Science of the Total Environment 584-585 (2017) 145-153

Contents lists available at ScienceDirect

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv

Identifying anthropogenic anomalies in air, surface and groundwater (!)CmssMark
temperatures in Germany

Susanne A. Benz **, Peter Bayer °, Philipp Blum ?

@ Karlsruhe Institute of Technology (KIT), Institute for Applied Geosciences (AGW), Kaiserstr. 12, 76131 Karlsruhe, Germany
Y Ingolstadt University of Applied Sciences, Institute of new Energy Systems (InES), Esplanade 10, 85019 Ingolstadt, Germany

HIGHLIGHTS GRAPHICAL ABSTRACT

* Anthropogenic temperature anomalies
are quantified in Germany.

e Temperatures in air, surface and
groundwater correlate with nighttime
lights.

« Groundwater temperature anomalies
are most extreme.

* Heat anomalies in air and groundwater &7

are mainly caused by artificial surfaces. —ladt = o
« Surface urban heat islands are observed Anthropogenic Heat Intensity [K] sl

. . . R surface

in settlements with only 5000 inhabi- .

tants. ar
ARTICLE INFO ABSTRACT
Am‘clf? history: Human activity directly influences ambient air, surface and groundwater temperatures. The most prominent
Received 29 November 2016 phenomenon is the urban heat island effect, which has been investigated particularly in large and densely pop-
Received in revised form 20 January 2017 ulated cities. This study explores the anthropogenic impact on the thermal regime not only in selected urban
Accepted 20 January 2017

areas, but on a countrywide scale for mean annual temperature datasets in Germany in three different compart-
ments: measured surface air temperature, measured groundwater temperature, and satellite-derived land sur-
face temperature. Taking nighttime lights as an indicator of rural areas, the anthropogenic heat intensity is
introduced. It is applicable to each data set and provides the difference between measured local temperature
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cation system, both air and groundwater show increased heat intensities for artificial surfaces. Overall, ground-
water temperature appears most vulnerable to human activity, albeit the different compartments are partially
influenced through unrelated processes; unlike land surface temperature and surface air temperature, ground-
water temperatures are elevated in cultivated areas as well. At the surface of Germany, the highest anthropogenic
heat intensity with 4.5 K is found at an open-pit lignite mine near Jiilich, followed by three large cities (Munich,
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Diisseldorf and Nuremberg) with annual mean anthropogenic heat intensities >4 K. Overall, surface anthropo-
genic heat intensities >0 K and therefore urban heat islands are observed in communities down to a population

of 5000.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Climate and temperature are strongly affected by humans (IPCC,
2013). The main cause of global climate change is additional greenhouse
gas emission that alters the Earth's atmospheric composition (Karl and
Trenberth, 2003). However, human activity also affects temperatures on
a smaller, local scale. Alterations of surface cover and land use influence
the ambient thermal regime (Rhee et al., 2014; Rotem-Mindali et al.,
2015; Skinner and Majorowicz, 1999), and, in most cases, cause spatial
heat anomalies. These local temperature anomalies are primarily de-
scribed within the bounds of large urban settlements, where urban tem-
peratures are elevated compared to their rural surrounding and form so-
called urban heat islands (UHI) (Hung et al., 2006; Peng et al., 2012).
These UHIs have a tremendous impact on human life, energy consump-
tion and the urban ecosystem (Yow, 2007). In France, for example, most
consequences of the heat wave in August 2003 occurred in Paris, where
an increase of 130% in expected mortality was observed (Dhainaut et al.,
2004). Furthermore, the cooling demand of buildings within a city center
is approximately 13% higher than in similar buildings in rural areas
(Santamouris, 2014). UHIs also change urban phenology: plants tend to
develop up to a few weeks earlier in cities compared to their rural sur-
rounding (Jochner and Menzel, 2015). However, with the current re-
search mainly focusing on large city clusters, only little is known about
the impact smaller communities and industrial sites have on ambient
temperatures (Doyle and Hawkins, 2008; Hinkel et al., 2003) and thus
on phenology, energy consumption, and human health.

