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Abstract

This work presents the development and application of a building energy model (BEM)
and a mean radiant temperature (Tmrt) scheme integrated in the urban canopy scheme
Double Canyon Effect Parametrization (DCEP). The extended DCEP–BEM model aims
to establish a link between anthropogenic heat emissions and urban climate by including
the interior of buildings in DCEP urban street canyons to investigate the energy fluxes
on urban surfaces, the effects of anthropogenic heat on the atmosphere, the evolution
of indoor air temperature, and waste heat from air conditioning (AC) systems. The
DCEP–BEM model explicitly calculates the anthropogenic heat emissions from urban
buildings and the heat flux transfer between buildings and the atmosphere. In addition,
DCEP–BEM estimates the energy consumption for heating or cooling devices for different
indoor temperatures. This model also allows for a dynamic calculation of Tmrt for urban
street canyons.

In this work, DCEP–BEM is coupled with the mesoscale climate model COSMO-CLM
(COnsortium for Small-scale MOdelling in CLimate Mode, hereafter CCLM) and applied
to simulate the winter and summer 2018 of Berlin, Germany, with different set-ups and
a grid spacing of 1 km.

To examine the performance of the coupled CCLM/DCEP–BEM model system, a
winter simulation is performed with fixed target indoor temperatures based on indoor
measurements. The model results are extensively evaluated against measured turbulent
energy fluxes and 2-m air temperature. The evaluation indicates that CCLM/DCEP–
BEM reproduces well the average diurnal characteristics of the measured turbulent heat
fluxes and considerably improves the simulated 2-m air temperature and urban heat
island (UHI) in winter compared to the simulation without BEM. DCEP–BEM is also
used to estimate the spatio-temporal variation of winter heating energy consumption
with canyon geometry for the metropolitan area of Berlin. The UHI effect is shown to
reduce heating energy consumption when comparing a suburban site to an urban site
after using the same grid-cell values for building and street widths. A further evaluation
is carried out for a summer period, but without a predefined target indoor temperature,
i.e. without cooling units, as is currently the case for most buildings in Berlin. It is
shown that CCLM/DCEP–BEM accurately reproduces the indoor air temperature and
its temporal variation, and slightly improves the performance of the 2-m air temperature
and the UHI effect.

Furthermore, CCLM/DCEP–BEM is applied to explore the waste heat emissions
from AC systems and the AC energy consumption in summer. Two locations for the
AC outdoor units are considered: either on the wall of a building (VerAC) or on the
rooftop of a building (HorAC). AC waste heat emissions considerably increase the near-
surface sensible heat flux and air temperature. Compared to a reference scenario without
AC systems, the VerAC scenario with a target indoor temperature of 22 °C results in
a temperature increase of up to 0.6K within Berlin. The increase is more pronounced
during the night and in highly urbanised areas. The effect of HorAC on air temperature is



overall smaller compared to VerAC. For the same target indoor temperature, the average
daily AC energy consumption per floor area of a room at an urban site is 9.1Wm−2,
which is 35% more compared to a suburban site. This difference is attributed to the UHI
effect and the different building and street parameters at the two sites. The maximum
AC energy consumption occurs in the afternoon. When the target indoor temperature
increases, both the nighttime air temperature and the AC energy consumption show a
decreasing trend. This feature is more obvious in the VerAC scenarios, which indicates
that VerAC has a larger impact on the near-surface air temperature and the UHI effect.

A mean radiant temperature scheme is developed for CCLM/DCEP–BEM and evalu-
ated against measured data and the SOLWEIG (SOlar and LongWave Environmental Ir-
radiance Geometry) radiation model. There is good agreement in simulated Tmrt between
CCLM/DCEP–BEM and SOLWEIG. Nighttime Tmrt simulated with CCLM/DCEP–
BEM is higher than that with SOLWEIG. Simulated Tmrt in the afternoon is underes-
timated by CCLM/DCEP–BEM compared to SOLWEIG. Further, higher Tmrt at night
and lower Tmrt at noon are found in the city centre with densely-distributed buildings
compared to suburbs with more open fields, when vegetation is not considered. This
scheme provides a reliable representation of Tmrt in a mesoscale climate model and would
be beneficial for future implementation of human-biometeorological variables such as the
Universal Thermal Climate Index or Physiological Equivalent Temperature.
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Zusammenfassung

In dieser Arbeit wird die Entwicklung und Anwendung eines Gebäudeenergiemodells
(BEM) und eines Schemas für die mittlere Strahlungstemperatur (Tmrt) vorgestellt,
das in das Doppel-Canyon basierte städtische Bestandsschichtsschema (DCEP) inte-
griert ist. Das erweiterte DCEP–BEM Modell zielt darauf ab, eine Verbindung zwischen
anthropogener Wärme und dem Stadtklima herzustellen, indem Gebäude in DCEP-
Straßenschluchten einbezogen werden, um die Energieflüsse auf städtischen Oberflächen,
die Auswirkungen der anthropogenen Wärme auf die Atmosphäre, die Innenraumlufttem-
peratur und die Abwärme von Klimaanlagen zu untersuchen. Das DCEP–BEM Modell
berechnet explizit die anthropogenen Wärme von städtischen Gebäuden und die Wär-
meflussübertragung zwischen Gebäuden und der Atmosphäre. Darüber hinaus schätzt
DCEP–BEM den Energieverbrauch für Heiz- oder Kühlgeräte bei verschiedenen Innen-
temperaturen ab. Es ermöglicht außerdem eine dynamische Berechnung von Tmrt für
städtische Straßenschluchten.

