone, show strong
spatial and temporal variability. For other parameters, such as
leakage rate or sewage temperature, measured data are not
available for the study area, so that the chosen representative
literature values carry uncertainty. To consider the entire range
of possible input parameters, the heat flux is calculated with a
Monte Carlo approach with a defined statistical distribution for
each parameter. Few parameters can be assessed with a fixed
value, such as the size of the study area. For the other
parameters, a triangular distribution was assumed by defining
minimal and maximal values, as well as a mode value with the
highest probability.
The difference in local GST and GWT, dT, is thought to

range between 0 and 5 K. In long-term steady-state
examinations, mean annual GST and shallow GWT are usually
assumed to equal each other (e.g., ref 36), with no heat flux
occurring into the subsurface. Alteration of the surface cover
leads to a change in GST. Changes from vegetated surfaces to
bare soil were found to cause an increase in annual mean GST
between 0.3 and 1 K, while concrete and asphalt surfaces show
a GST that is 2−5 K higher than at a grass or forest site.31,36

The percentages of different surface types in the study area
were estimated on the basis of a land use plan, similar to the
approach of Taylor and Stefan.36 According to the land use plan
of Karlsruhe, ∼20% of the study area is covered by buildings
and the rest is characterized by different kinds of vegetation
(∼56%) and artificial surface covers (∼24%). Because of this
distribution and the fact that the GWT below the urban area is
already elevated compared to the undisturbed background, the
mode value for dT is set to 1 K. As the annual mean SAT in
2011 was 0.8 K higher than in 1977,45 this value was added to
the triangular distribution, given that GST usually track SAT in
long-term trends.33 For the depth of the water table, the
groundwater temperature, and the depth of basements, we
derived spatially resolved values from an interpolated raster
data set in GIS (ESRI ArcInfo 10.0) (Figure 1). Thus, the heat
flux from buildings can be calculated for each raster pixel by
assigning probabilistic values for the parameters that are not
spatially known. The number of Monte Carlo iterations is
adapted to the number of raster pixels and set to 275257 runs.
A detailed description of the assumed values for the other
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parameter ranges is given in the Supporting Information.
Finally, a contribution to variance analysis is performed by
calculating Spearman’s rank correlation coefficients between the
total heat flux result and the individual input parameters.

■ RESULTS AND DISCUSSION

Monte Carlo Simulation. The total sum of the median
heat fluxes and standard deviations from all considered heat
sources was 759 ± 89 mW/m2 in 1977 and 828 ± 143 mW/m2

in 2011. The results of the Monte Carlo simulation for the
individual heat fluxes are displayed in Figure 2a. The highest
heat fluxes occur from the increased GST (249 ± 245 mW/m2

in 1977 and 391 ± 277 mW/m2 in 2011) and from buildings
(224 ± 440 mW/m2 in 1977 and 276 ± 481 mW/m2 in 2011).
The rather large standard deviations resemble the large ranges
covered by the boxplots in Figure 2a. They are caused by the
wide ranges assessed for the parameters in the heat flux
equations (Table 1; for details, see the Supporting
Information), which account for the high spatial and temporal
variability over the study area. The other simulated processes
are of minor relevance, contributing <10% to the total AHFs.
The negative heat fluxes from the sewage network can occur
when the sewage temperature is lower than the groundwater
temperature. Likewise, leakages in sewers can also cause the
infiltration of groundwater into the sewers in places where the
pipes are installed below the water table.
In comparison to these determined urban heat fluxes, the

natural heat fluxes in the subsurface yield much smaller values.
The geothermal heat flux in the area of Karlsruhe is ∼80 mW/
m2.55 A spatial analysis of the ground heat flux in rural areas
caused by climate warming yielded values of 25−75 mW/m2 for
the period of 1930−1980 in Middle Europe.30 These natural
background heat fluxes are ∼10 times lower than the total
AHFs; thus, the subsurface heat balance in the urban area in
Karlsruhe is obviously dominated by anthropogenic heat
sources.