Urban heat islands can be detected in the atmosphere (Chow and
Roth, 2006; Giannopoulou et al., 2011) (e.g. surface air temperature,
SAT), at the surface (Pongracz et al., 2010) (land surface temperature,
LST) and in the subsurface (Menberg et al., 2013a) (groundwater tem-
perature, GWT). However, the interplay between these different layers
is not yet fully understood. A comparison of surface and subsurface
UHIs in four German cities showed that, while surface and subsurface
temperatures correlate, GWTs are elevated compared to LSTs (Benz et
al.,, 2016). This is due to multiple sources of anthropogenic heat flux
into the subsurface, such as the thermal energy release from buildings
and reinjection of thermal wastewater (Benz et al., 2015). UHIs in the
surface and atmosphere were compared for the city of Leipzig, Germany
by Schwarz et al. (2012). They revealed that air temperature and LSTs
are related, even so, the UHI in the air was less pronounced.

Urban heat islands are often quantified using the urban heat island in-
tensity (UHII), which is the difference between rural background temper-
atures and highest urban temperatures (Oke, 1973). A critical component
is the rural background temperature, which is not well defined yet and
hence differs among presented studies (Martin-Vide et al., 2015;
Stewart and Oke, 2012). Both the MODIS Land Cover Product (Peng et
al., 2012) and the ASTER land use land cover data (Rajasekar and Weng,
2009) are currently used to differentiate rural areas. Some studies include
elevation as an additional parameter for deriving rural background tem-
peratures (Pongracz et al., 2010). In a study by Weber et al. (2014) the dis-
tance to the city center was additionally considered. While all of these
approaches generally result in an improved understanding of urban
heat islands, the variabilities of these results also prevent the comparabil-
ity. Furthermore, use of non-standard measuring equipment can
significantly increase the observed urban heat island magnitudes
(Santamouris, 2015) and assessing UHIs becomes rather ambiguous.

The key drivers of urban heat island intensity (UHII) are comprehen-
sively studied (Hoffmann et al,, 2012; Menberg et al., 2013b; Ward et al,,

2016). However, the results of these studies do not always agree. Oke
(1973), for example, found that a cities’ atmospheric UHII increases with
its population, P. In Europe, this dependency is expressed with the follow-
ing fit: UHII=2.10 K- logP— 4.06 K (R?> = 0.74). In contrast, Peng et al.
(2012) found no evidence of population density driven surface UHIL
They also showed only a modest correlation (R? of 0.0 to 0.18) between
surface UHII and nighttime lights. Only recently though, Zhang et al.
(2014) published results indicating a correlation R? of 0.83 to 0.85 between
summer daytime surface urban heat islands and nighttime light anomalies.
Most studies however agree on the effects of vegetation on UHII: within a
park or green area, the average temperature difference to the urban sur-
rounding is —0.94 K at the ground level (Bowler et al., 2010).

In this study, the human impact on ambient temperatures is quanti-
fied for three different compartments in Germany: air, surface and
groundwater. Because above- and below-ground temperatures are influ-
enced differently by seasonal temperature variations (Kurylyk et al., 2014;
Smerdon et al.,, 2006), we chose to analyze annual mean temperatures to
ensure comparability. As a universal parameter to quantify anthropogenic
heat anomalies, the anthropogenic heat intensity (AHI) is introduced. It is
closely related to the UHII, but determined for each pixel (for satellite-
derived LST) or measurement point (for SAT and GWT) individually,
regardless of land use and location. Hence, it provides the unique and
novel opportunity to a) compare the anthropogenic impact on tempera-
tures in air, surface and subsurface, b) to find main instances of anthropo-
genic temperature anomalies in Germany, and c) to study the impact of
smaller settlements or industrial sites on ambient temperatures.

2. Material and methods
2.1. Material

2.1.1. Surface air temperature

Annual mean (2015) surface air temperature (SAT), measured 2 m
above ground, was determined in 464 measurement points by taking
the arithmetic mean of monthly mean values provided by the German
Weather Service (Deutscher Wetter Dienst, DWD, n.d) through their
Climate data center (Fig. 1a). SAT is on average 0.26 K colder than
land surface temperatures at the same location. The Pearson correlation
coefficient between the two is 0.81 (Fig. S1).

