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H I G H L I G H T S

• Anthropogenic temperature anomalies
are quantified in Germany.

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

• Groundwater temperature anomalies
are most extreme.

• Heat anomalies in air and groundwater
are mainly caused by artificial surfaces.

• Surface urban heat islands are observed
in settlements with only 5000 inhabi-
tants.
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Human activity directly influences ambient air, surface and groundwater temperatures. The most prominent
phenomenon is the urban heat island effect, which has been investigated particularly in large and densely pop-
ulated cities. This study explores the anthropogenic impact on the thermal regime not only in selected urban
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
and median rural background temperature. This concept is analogous to the well-established urban heat island
intensity, but applicable to each measurement point or pixel of a large, even global, study area. For all three an-
alyzed temperature datasets, anthropogenic heat intensity grows with increasing nighttime lights and declines
with increasing vegetation, whereas population density has only minor effects. While surface anthropogenic
heat intensity cannot be linked to specific land cover types in the studied resolution (1 km × 1 km) and classifi-
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 aswell. At the surface of Germany, the highest anthropogenic
heat intensity with 4.5 K is found at an open-pit lignite mine near Jülich, followed by three large cities (Munich,
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Düsseldorf and Nuremberg) with annual mean anthropogenic heat intensities N4 K. Overall, surface anthropo-
genic heat intensities N0 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 atmospherewere 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 studybyWeber et al. (2014) thedis-
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 expressedwith the follow-
ing fit: UHII=2.10 K ⋅ logP−4.06 K (R2 = 0.74). In contrast, Peng et al.
(2012) found no evidence of population density driven surface UHII.
They also showed only a modest correlation (R2 of 0.0 to 0.18) between
surface UHII and nighttime lights. Only recently though, Zhang et al.
(2014)published results indicating a correlationR2of 0.83 to0.85between
summerdaytime surface urbanheat islands andnighttime 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-
enceddifferently 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 findmain 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 andDozier, 1996), as obtained fromNASA's TERRA andAQUA 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://lpdaac.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 frommonthly 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 × 1 km (0.009° × 0.009°) (Fig. 1b).

2.1.3. Groundwater temperature
Groundwater temperature (GWT)data are only available for the prov-

ince of Baden-Württemberg in the southwest of Germany. We
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