According to the study of Flanner,14 the atmospheric AHF
due to anthropogenic energy use is between 2.5 and 4.0 W/m2

in southwest Germany, which is ∼4 times higher than the AHFs
calculated in this study. However, the atmospheric AHF value is
integrated regionally and contains also rural areas with less
anthropogenic heat emission. Thus, the atmospheric AHF for
urban areas alone is likely to be even higher.
Figure 2b shows the amount of thermal energy that is

discharged into the subsurface by the individual heat flux
processes. From this evaluation, it becomes obvious that most
of the ground heat gain is caused by increased GST (39% in
1977 and 59% in 2011). Because of a small area of coverage by
buildings in Karlsruhe, the influence from buildings is generally
weak (7% in 1977 and 11% in 2011), despite the high heat flux
density. The spatial distribution of the heat flux from buildings
is subsequently discussed. Thermal energy input from
reinjections of thermal wastewater (29% in 1977 and 8% in
2011), sewage leakage (12% in 1977 and 10% in 2011), and the
district heating network (11% in 1977 and 10% in 2011) is
comparable to the heat input from buildings. However, these
processes are constrained to distinct positions, such as
reinjection wells or failures in sewage and district heating
pipes. Thus, they cause only very local thermal anomalies in the
groundwater. Such local heat sources could explain the
heterogeneous GWT distribution that is often observed
beneath cities.8,11 In contrast, an increased GST and buildings
influence the subsurface on a larger area and can therefore
cause extensive thermal anomalies.
The mean amount of energy discharge accounts for up to 1.0

× 1015 ± 1.4 × 1014 J for 1977 and remains almost equal for
2011 (1.0 × 1015 ± 1.9 × 1014 J). However, the amount of
thermal energy arising from the individual heat flux processes
mostly changed over the past three decades. The mean heat
input from the elevated GST increased by 50% from 4.0 × 1014

to 6.0 × 1014 J in 2011. This represents a trend that is likely to
continue with future temperature development due to climate
change.56

Figure 2. Results of the Monte Carlo simulation for 1977 and 2011. (a) Boxplots of the individual heat fluxes. (b) Thermal energy amounts per year
for the entire study area caused by the individual heat flux processes (lower end of 5% and upper end of 95% of the entire range).
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The heat flux from reinjections of thermal wastewater was
relatively high in 1977 but decreased in 2011 because of legal
regulations on allowed reinjection temperature and also
because of a reduction in the reinjection volume. Variations
in the other heat fluxes are mostly due to changes in specific
parameter values (i.e., properties). Heat flux from the sewage
network has increased because of the longer sewage network in
2011 that reflects the development of new residential districts
in the study area. Despite the longer sewage network, the
reduction in wastewater volume leads to a decrease in heat loss
by sewage leakage. The trend of decreasing wastewater volume
is a prevalent phenomenon in German cities caused by water
saving measures. The district heating network in Karlsruhe was
likewise expanded to new residential areas; even so, the heat
loss from the network was reduced by maintenance and
insulation actions.
Spatial Heat Flux from Buildings. The heat flux from

buildings in Karlsruhe exhibits a considerable spatial hetero-
geneity (Figure 3a,b) with a large range between −100 and
>10000 mW/m2. Via comparison of spatial heat flux and the
contours of water table depth, it becomes obvious that the
vertical distance is the dominating factor for the computed
temperature gradient.
Furthermore, buildings with deep basements, such as

shopping malls and underground parking lots in the city

center, caused local hot spots in 2011. This strong dependence
of the heat loss from buildings on the existence of shallow
groundwater has been previously observed in other studies.41,57