In dieser Arbeit wird das DCEP–BEM mit dem mesoskaligen Klimamodell COSMO-
CLM (COnsortium for Small-scale MOdelling in CLimate Mode, im Folgenden CCLM)
gekoppelt und zur Simulation des Winters und Sommers 2018 in Berlin, Deutschland,
mit verschiedenen Setups und einer Gitterweite von 1 km verwendet.

Um die Leistungsfähigkeit des gekoppelten CCLM/DCEP–BEM-Modellsystems zu un-
tersuchen, wird eine Wintersimulation mit festen Ziel-Innentemperaturen auf der Grund-
lage von Innenraummessungen durchgeführt. Die Modellergebnisse werden ausführlich
mit gemessenen turbulenten Energieflüssen und 2-m-Lufttemperaturen verglichen. Die
Auswertung zeigt, dass CCLM/DCEP–BEM den mittleren Tagesverlauf der gemessenen
turbulenten Wärmeströme gut reproduziert und die simulierte 2-m-Lufttemperatur und
die städtische Wärmeinsel im Winter im Vergleich zur Simulation ohne BEM erheblich
verbessert. Das DCEP–BEM wird auch verwendet, um die räumlich-zeitliche Variation
des winterlichen Heizenergieverbrauchs mit der Straßenschlucht-Geometrie für das Stadt-
gebiet von Berlin zu schätzen. Es zeigt sich, dass der städtische Wärmeinseleffekt den
Heizenergieverbrauch reduziert, wenn man eine vorstädtische Station mit einer städti-
schen Station vergleicht, nachdem man die gleichen Gitterzellenwerte für Gebäude- und
Straßenbreiten verwendet hat. Eine weitere Simulation wird für den Sommerzeitraum
durchgeführt, jedoch ohne eine vordefinierte Ziel-Innentemperatur, d.h. ohne Kühlanla-
gen, wie es derzeit bei den meisten Gebäuden in Berlin der Fall ist. Es zeigt sich, dass
das CCLM/DCEP–BEM die Innenraumlufttemperatur und ihre zeitliche Veränderung
richtig wiedergibt und die Ergebnisse für die 2-m-Lufttemperatur und die städtische
Wärmeinsel leicht verbessert.

Des Weiteren wird das CCLM/DCEP–BEM angewendet, um die Abwärmeemissio-
nen von Klimaanlagen und den Energieverbrauch von Klimaanlagen im Sommer zu
untersuchen. Es werden zwei Standorte für die AC-Außengeräte betrachtet: entweder
an der Wand eines Gebäudes (VerAC) oder auf dem Dach eines Gebäudes (HorAC).



Die Abwärmeemissionen der Klimaanlagen erhöhen die Lufttemperatur in Oberflächen-
nähe erheblich. Im Vergleich zu einem Referenzszenario ohne AC-Systeme führt das
VerAC-Szenario mit einer Ziel-Innentemperatur von 22 °C zu einem Temperaturanstieg
von bis zu 0,6K in Berlin. Der Anstieg ist in der Nacht und in hochurbanisierten Ge-
bieten stärker ausgeprägt. Die Auswirkung von HorAC auf die Lufttemperatur ist im
Vergleich zu VerAC insgesamt geringer. Bei der gleichen Ziel-Innentemperatur beträgt
der durchschnittliche tägliche Energieverbrauch der Klimaanlage pro Bodenfläche eines
Zimmers in einer städtischen Station 9,1Wm−2, was 35% mehr ist als in einer vorstäd-
tischen Station. Dieser Unterschied wird auf den UHI-Effekt und die unterschiedlichen
Gebäude- und Straßenparameter an den beiden Stationen zurückgeführt. Der höchste
AC-Energieverbrauch liegt am Nachmittag vor. Wenn die Ziel-Innentemperatur steigt,
zeigen sowohl die nächtliche Oberflächentemperatur als auch der Energieverbrauch der
Klimaanlage einen rückläufigen Trend. Diese Eigenschaft ist in den VerAC-Szenarien
deutlicher, was bestätigt, dass VerAC einen größeren Einfluss auf die oberflächennahe
Lufttemperatur und den städtischen Wärmeinseleffekt hat.