2.1.2. Land surface temperature

Annual mean (2015) land surface temperature (LST) was deter-
mined from level-5 MODIS daily products MOD11A1 and MYD11A1
(Wan and Dozier, 1996), as obtained from NASA's TERRA and AQUA sat-
ellites, courtesy of the NASA Land Processes Distributed Active Archive
Center (LP DAAC), USGS/Earth Resources Observation and Science
(EROS) Center, Sioux Falls, South Dakota, https://Ipdaac.usgs.gov. LST
can only be determined for cloud-free days. As Germany has significant-
ly less cloud-cover in summer than in winter, there is more LST data
available for this period of the year. Following the approach by Benz
(2016), the annual mean was determined from monthly mean temper-
atures to eliminate this seasonal bias. This calculation was performed in
Google Earth Engine, 2015. The results were then exported at a resolu-
tion of approximately 1 km x 1 km (0.009° x 0.009°) (Fig. 1b).

2.1.3. Groundwater temperature
Groundwater temperature (GWT) data are only available for the prov-
ince of Baden-Wiirttemberg in the southwest of Germany. We
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Fig. 1. Mean a) surface air temperature (SAT), b) land surface temperature (LST), and c) shallow (depth < 30 m) groundwater temperature (GWT) of Germany in 2015.

determined annual mean shallow (<30 m depth) GWT in 251 measure-
ment points (MP) for the year 2015 using data provided by the LUBW,
2016 annual catalogue (Fig. 1c and Fig. S2a). To ensure reliable annual
mean data for each measurement point, only measurement points with
a so-called seasonal radius r < 0.25 were used: ris 1.0 if all measurements
at the location were conducted in the same month and 0.0 if measure-
ments were uniformly made throughout the year. A seasonal radius that
is smaller than 0.25 indicates an unbiased annual mean (Benz et al.,
2017). The determined GWTs are on average 0.22 K colder than LST at
the same location and the Pearson correlation coefficient is 0.82 (Fig. S1).

2.1.4. Nighttime lights

Nighttime lights were compiled from Version 4 of the DMSP-OLS
Nighttime Lights Time Series, Image and Data processing by NOAA's Na-
tional Geophysical Data Center, and DMSP data collection by the US Air
Force Weather Agency. Data were only available up to January 2014,
hence 10-year mean (01/2004-12/2013) nighttime lights were chosen.
The results were again exported at a resolution of approximately
1 km x 1 km (Fig. 2a) using Google Earth Engine, 2015. For Germany,
the spatial median nighttime light is at DN 8 (on a scale from DN 0 to
DN 63); a histogram of all data is displayed in Fig. S3. Fig. 2b shows the re-
lationship between nighttime lights and temperatures. LST and nighttime
lights correlate and show a Pearson correlation coefficient of 0.55.

2.1.5. Elevation

Fig. 2c is an elevation map of Germany. Elevation data were derived
from the Global 30 Arc-Second Elevation (GTOPO30) available from the
U.S. Geological Survey and downloaded using Google Earth Engine with
aresolution of approximately 1 km x 1 km. Fig. 2d displays the relation-
ship between elevation and temperatures; the moving (4150 m) aver-
age LST is given as a black line. The Pearson correlation coefficient
between moving average LST and the corresponding elevation is — 0.96.

2.1.6. Land cover

Land cover classification for entire Germany was extracted from the
GlobCover (2009) Project (Fig. S4). In this study only the three most fre-
quent entries of the land cover classification system (LCCS) are consid-
ered: A11 - cultivated terrestrial areas and managed lands; A12 - natural
and semi-natural terrestrial vegetation; and B15 - artificial surfaces. To-
gether they cover >98% of the entire analyzed area. Fig. S5 shows the in-
fluence of land cover on temperatures. Only minor differences

(approximately 0.1 K) in mean LST are observed for the different LCCS
entries.

2.1.7. Enhanced vegetation index

The enhanced vegetation index (EVI) is taken from MODIS
product Version-5 MYD13A1 by courtesy of the NASA Land Processes
Distributed Active Archive Center (LP DAAC), USGS/Earth Resources
Observation and Science (EROS) Center, Sioux Falls, South Dakota.
The annual mean (2015) EVI was determined in Google Earth
Engine, 2015 and exported with a resolution of approximately
1 km x 1 km (Fig. S6a). The Pearson correlation coefficient between
LST and EVI is —0.22 (Fig. S6b).