The high heat fluxes in the southeastern part of Karlsruhe were
also promoted by the relatively low GWT (Figure 1) that
resulted in a high temperature gradient. Although this area is a
rather old city district, the GWT in 1977 and in 2011 was low,
because it was significantly influenced by an inflow of thermally
unaffected groundwater from the rural background, which was
estimated to be ∼520 m3/day. Because of the chosen statistical
approach, such advective effects were not adequately
considered. However, the range of heat flux values obtained
is in good agreement with the heat loss under individual
basements in other studies, which reached 2−28 W/m2

depending on the site parameters, such as depth of the water
table and the thermal conductivity of the soil.37,39,41,58 These
studies, as well as our model, do not regard thermal insulation
of basements. In Germany, ground slab insulation was not
considered in construction regulations until the late 1990s.59

Thus, most buildings in the study area are expected to have no
insulation.
Compared to suburban areas (in particular in the eastern part

of the city), the inner and western city revealed low to
moderate heat fluxes, which were caused by not only a deep
water table but also a higher GWT (Figure 1). At some

Figure 3. Spatial heat flux from buildings in 1977 (a) and 2011 (b). Panel c shows the changes in the spatial heat flux from buildings and the change
in the depth of the water table from 1977 to 2011.
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locations in the western part of the city, even negative heat
fluxes occurred, which indicated an annual heat input from the
ground into the basements, because basement temperatures
were probabilistically assigned and therefore could be lower
than the annual GWT. Figure 3c displays the changes in the
heat flux from buildings and the spatial changes of the water
table from 1977 to 2011, which were mainly caused by
modifications of groundwater pumping (Figure 1). Green areas
indicating a decrease in heat flux from buildings are mainly
situated in the western parts, where the water level has
decreased by up to 2 m, and in the eastern districts, where the
groundwater temperature has increased (Figure 1). Rising heat
fluxes could be observed in areas with an elevated water table
that were surrounded by the −1 m isolines, e.g., in the
southwestern part and in some areas in the eastern part. The
most significant rise of the heat flux was located in the city
center (red pixels), where several deep underground parking
garages and basements have been constructed over the past
decades. The superposition of these effects of variable depths of
the water table, groundwater temperature, basement depth, and
building density leads to a spatially heterogeneous development
of heat flux from buildings.
Contribution to Variance Analysis. The highest Spear-

man’s rank correlation coefficients for the model parameters are
shown in Figure 4. The other parameters revealed correlation

coefficients of <0.02 (Table S1 of the Supporting Information)
and have, therefore, an only weak influence on the model
outcome. The significance of the individual correlations was
tested by calculating the 95% confidence interval that revealed
rather close ranges (Table S1 of the Supporting Information).
Parameters contributing to the large heat flux from the
increased GST and buildings exhibited the highest sensitivities.
The changes in the correlation coefficients between 1977 and
2011 are the result of the superposition of several effects. They
are linked to not only changes in the parameter ranges but also
changes in the relative contribution of the individual heat fluxes
to the AHFs (Figure 2a).

It can be stated that the important parameters either are
known from spatial measurements, such as the depth of the
water table and groundwater temperature, or can be assumed
within a reasonable range, such as the thermal conductivity of
the subsurface. The annual GST difference represents another
major influencing factor. This effect of GST variations on
subsurface temperatures in urban areas has also been examined
by Ferguson and Woodbury,9 who observed a correlation
between the GWT and different land use types, which exhibits a
varying GST. Also, changes in land surface cover, such as
deforestation or surface sealing, were found to cause strong
perturbations of the GST and consequently of subsurface
temperatures.36,60,61 Smerdon et al.62 showed that climatic
factors such as snow cover influence the land surface processes
and the propagation of temperature signals into the subsurface.
Thus, the temporal and spatial distribution of the GST in urban
areas is expected to be rather heterogeneous. However,
measured values of the spatial distribution of GST in urban
areas are rare, although they could reduce the uncertainty of
heat flux estimation (Figure 2) and consequently improve
spatial heat flux analysis.
Although the values obtained with the model in this study