Ein Schema für die mittlere Strahlungstemperatur wird für das CCLM/DCEP–BEM
entwickelt und anhand von Messdaten und dem SOLWEIG (SOlar and LongWave Envi-
ronmental Irradiance Geometry)-Strahlungsmodell validiert. Es besteht eine gute Über-
einstimmung der simulierten Tmrt zwischen dem CCLM/DCEP–BEM und dem SOL-
WEIG. Der mit CCLM/DCEP–BEM simulierte nächtliche Tmrt ist höher als der mit
SOLWEIG simulierte. Der simulierte Tmrt am Nachmittag wird von CCLM/DCEP–BEM
im Vergleich zu SOLWEIG unterschätzt. Darüber hinaus wird im Stadtzentrum mit
dichter Bebauung ein höherer Tmrt in der Nacht und ein niedrigerer Tmrt in der Mit-
tagszeit festgestellt als in den Vororten mit mehr offenen Feldern, wenn die Vegetation
nicht berücksichtigt wird. Dieses Schema bietet eine zuverlässige Darstellung von Tmrt in
einem mesoskaligen Klimamodell und wäre für die zukünftige Implementierung von hu-
manbiometeorologischen Variablen wie dem Universellen Thermischen Klimaindex oder
der Physiologischen Äquivalenttemperatur von Vorteil.

vi



Contents

List of Papers ix

List of Figures xi

List of Acronyms and Symbols xiii

1 Introduction 1
1.1 Background and motivation . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Study area and climate . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.4 Structure of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2 Development and evaluation of the coupled building energy model
DCEP–BEM 9
2.1 Model development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2 Derivation of target indoor temperatures for winter . . . . . . . . . . . . 10
2.3 Evaluation and improvement of the model system DCEP–BEM . . . . . 10
2.4 2-m air temperature and urban heat island intensity . . . . . . . . . . . . 12
2.5 Indoor temperature during the summer period . . . . . . . . . . . . . . . 15
2.6 Energy consumption for heating during the winter period . . . . . . . . . 15

3 Impact of air conditioning (AC) systems on the outdoor thermal
environment 19
3.1 AC systems in DCEP–BEM . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.2 AC contribution to surface sensible heat flux and air temperature . . . . 20
3.3 Evaluation of AC contribution within the boundary layer . . . . . . . . . 22
3.4 Evaluation of AC energy consumption . . . . . . . . . . . . . . . . . . . 22
3.5 Sensitivity to the target indoor temperature . . . . . . . . . . . . . . . . 24

4 Modelling mean radiant temperature using DCEP–BEM 27
4.1 Mean radiant temperature in DCEP–BEM . . . . . . . . . . . . . . . . . 27
4.2 Validation of SOLWEIG against measurements . . . . . . . . . . . . . . . 30
4.3 Evaluation of DCEP–BEM against SOLWEIG . . . . . . . . . . . . . . . 31

5 Conclusions and perspectives 35
5.1 Summary and conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
5.2 Outlooks and further model development . . . . . . . . . . . . . . . . . . 37

Bibliography 39

vii



Contents

Acknowledgements 49

Appendices 53
I Integration of a Building Energy Model in an Urban Climate Model and its

Application . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
II Impact of Air Conditioning Systems on the Outdoor Thermal Environment

during Summer in Berlin, Germany . . . . . . . . . . . . . . . . . . . . . 91
III Estimation of mean radiant temperature in cities using an urban para-

meterization and building energy model within a mesoscale atmospheric
model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

viii



List of Papers

This thesis is cumulative and based on the following three papers, which are referred to
in the text by their corresponding Roman numbers. All papers are presented in their
original journal format in the appendices.

I Jin, L., Schubert, S., Fenner, D., Meier, F., and Schneider, C. (2021): Integ-
ration of a Building Energy Model in an Urban Climate Model and its Ap-
plication. Boundary-Layer Meteorology, 178, 249–281. https://doi.org/10.1007/
s10546-020-00569-y

II Jin, L., Schubert, S., Salim, M. H., and Schneider, C. (2020): Impact of Air
Conditioning Systems on the Outdoor Thermal Environment during Summer in
Berlin, Germany. International Journal of Environmental Research and Public
Health, 17(13), 4645. https://doi.org/10.3390/ijerph17134645

III Jin, L., Schubert, S., Fenner, D., Salim, M. H., and Schneider, C. (2021): Es-
timation of mean radiant temperature in cities using an urban parameterization
and building energy model within a mesoscale atmospheric model. Meteorologische
Zeitschrift (accepted). https://doi.org/10.1127/metz/2021/1091

ix



x



List of Figures

1.1 Flow chart of the research process . . . . . . . . . . . . . . . . . . . . . . 5
1.2 Nested domains of the downscaling for Berlin . . . . . . . . . . . . . . . 6
1.3 Urban fraction and investigation sites in and around Berlin . . . . . . . . 7
1.4 Climate diagram for the Alexanderplatz site . . . . . . . . . . . . . . . . 8

2.1 Basic street canyon and building elements in DCEP–BEM . . . . . . . . 9
2.2 Average observed indoor temperature of citizen weather stations . . . . . 10
2.3 Average surface fluxes at the Charlottenburg site during the winter and

summer periods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.4 Average 2-m air temperatures at various sites in and around Berlin during

the winter and summer periods. . . . . . . . . . . . . . . . . . . . . . . . 13
2.5 Average urban heat island intensities at the Alexanderplatz and Buch sites

during the winter and summer periods. . . . . . . . . . . . . . . . . . . . 14
2.6 Time series of indoor and outdoor temperatures at the Rothenburg and