2.1.8. Population data

Population data were provided by the Federal Statistical Office of
Germany and represents numbers acquired via a census conducted in
2011. In this study, we used both the spatial distribution of population
density provided as a 1 km x 1 km dataset by the census database
(Statistisches Bundesamt, Zensusdatenbank, 2011) (Fig. S6¢), and the
total population of local communities available through Germany's
Regional Database (Statistisches Bundesamt, Regionaldatenbank,
2016). No correlation between population density and LST exists
(Pearson correlation coefficient: 0.02, Fig. S6d).

2.2. Method

To analyze the anthropogenic influence on temperature, we intro-
duce the anthropogenic heat intensity (AHI). It can be applied to a
broad variety of different temperature measurements such as GWT,
LST, and SAT. Following the commonly used definition of urban heat is-
land intensity (UHII: max. urban temperature - rural background tem-
perature) (Oke, 1973), AHI is determined by subtracting median rural
background temperatures (T;,) from individual temperatures (T) record-
ed at each measurement point (GWT and SAT) or pixel (LST):

AHI = T—median(T;) (1)

While urban land cover and land use classifications are often used to
analyze the spatial properties of city-scale urban heat islands (Middel et
al., 2014; Stewart et al., 2014), they are not commonly available for such
large-scale studies such as this one. Hence, nighttime light was used as
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Fig. 2. Influence of anthropogenic nighttime lights and elevation on land surface temperature (LST), surface air temperature (SAT), and groundwater temperature (GWT). The moving

average LST is depicted in black in b) and d).

an indicator for rural areas, while elevation and distance to the analyzed
pixel or measurement point were considered to find appropriate back-
ground measurement locations.

2.2.1. Rural background temperature

Nighttime lights have been intensively discussed as an indicator of
urban activity (Imhoff et al., 2010; Li et al.,, 2016; Mellander et al., 2015).
In general, the higher the recorded digital number (DN), the more
urban activity is present. This dependency is also visible in the correlation
between nighttime lights and temperature (Fig. 2b). To define the area
used for the determination of T,, an upper limit of ‘rural’ nighttime light
has to be set. The method itself is not sensitive regarding the precise
value of this upper limit (Fig. S7). The difference in median land surface
AHI calculated with an upper limit at DN < 10 and DN < 20 is merely
0.04 K and can therefore be disregarded. Subsequently DN 15 was chosen
as the upper limit of allowed nighttime light, because it is both the 75th
percentile for nighttime light (Fig. S3) and the first inflection point in
the nighttime light - temperature plot (Fig. 2b). Hence, only areas with
DN < 15 were considered rural and used to determine T,. At this number,
average LST has increased by 0.8 K from the temperatures at DN 0. In

comparison, the difference in average LST between minimal and maximal
nighttime lights is 3.4 K.

As temperature decreases significantly with elevation (Fig. 2d), this
parameter has to be considered for delineating the background area.
As LST increases by 0.8 K from rural nighttime light at DN 0 to DN 15,
this value was also chosen as the endorsed change in temperature due
to elevation change. Fig. 2d shows the moving (+ 150 m) average LST.
On average, it decreases by 0.004 K/m with a maximal decrease of
0.009 K/m at 1800 m above sea level. Thus, a change in elevation of
490 m will result in a temperature change of 0.8 K at most. Hence,
we only consider data with an elevation 490 m compared to the ana-
lyzed measurement point or pixel.

Variograms of SAT, GWT and LST were set up to determine an ap-
propriate distance between background temperature and analyzed
location (Fig. 3). Fitting of the theoretical variograms was performed
in MATLAB R2016a using a least square fit with the spherical model,
without a nugget. Resulting values for sill and range are shown in
Table S1. Since two variograms for LST data (one created from LST
at GWT measurement locations and one created from LST at SAT
measurement locations) are analyzed, it becomes apparent that sill
values depend on the measurement point location. The fitted



S.A. Benz et al. / Science of the Total Environment 584-585 (2017) 145-153 149

~ O
|
1 -1 ~ o]
oI oo - o= o
n B a0 - S
oo = Bpm T
—S—  GWT
——  LSTal GWT MPs
—E—  SAT
——  LSTal SAT MPs
200 300 400 500

Lag distance h [kem]

Fig. 3. (Semi-)variogram of all analyzed temperatures. Sill and range are displayed in Table
S1. MPs: measurement points.

range, however, is not influenced by measurement point location. It
is lowest for GWTs with 47 km. Hence, we chose 47 km as the max-
imal distance between the analyzed location and the background
temperature measurements.