apply only for the city of Karlsruhe, the discussed heat flux
processes occur in many urban areas.11 Most cities have a high
building density and a high percentage of artificial surface
covers. Consequently, the heat fluxes from the increased GST
and buildings are expected to be the driving forces for
subsurface warming in many urban areas. The heat input by the
other minor heat sources depends mainly on the local
circumstances, such as reinjections of thermal wastewater or
district heating networks and on the length and condition of
the sewage system. These factors substantially vary in each city,
but the assumed parameter ranges in this study are rather large.
Thus, it seems unlikely that the relative contribution of the
individual components of the AHFs will change significantly for
other cities. Hence, urban areas are prone to exhibit extensive
temperature anomalies in shallow aquifers with GWTs
increased by several degrees.11 Such significant temperature
changes influence the chemical and biological properties of
groundwater and also affect water quality.63,64 Although most
chemical processes are not expected to change significantly
below 30 °C,65 redox reactions are especially influenced by
small temperature variations.66,67 Water temperature also
affects the diversity of aquifer bacteria and fauna68,69 that play
an important role in water purification and filtration.64 On the
other hand, an elevated GWT in urban areas also enhances the
geothermal potential10 and microbiological activity in the
groundwater, which can promote biological remediation of
organic contaminations in such urban or industrial areas.70
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(64) Haḧnlein, S.; Bayer, P.; Ferguson, G.; Blum, P. Sustainability
and policy for the thermal use of shallow geothermal energy. Energy
Policy 2013, 59, 914−925.
(65) Bonte, M.; Stuyfzand, P. J.; Hulsmann, A.; van Beelen, P.
Underground thermal energy storage: Environmental risks and policy
developments in the Netherlands and European Union. Ecology and
Society 2011, 16 (1), 22.
(66) Prommer, H.; Stuyfzand, P. J. Identification of Temperature-
Dependent Water Quality Changes during a Deep Well Injection
Experiment in a Pyritic Aquifer. Environ. Sci. Technol. 2005, 39 (7),
2200−2209.
(67) Jesußek, A.; Grandel, S.; Dahmke, A. Impacts of subsurface heat
storage on aquifer hydrogeochemistry. Environ. Earth Sci. 2013, 69 (6),
1999−2012.
(68) Hall, E. K.; Neuhauser, C.; Cotner, J. B. Toward a mechanistic
understanding of how natural bacterial communities respond to
changes in temperature in aquatic ecosystems. ISME J. 2008, 2 (5),
471−481.
(69) Brielmann, H.; Griebler, C.; Schmidt, S. I.; Michel, R.; Lueders,
T. Effects of thermal energy discharge on shallow groundwater
ecosystems. FEMS Microbiol. Ecol. 2009, 68 (3), 242−254.
(70) Slenders, H. L. A.; Dols, P.; Verburg, R.; Vries, A. J. d.
Sustainable remediation panel: Sustainable synergies for the subsur-
face: Combining groundwater energy with remediation. Remediation
2010, 20, 143−153.

Environmental Science & Technology Article

dx.doi.org/10.1021/es401546u | Environ. Sci. Technol. 2013, 47, 9747−97559755

http://www.dwd.de/
http://www.karlsruhe.de/b3/bauen/tiefbau/entwaesserung/entwaesserungsgebuehr/HF_sections/content/ZZk9uVuzOo24XJ/ZZk9uWfqOuhpKP/Tiefbauamt_Broschuere_2010.pdf
http://www.karlsruhe.de/b3/bauen/tiefbau/entwaesserung/entwaesserungsgebuehr/HF_sections/content/ZZk9uVuzOo24XJ/ZZk9uWfqOuhpKP/Tiefbauamt_Broschuere_2010.pdf
http://www.karlsruhe.de/b3/bauen/tiefbau/entwaesserung/entwaesserungsgebuehr/HF_sections/content/ZZk9uVuzOo24XJ/ZZk9uWfqOuhpKP/Tiefbauamt_Broschuere_2010.pdf
http://www.karlsruhe.de/b3/bauen/tiefbau/entwaesserung/entwaesserungsgebuehr/HF_sections/content/ZZk9uVuzOo24XJ/ZZk9uWfqOuhpKP/Tiefbauamt_Broschuere_2010.pdf