Kigaramler sites during the summer period . . . . . . . . . . . . . . . . . 16
2.7 Average energy consumption with two different set-ups at the Alexander-

platz and Buch sites during the winter period . . . . . . . . . . . . . . . 17

3.1 Illustration of air conditioning outdoor units in DCEP–BEM . . . . . . . 20
3.2 Average simulated 2.5-m air temperatures at the Alexanderplatz and Buch

sites, and the difference between the two sites during the summer period 21
3.3 Average vertical profiles of simulated potential temperature at the Alex-

anderplatz and Buch sites during the summer period . . . . . . . . . . . 23
3.4 Average simulated energy consumption at the Alexanderplatz and Buch

sites during the summer period . . . . . . . . . . . . . . . . . . . . . . . 24
3.5 Comparison of energy consumption and nighttime temperature between

scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

4.1 Distribution of diffuse radiation from urban surface elements onto a human
body in the street canyon. . . . . . . . . . . . . . . . . . . . . . . . . . . 28

4.2 Regression analysis for mean radiant temperature and radiative fluxes
between measurements and SOLWEIG at BIOMET measurement site . . 30

4.3 Simulated radiative fluxes and mean radiant temperature at BIOMET site 31
4.4 Hourly distribution of the simulated mean radiant temperature for BIO-

MET site . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
4.5 Spatial distribution of simulated mean radiant temperature at midday . . 33

xi



xii



List of Acronyms and Symbols

Acronyms
AC Air conditioning system
Ap Weather station Alexanderplatz
Bc Weather station Buch
BEM Building Energy Model
BIOMET Measurement site operated by Technische Universität Berlin
CCLM COnsortium for Small-scale MOdelling in CLimate Mode
CWS Citizen weather stations
DCEP Double Canyon Effect Parametrization
DWD Deutsche Wetterdienst, German Weather Service
HorAC AC outdoor units installed on the rooftops of buildings
Kw Weather station Kaniswall
Lb Weather station Lindenberg
SOLWEIG SOlar and LongWave Environmental Irradiance Geometry
UHI Urban heat island
UHII Urban heat island intensity
VerAC AC outdoor units installed on the vertical walls of buildings

General symbols
εh Emissivity for longwave radiation of the human body
σ Stefan-Boltzmann constant
θ Potential temperature
ΔTUHI Urban heat island intensity
Ec,floor Energy consumption per floor area
Ec Energy consumption from heating or cooling systems
K Shortwave radiation
L Longwave radiation
QE Surface latent heat flux
QH Surface sensible heat flux
R2 Coefficient of determination
Sstr Mean radiant flux density
Tind Indoor temperature
Tmrt Mean radiant temperature
T2.5m 2.5-m air temperature (at lowest half model level)
T2m 2-m air temperature

Symbols for canyon geometry
e East human body element

xiii



List of Acronyms and Symbols

Ei East wall element
f Human front element
G Ground element
Ss Single-canyon sky element
t Human top element
w West human body element
Wi West wall element
B Building width
D Canyon length
W Street width

xiv



1 Introduction

1.1 Background and motivation

The United Nations projects that up to 68% of the world’s population will live in cities
by 2050, compared to only 55% in 2018 (United Nations Department of Economic and
Social Affairs 2019). With the rapid expansion of urban areas and urban activities,
and in consideration of their potential impacts on global climate change (Grimmond
2007), the urban climate is gaining increasing attention. Urbanisation is one of the most
important factors influencing the global carbon cycle, ahead of the fossil fuel sector and
land-use change (Churkina 2016). In light of public health concerns, urbanisation is often
associated with a decline in urban green space, which further affects the mental and
cardiovascular health of residents (Kabisch et al. 2021). Local modifications on urban
climate are becoming more serious and necessary to cope with for planning authorities
(Scherer et al. 2019).

In cities, the presence of urban structures, which have distinct surfaces compared
to natural surfaces, modifies atmospheric conditions such as air temperature, humidity,
wind speed and energy balance. A common phenomenon encountered is the urban heat
island (UHI) effect, as near-surface air temperatures are typically higher than in the
rural surroundings (e.g. Oke 1982; Arnfield 2003). The temperature difference between
the urban and the rural areas is termed UHI intensity (UHII). In mid-latitude cities,
UHII reaches up to 15K (Kuttler 2004) and is especially pronounced during nighttime
and in summer (Yagüe et al. 1991; Fortuniak et al. 2006; Erell and Williamson 2007;
Fenner et al. 2014; Skarbit et al. 2017).

Urban near-surface temperatures are affected by heat storage and the subsequent
release from urban structures, as well as by anthropogenic heat emissions, which are
associated with emissions from buildings, human metabolism, industry and power plants,
and vehicle exhaust (Oke 1982). Globally, the average urban anthropogenic heat flux
has a diurnal range from 0.7Wm−2 to 3.6Wm−2 based on a global model for urban
consumption (Allen et al. 2011). The distribution of anthropogenic heat emissions shows
great spatial and temporal variability due to the differences in local land-use or the degree
of urbanisation. Flanner (2009) carried out a comprehensive study across continents
and derived annual-mean anthropogenic heat emissions of 0.39Wm−2, 0.68Wm−2 and
0.22Wm−2 for the United States, western Europe and China in 2005. In some extreme
highly urbanised areas with office buildings, e.g. Tokyo, the anthropogenic heat emissions
exceed 1500Wm−2 (Ichinose et al. 1999). The largest contributor of anthropogenic heat
emissions was found in the Northern Hemisphere winter months (December to February),
the lowest from June to August (Dong et al. 2017). Similar seasonal contrasts were also
discussed in, e.g. Ichinose et al. (1999) and Allen et al. (2011), with the latter outlining
that the lowest anthropogenic heat release was found in May according to their model.
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1 Introduction