In summary, for the determination of the median rural background
temperature T, of a specific location, only temperature measurements
are considered, which a) are within 47 km of the analyzed location, b)
have a nighttime light lower than DN 15, and c) are elevated +90 m
compared to the analyzed location. To ensure a statistically meaningful
median T,, AHI was only determined for measurements with five or
more rural background measurement points for SAT and GWT, or 50
or more valid rural background pixels for satellite-derived LST.

The introduced method can be applied to any available temperature
datasets, from city-scale to global-scale, regardless of the studied com-
partment (e.g. air, surface or groundwater). To determine whether mea-
surement point location influences the AHI results, we compared
surface AHI derived from all pixels with those derived using only data

(a) Air AHI (b) Surface AHI

- 4-2K
B : -«

0 200 400 km

at the GWT and SAT measurement locations (Fig. S8). For both, GWT
and SAT measurement points, the RMSE between pixel based and mea-
surement point based AHI is 0.3 K and neglected within this study. Thus,
AHIs in different compartments are compared without considering any
sampling bias.

3. Results and discussion

Fig. 4 shows the anthropogenic heat intensity (AHI) of Germany in
air and surface and the AHI of the province of Baden-Wiirttemberg in
groundwater. Results are also made available in the Supplementary ma-
terial. In the following, we briefly discuss the AHI values in air and
groundwater and compare them to surface AHI results. As there is
much more LST data (~440,000 pixels) examined than SAT (195 ana-
lyzed measurement points) and GWT (186 analyzed measurement
points) data, only surface AHI is discussed in detail.

3.1. Air anthropogenic heat intensity

The air AHI ranges from — 0.7 K next to a forest in a low mountain
range (Swabian Jura) to >1.1 K in three weather stations near Berlin,
near Munich, and near the Ruhr city cluster (Fig. 4a, histogram in
Fig. S9a). The Pearson correlation coefficient between air and surface
AHI is 0.63. The RMSE is 0.5 K and therefore only slightly larger than
the expected sampling-location bias of 0.3 K (Fig. 5). Still, the compari-
son indicates that air temperature shows less anthropogenic warming
than surface temperature and therefore confirms the results by
Schwarz et al. (2012). However, no definite conclusion can be made
with the limited number of measurement points. The influence of land
cover on the AHI in the air is displayed in Fig. 6. As expected measure-
ment points in areas classified as ‘artificial surfaces’ show the highest
heat anomaly with a mean air AHI of 0.5 4+ 0.5 K (uncertainties are
given in form of the standard deviation).

3.2. Groundwater anthropogenic heat intensity
Groundwater AHIs are displayed in Fig. 4c and Fig. S2b, a histogram
is given in Fig. S9c. As expected from the high sill and low range in the

(semi-)variogram (Fig. 3), AHI in the groundwater has a much broader
range than at the surface (Fig. 5). While the RMSE between surface and

(c) Groundwater AHI

[-1-0K

.>4K

0-1K

Fig. 4. Anthropogenic heat intensities (AHI) of Germany in (a) air, (b) surface and (c) groundwater.
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subsurface AHI is 0.8 K, differences between these two range from —3
to 4 K and both parameters do not correlate (Pearson correlation coeffi-
cient: 0.27). Because temperatures themselves correlate well (Fig. S1),
this indicates that humans impact groundwater and surface partially
through unrelated processes. GWT, for example, is significantly altered
by the use of shallow geothermal energy systems such as groundwater
heat pumps (Stauffer et al., 2013) as well as reinjection of thermal waste
water and subsurface infrastructure such as basements, district heating
networks, sewage systems and buried cable systems (Benz et al., 2015;
Menberg et al., 2013a; Stegner, 2016).

Fig. 6 shows the influence of land cover on GWT anomalies. Ground-
water under artificial surfaces displays the highest anthropogenic heat
intensity with a mean value of 2.0 4+ 0.7 K. Again, the human impact
on temperatures appears to be more prominent in GWT than in LST,
verifying previous observations for UHIs (Benz et al., 2016; Perrier et

® Air ® Surface @ Groundwaler |

: | % ]
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»
L0

L O

AN A12 B15
Cultivated Natural and semi- Artificial surfaces
lerrestrial areas natural terrestrial
and managed vagetation
lands

Fig. 6. Influence of land cover on the anthropogenic heat intensity (AHI) in air, surface and
groundwater. The dots in the boxplot indicate median values, the bars correspond to the
inner quartile range (IQR) ranging from the 25th percentile (P,s) to the 75th percentile
(P75). Whiskers span from the lowest value higher than p,5 —1.5-IQR to the highest
value lower than p;5+1.5-IQR.

al,, 2005). In contrast to SAT and LST, GWTs under cultivated terrestrial
areas and managed lands appear to be slightly elevated, on average by
0.2 + 0.8 K. While the main cause of these anomalies has to be validated
yet, they are possibly linked to irrigation with warmer surface water
causing advective heat transport into the aquifer.

3.3. Surface anthropogenic heat intensity

Surface AHI is shown in Fig. 4b. Mean AHI is 0.1 & 0.5 K; minimum
AHI is —4.3 K found in a mountain range of the Northern Limestone
Alps within the Berchtesgaden National Park. A histogram is provided
in Fig. S9b. The locations of the top 50 maximum surface AHI of Germany
are displayed in Table S2. The pixel with the highest annual mean surface
AHI (4.5 K) is not found in a city, but over an open-pit lignite mine near
Jilich. This extreme temperature anomaly is possibly caused by the
immense land cover changes resulting in an open-pit with a depth of
approximately 370 m and without vegetation. However, further research
is necessary to fully understand temperature anomalies at open pit
mines. Pixels with the next highest surface AHIs are located in large
cities, namely Munich, Diisseldorf, and Nuremberg, with AHIs of >4 K.
The UHI of Munich was studied in1982, when Brundl and Hoppe
(1984) determined a 17% higher consumption of heating energy for
the outskirts of the city compared to the city center. The surface UHI
was quantified by Pongracz et al. (2010). They found an annual mean
nighttime UHII of approximately 1.7 K, while daytime UHII spanned
from O K in December to 5 K in June. These comparably low values are
due to the chosen background temperature: A large part of the back-
ground area used by Pongracz et al. (2010) is classified as non-rural in
our analysis and therefore not used here.

The top 15 surface AHI locations also include pixels in smaller cities
(e.g. Wolfsburg: surface AHI of 3.7 K, 120,000 residents; Saarlouis: sur-
face AHI of 3.4 K, 40,000 residents) known for their industrial sites. This
indicates that not only urban heat islands exist, but also industrial heat
islands. Furthermore, as our method is applied to all areas including
rural ones, we find naturally occurring heat islands as well: there are
four locations in the alpine mountains among the top 50 surface AHI lo-
cations. Here, the south facing slopes of the high altitude mountain
ranges receive more solar radiation and are considerably warmer
(>2 K) than the north-facing slopes.

Unlike AHI in groundwater and air, surface AHI cannot solely be
linked to artificial surfaces (Fig. 6) using the analyzed classification sys-
tem (GlobCover, 2009) and resolution (approximately 1 km x 1 km).
However, a more detailed case study of the surface UHI of Shanghai re-
vealed differences in temperature of up to 1.6 K between different urban
land use and land cover categories (Li et al., 2014).

3.3.1. Main drivers of surface AHI

To determine the main drivers of surface AHI, nighttime lights, ele-
vation, vegetation (enhanced vegetation index, EVI), and population
density were analyzed (Fig. 7). Following the trend observed in temper-
atures (Fig. 2b), AHI rises with increasing nighttime lights (Fig. 7a). The
Pearson correlation coefficient p between surface AHI and nighttime
lights is 0.71. Fig. 7b displays the correlation between elevation and sur-
face AHI (p = —0.12). Because our method considers elevation for the
determination of the median rural background temperatures, no clear
trend is visible in contrast to the temperature/elevation plot (Fig. 2d).
However, highest AHI are still observed in lower altitudes, where cities
are commonly located. For higher altitudes, AHI variance increases; this
is mainly due to the difference in solar radiation on opposite facing
slopes of a single mountain range.