Of all sources, heat emissions from residential and commercial buildings are considered
the largest contributor to anthropogenic sensible and latent heat emissions (Sailor 2011;
Chrysoulakis and Grimmond 2016). Anthropogenic heat emissions also intensify pollut-
ant concentrations over urban areas (Sarrat et al. 2006), and affect local atmospheric
conditions (Taha 1997). Seasonal variations in anthropogenic heat emissions depend on
climate and the demand for heating or cooling (Sailor 2011; Chow et al. 2014). In winter,
in regions where indoor heating is required, anthropogenic heat fluxes due to heating
strongly affect screen-level temperatures in urban areas (Bohnenstengel et al. 2014).
This anthropogenic heating results in a temperature increase of, e.g. up to 1.5K on a
windless and cloudless day in December in London, UK (Bohnenstengel et al. 2014), or
2K–3K on a winter night in Philadelphia, US (Fan and Sailor 2005). In summer, waste
heat from air conditioning (AC) systems acts as an additional heat source influencing
air temperatures in low-/mid-latitude cities where AC systems are widely used (Ohashi
et al. 2007; Salamanca et al. 2013; Chow et al. 2014; Salamanca et al. 2015; Takane et al.
2017).

Urban expansion affects not only temperatures, but also indoor energy consumption.
AC cooling energy consumption varies from city to city, and urban expansion also
contributes to increasing cooling energy demand (Salamanca et al. 2014, 2015). For
instance, 0.5Wm−2 to 2.7Wm−2 for AC cooling energy consumption was calculated
by Salamanca et al. (2015) for the city of Phoenix (US) with different AC set-ups. AC
cooling demand is often higher in Asian cities with denser and higher buildings. Kikegawa
et al. (2014) estimated the value to be 220Wm−2 during daytime in summer in Tokyo
(Japan) and Xu et al. (2018) reported a value of up to 146Wm−2 in Beijing (China).
Several studies indicate a feedback signal for AC cooling demand and UHII: AC cooling
demand increases with increasing outdoor air temperature, and this elevated AC energy
demand, in turn, exacerbates UHII (Hassid et al. 2000; Kolokotroni et al. 2012; Magli
et al. 2015; Paolini et al. 2017; Salvati et al. 2017).

The anthropogenic heat emission from AC in urban areas alters thermal stratification
of the boundary layer by promoting vertical mixing during nighttime (Salamanca et al.
2014). It also increases the instability of the urban boundary layer during the morning
and evening hours (Chen et al. 2009). Though the waste heat released from AC is greatest
at noon in summer, its impact on air temperatures is most noticeable at night (Chen
et al. 2009; Salamanca et al. 2012; De Munck et al. 2013; Salamanca et al. 2014).

Three approaches are often used to estimate anthropogenic heat and energy consump-
tion for heating or cooling in urban areas, including inventory approaches, an energy
budget and building energy models (BEMs). The BEM approach has been recommended
by Sailor (2011) because it explicitly computes anthropogenic heat emissions and energy
consumption within buildings, and accounts for both sensible and latent heat emissions.
Several treatments of urban anthropogenic heat fluxes using the BEM approach have
been studied in recent years (e.g. Masson 2000; Crawley et al. 2001; Flanner 2009; Bueno
et al. 2011; Trusilova et al. 2013; Wouters et al. 2015, 2016).

Kikegawa et al. (2003) presented one of the first attempts to explicitly calculate
the heat exchange of the building interior and exterior. This parametrization has been
coupled to different models to evaluate energy demand, the UHI effect, and health

2



1.1 Background and motivation

impacts (e.g. Kikegawa et al. 2014; Ohashi et al. 2014; Takane et al. 2015, 2017). Further,
a similar BEM approach was developed by Salamanca et al. (2010) and was nested with
a multi-layer urban canopy model (Salamanca and Martilli 2010). This nested BEM
approach included heat generation within buildings and heat exchange between buildings
and the atmosphere. Salamanca and Martilli (2010) also established a feedback system
between indoor energy consumption and outdoor air temperature by coupling BEM with
a mesoscale climate model.

Apart from anthropogenic heat emissions from buildings, thermal comfort, which
refers to the influence of the thermal environment on humans (ASHRAE 2001), also
attracts the interest of urban research. One of the fundamental and vital meteorological
variables explaining human thermal comfort during the daytime (Thorsson et al. 2007;
Lee et al. 2013) is the mean radiant temperature (Tmrt). It is defined as the “uniform
temperature of an imaginary enclosure in which the radiant heat transfer from the human
body equals the radiant heat transfer in the actual nonuniform enclosure” (ASHRAE
2001). A number of scholars have sought to understand Tmrt within urbanised regions,
pointing out that during daytime Tmrt is generally lower in central areas than in rural
areas due to shading from urban structures, while on the contrary during the night Tmrt

is higher in centres due to the longwave radiation from more densely built-up buildings
(Kwok et al. 2019; Schoetter et al. 2013).