In Fig. 7c the enhanced vegetation index (EVI) and surface AHI are
compared. While no clear linear correlation is observed (Pearson corre-
lation coefficient: — 0.36, Fig. 7c), our results indicate that vegetation
decreases the upper limit of surface AHI. This further validates the ob-
servations made by several studies on the cooling effect of vegetation
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Fig. 7. Influence of nighttime lights, elevation, enhanced vegetation index (EVI), and population density on the anthropogenic heat intensity (AHI) in air, surface and groundwater.

on urban temperatures (Fallmann et al., 2013; Gioia et al., 2014; Zhibin
etal., 2014).

Pearson correlation coefficient of 0.06 illustrates that the population
density per pixel is no indication for AHI (Fig. 7d). While pixels in large
cities such as Berlin (3.3 million residents), Hamburg (1.7 million resi-
dents), and Munich (1.3 million residents) show increased AHI, highest
heat intensities are not necessarily found in areas with a high popula-
tion density. Thus, the established correlation between city population
and urban heat island intensity (Oke, 1973) cannot be transferred to a
pixel-based analysis. However, the maximum AHI (AHI.x) within a
city can be linked to its urban heat island intensity (UHII) and is thus ex-
pected to depend on the total population of each city.

To test this hypothesis, the AHI .« of all German cities with a popu-
lation of >100.000, as well as 100 randomly chosen smaller communi-
ties (>5000 residents), were compared to the population of the
corresponding municipality (Fig. 8). Since Oke (1973) analyzed single
summer temperature measurements during the day, when UHII is
warmest (Schwarz et al., 2011), our annual mean temperatures result
in lower heat intensities. For the three cities analyzed in both studies,
this difference is on average 4.4 K (Berlin: summer day UHII of 10.0 K,
annual mean surface AHI 3.7 K; Munich: summer day UHII of 7.0 K, an-
nual mean surface AHI 4.3 K; Karlsruhe: summer day UHII of 7.0 K, an-
nual mean surface AHI 2.9 K).
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Fig. 8. Influence of population on the maximum surface AHI of a settlement.
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Still, our results confirm that AHI,,.x similar to UHII can be related to
population (P) and follows the model predicted by Oke (1973) even for
smaller city sizes with a RMSE of 0.4 K:

AHlpax = 1.53 K - log(P)—5.32 K (2)

By extrapolating the fit, we can further assume that AHI,,.x remains
positive for communities with a population of >3000. The smallest stud-
ied community, Amoeneburg located in the region of Middle Hesse, has
a population of 5010 and an observed AHI,,,x of 0.74 K.

4. Summary and conclusion

This study analyzes the anthropogenic impact on recorded annual
mean temperatures of three different compartments: surface air tem-
peratures (SAT), land surface temperatures (LST), and groundwater
temperatures (GWT). The anthropogenic heat intensity (AHI) is intro-
duced as a universal parameter that represents the difference between
local temperature T and median rural background temperature T, for
each analyzed measurement location (GWT and SAT) or pixel (LST),
on a large, in this case countrywide, scale.

Comparing AHIs in air, surface and subsurface for the case of Germany,
we found that GWTSs are impacted the most by human activity. Although
no measurements within cities were analyzed, determined groundwater
AHI ranges from —4 K to +4 K. At the same locations, surface AHI
ranges from —1 K to 4+ 1 K. However, further research is necessary to
fully understand the main causes of elevated GWTs under non-urban,
cultivated lands.

At the surface, main instances of anthropogenic temperature anom-
alies were identified. While most of the top 50 pixels with the highest
AHIs in Germany are located within cities, maximum surface AHI is
found over an open-pit lignite mine. Additionally, many of these top
50 pixels are located in smaller cities known for their industrial sites,
hinting to the industrial sector as a significant driver of urban heat
islands. Accordingly no correlation between population density and
AHI could be found.

The impact of smaller settlements on temperatures was analyzed at
the example of 100 randomly chosen communities (5000 to 100,000
residents). Our results indicate AHI of approximately 0.3 K for the
smallest analyzed communities. However, further studies using differ-
ent timescales and spatial resolutions are necessary to scrutinize the im-
pact that smaller settlements have on ambient air, ground and
groundwater temperatures.

Finally, AHIs of other regions or countries must be compared to deter-
mine spatial consistency and to reveal large scale trends. As LST is available
for the whole planet, future work should also analyze a global dataset.
Studying the differences in daytime and nighttime surface AHI as well as
its annual variation will help to classify surface urban heat islands and
thus contribute to the development of appropriate mitigation strategies.
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