In light of measurement, Tmrt can be acquired by calculation based on integral
radiation measurement from six directions (Höppe 1992; Spagnolo and de Dear 2003) or
by globe thermometers (Vernon 1932; Kuehn et al. 1970; de Dear 1988; Nikolopoulou et al.
1999). Aside from measuring, the importance of modelling Tmrt has also been stressed in
numerous studies, and various models have been developed, e.g. the micro-climate model
ENVI-met (Bruse and Fleer 1998; Huttner 2012; Simon 2016), the RayMan software
package (Matzarakis et al. 2007; Lee and Mayer 2016), the 3-D radiation model SOLWEIG
(SOlar and LongWave environmental Irradiance Geometry, Lindberg et al. 2008; Lindberg
and Grimmond 2011), the urban micro-climate model PALM-4U (Maronga et al. 2020),
and the radiation model SURM (Fischereit 2021). Of the above models, the SOLWEIG
model is applied in this thesis. SOLWEIG has been thoroughly evaluated in previous
studies and has been acknowledged as good quality in simulating Tmrt (e.g. Lindberg
et al. 2008; Lindberg and Grimmond 2011; Chen et al. 2014).

This work is set out to investigate anthropogenic heat emissions in cities, clarify
their role in urban climate, and explore Tmrt using a building energy model with an
urban canopy scheme DCEP (Double Canyon Effect Parametrization, Schubert et al.
2012) coupled with the mesoscale model COSMO-CLM (COnsortium for Small-scale
MOdelling in CLimate Mode, hereafter referred to as CCLM, Rockel and Geyer 2008).

CCLM is the climate mode of COSMO, a three-dimensional, fully compressible, and
non-hydrostatic limited-area model (Steppeler et al. 2003; Rockel and Geyer 2008; Rockel
et al. 2008; Schättler et al. 2021) initialised by the German Weather Service (DWD) and
is under development by several international weather services and organisations within
the CLM-Comunity ∗. CCLM is capable of simulating time spans of up to centuries and

∗https://wiki.coast.hereon.de/clmcom/about-us-98598915.html

3



1 Introduction

spatial resolutions between 1 km and 50 km.
As the CCLM was not able to accurately resolve some urban features, such as

radiative fluxes within street canyons, where the distribution of buildings and streets as
well as surface properties are taken into account, Schubert et al. (2012) developed the
urban parametrization scheme DCEP and coupled it fully online with the CCLM. In the
framework of DCEP, the urban part of a mesoscale model grid cell is conceptualised as a
series of identical street canyon elements. It dynamically calculates the energy, radiation,
and momentum fluxes from the roof, wall, and ground surfaces within an urban street
canyon by considering the interaction between urban surfaces and the atmosphere.

The DCEP scheme coupled with CCLM (CCLM/DCEP) has been extensively eval-
uated with respect to its feasibility to reproduce typical urban boundary layer features
(Schubert et al. 2012; Schubert and Grossman-Clarke 2014). CCLM/DCEP has also
been conducted for various applications, e.g. to investigate possible adaptation measures
of urban vegetation to extreme heat events in Berlin, Germany (Schubert 2013), to
explore the mean radiant temperature together with the SOLWEIG model for Berlin,
Germany (Jänicke et al. 2017), to analyse a heatwave event over the city of Zurich,
Switzerland (Mussetti et al. 2020a). However, the original DCEP scheme has not yet
taken into account the building interior and the resulting anthropogenic heat generation
inside buildings (Schubert 2013), resulting in an inaccurate representation of winter UHI
properties (Trusilova et al. 2016).

1.2 Objectives

To address the research gap mentioned above, this work is initialled and funded by the
German Research Foundation (DFG) as part of the research project “Heatwaves in Berlin,
Germany – climate projections” (Grant No. SCHU 3191/1-1). This study extends the
work of Schubert (2013) and further develops the DCEP scheme to establish a connection
between anthropogenic heat emissions and urban climate, to gain a better understanding
of anthropogenic heating and Tmrt for the metropolitan area of Berlin, Germany.

In this thesis, the following research questions (RQs) are addressed:

RQ 1 What are the effects of anthropogenic heat emissions from the interior of buildings
on the exterior in the urban area, for example, Berlin? What is the spatio-temporal
variation of the simulated energy consumption by heating systems during winter?
How does the indoor temperature react to the outdoor temperature?

RQ 2 What is the interaction between the anthropogenic heat emissions from the AC
systems and the outdoor thermal environment in Berlin during a dry and hot
summer period? What are the differences between different AC systems regarding
energy consumption and their impact on air temperature?

RQ 3 What is the diurnal variation of Tmrt for an example site in Berlin? To what extent
is a mesoscale model able to simulate Tmrt within a highly urbanised area?
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1.2 Objectives

Figure 1.1 Flow chart of the research objectives (RO), the research progressions (RP), and the
thesis structure.

The main research objectives (ROs) and the research process (RP) to answer the
RQs are summarised in fig. 1.1 and explained below.

This work is done in three steps (presented progressively in three papers). First, the
fundamental development of the DCEP–BEM model is to extend the original DCEP
scheme by adding an indoor environment in urban buildings with consideration of heating
or cooling facilities. This allows exploring the first focal point in RQ 1. In winter,
as buildings are equipped with heating systems, the DCEP–BEM model dynamically
computes the evolution of anthropogenic heating of the building interior and the heat
exchange with the outdoor environment by enforcing target indoor temperatures. Energy
consumption in the urban area and the link between the indoor heat load onto the UHI
are also explored. In summer, since the indoor temperature is not fixed considering the
low percentage of air conditioning installed in private households in Berlin, the indoor
temperature and its response to outdoor air temperature is investigated.

Second, on the basis of RQ 1, the focus of RQ 2 is set on the summer situation
to investigate the effect of AC cooling systems on the urban climate in a modelling
approach. Another objective is to compare different AC systems using various scenarios,
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Figure 1.2 Nested domains of a two-step dynamical downscaling for Berlin. The outer domain
(central Europe) and the inner study area (Berlin, Germany) have grid spacings of 7 km and 1 km,
respectively. Figure adapted from Paper I.

which could support urban planning in terms of UHI mitigation and energy savings.
Third, having studied the impact of anthropogenic heat emissions on urban climate,

investigating human thermal comfort in urban areas becomes a crucial issue for this
work. To address RQ 3, the DCEP–BEM model is further enhanced by implementing
a scheme for Tmrt. The model results are validated with the help of measured data and
the model output from the radiation model SOLWEIG.

1.3 Study area and climate

This thesis focuses on the city of Berlin, located between 52.3°N and 52.7°N and 13°E
and 13.8°E in northeastern Germany. Berlin is chosen as the study area as it is a sizeable
mid-latitude city holding a population of about 3.7 million (2018). 70.5% of its area is
covered by human settlement, including buildings and streets (Statistisches Bundesamt
2018). Furthermore, since Berlin is far away from the sea and the topography is relatively
flat, the UHI formation over Berlin is barely influenced by geographical aspects.

The study domain and investigation sites are shown in figs. 1.2 and 1.3. Throughout
this work, several sites in and around Berlin are sampled and analysed for different
purposes. The investigation sites are categorised into three groups based on the urban
fraction (furb, see fig. 1.3): (1) urban sites, characterised by high furb values. (2) Suburban
sites, featured by low furb values, and (3) rural sites that have furb values of 0. The detailed
information on the sites is summarised in Table 2 and Table 5 in Paper I.

The climate of the study area is characterised as temperate oceanic (Köppen-Geiger:
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Figure 1.3 Urban fraction (furb) of the city area of Berlin. Triangles mark the measurement sites
used in this thesis. Red indicates urban sites, blue refers to suburban sites, and black shows rural
sites. Detailed information on the sites is given in Table 2 and Table 5 in Paper I. The city border
of Berlin is depicted with a grey line. Figure adapted from Paper I.

Cfb, Kottek et al. 2006). In this thesis, the year 2018 is selected because it was Germany’s
warmest and driest year since 1881, the beginning of regular temperature measurements,
until 2020 (Friedrich and Kaspar 2019; Imbery et al. 2021). The annually-averaged air
temperature in 2018 at the Alexanderplatz site was 2.2 °C warmer than the average for
the historical period 1981–2010. Positive temperature anomalies occurred throughout
the year except for March (see fig. 1.4). In 2018, the mean air temperature was 2.7 °C
lower in March than the average values in 1981–2010, and were 2.6 °C and 3.3 °C higher
than average in July and August, respectively. The annual precipitation amount was
477mm in 2018, which was 114mm (20%) less than the 1981–2010 average. Briefly, a
cold winter and an extremely hot and dry summer are chosen for this work.

The investigation periods for this thesis were set generally in the winter and summer
months in 2018, yet they were specified in each paper. In Paper I, two 24-day periods
in winter (15 February–10 March 2018) and in summer (25 July–17 August 2018) were
investigated. During the winter period at the Alexanderplatz site, the air temperature
remained below 0 °C with the lowest temperature (−11.8 °C) occurring on 2 March
2018. The summer period was dominated by a high pressure system over northwestern
Europe, leading to rather stable atmospheric conditions across Berlin. The maximum
daily temperature for the Alexanderplatz site was recorded as 36.3 °C on 31 July 2018. The
total precipitation of the winter and summer periods were 16mm and 3mm, respectively.
A detailed description of the weather conditions during the two periods was given in
Paper I. Paper II focused on a 13-day sub-period (23 July–4 August 2018) extracted
from the summer period as in Paper I. This sub-period was characterised by extremely
high temperatures and contained 12 “hot days” †. During this period, no precipitation

†A “hot day" is defined as a day with a maximum temperature equal to or higher than 30 °C.
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Figure 1.4 Climate diagram for the Alexanderplatz site for the period 1981–2010 (blue line and
bars) and the year 2018 (red line and bars); lines: mean daily 2-m air temperature; bars: monthly
sum of precipitation. Measured data are provided by DWD. Figure adapted from Paper I.

was observed at the Alexanderplatz site or the Buch site. Paper III emphasized an even
shorter period based on the availability of measured data. A period of eight days (23
July to 30 July 2018) was studied, with 23 July 2018 chosen as an extra example because
it was the least cloudy day.

1.4 Structure of the thesis

This thesis constitutes an integrated work based on three peer-reviewed publications
in collaboration with several co-authors. Each publication forms a chapter containing
the respective methods, key results and discussions, followed by final conclusions and
outlooks.

Chapter 2, Development and evaluation of the coupled building energy model
DCEP–BEM introduces and evaluates a coupled model system CCLM/DCEP–BEM
for winter and a summer periods in Berlin, Germany.

Chapter 3, Impact of air conditioning (AC) systems on the outdoor thermal
environment investigates the anthropogenic heat emissions from AC systems in DCEP–
BEM and their effect on urban climate in summer in Berlin.

Chapter 4, Modelling mean radiant temperature using DCEP–BEM brings in
a new variable, mean radian temperature Tmrt, in CCLM/DCEP–BEM, and explores the
spatio-temporal variability of Tmrt in Berlin as an example of its application.

Chapter 5, Conclusions and outlooks presents the final conclusions and perspectives
for future research.
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2 Development and evaluation of the coupled building
energy model DCEP–BEM

This chapter summarises Paper I and reports the ability of an urban canopy model
coupled with a regional climate model to simulate anthropogenic heat fluxes for an
urbanised area. First, a building energy model (BEM) is implemented into the urban
canopy parametrization scheme DCEP and is evaluated against measurements. The
development of the DCEP–BEM model is the starting point and the central part of
the entire thesis. Second, the enhanced DCEP–BEM is applied to the city of Berlin
to explore the research questions in regard to the effects of urban anthropogenic heat
emissions, the response of indoor temperature to outdoor temperature in summer and
energy consumption due to heating systems in winter.

The author’s contributions to Paper I include the conceptualisation of the study
(with co-authors), development of the model, performing climate simulations, curation
of data, data analyses and visualisations, creating figures and tables and interpreting the
results (with co-authors), writing and revising the manuscript after peer-review (with
co-authors).

2.1 Model development

The new coupled DCEP–BEM scheme extends the existing DCEP scheme by includ-
ing an indoor environment with heating (optional) in multi-storey buildings and by
incorporating a comprehensive treatment of shortwave and longwave radiation through
windows in buildings. To capture the spatial variability due to room orientation, the
indoor environment is divided into two sub-rooms separated by an internal wall, each
with a window on the wall facing the street (fig. 2.1). DCEP–BEM accounts for heat
generation from indoor electrical devices and human activities, as well as heat transfer

B

W

D Figure 2.1 Morphology of a quasi-two-
dimensional street canyon in DCEP–
BEM showing buildings and a street,
with B , W , D representing the building
width, the street width, and the canyon
length, respectively. Note that for the
latest DCEP version, we implement the
limit D → ∞. Figure adapted from Pa-
per I.
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2 Development and evaluation of the coupled building energy model DCEP–BEM

between the building interior and the atmosphere through walls and windows. The in-
door temperature is thereby determined by the evolution of energy, radiation transmitted
through windows, and heat conduction through the building structures including the
walls and roofs.

Moreover, DCEP–BEM considers the effect of indoor heating systems in winter.
During operations, the indoor temperature and humidity are controlled, which allows
the model to estimate energy consumption for heating. The energy consumption for
heating consists of the anthropogenic heat flux generated by heating devices to maintain
the target indoor temperatures and the heat flux transported outdoors through wall
conduction or natural ventilation. The details of the model development are provided in
Paper I section 2.

2.2 Derivation of target indoor temperatures for winter

Figure 2.2 Mean diurnal cycle of ob-
served indoor temperature during the
winter period. Data are collected from
30 CWS sites. Figure adapted from Pa-
per I.
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In winter, the target indoor temperature controlled by heating systems is derived
based on crowd-sourced data from 30 citizen weather stations (CWS) provided by Net-
atmo company∗. The CWS data are adapted and processed based on a filter mechanism
from Meier et al. (2017) (see Paper I section 5.3). In the end, we obtain an average
diurnal cycle of indoor temperatures (fig. 2.2) and apply it to the DCEP–BEM winter
simulations.

2.3 Evaluation and improvement of the model system
DCEP–BEM

A two-step one-way nesting approach is applied to the mesoscale climate model CCLM to
downscale the global reanalysis dataset ERA5 (Hersbach et al. 2020) to a grid spacing of
1 km (cf. fig. 1.2). DCEP and DCEP–BEM are online coupled with CCLM (CCLM/DCEP
and CCLM/DCEP–BEM). Several simulations are conducted for winter and summer
periods in 2018 for Berlin. The set-up of the simulations is given in Paper I section 3.

∗www.netatmo.com
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Figure 2.3 Measured (meas) and simulated diurnal cycle of surface fluxes (QH and QE) at the
Charlottenburg site for the simulation periods. Panels a), c) denote the winter period (15 February
2018 0000 UTC–10 March 2018 2300 UTC) and panels b), d) denote summer period (25 July 2018
0000 UTC–17 August 2018 2300 UTC). Bold points refer to measurements (meas). Dotted and
solid lines refer to the DCEP (CCLM/DCEP) and DCEP–BEM (CCLM/DCEP–BEM) simulations,
respectively. Shaded areas refer to the values from the corresponding mesoscale grid cell and eight
adjacent grid cells. All simulated fluxes are averaged with consideration of the urban and vegetated
parts of a grid cell. Figure adapted from Paper I.
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2 Development and evaluation of the coupled building energy model DCEP–BEM

The simulations are extensively evaluated with respect to energy fluxes (surface
sensible flux QH and latent heat flux QE) for the Charlottenburg site in Berlin, Germany
(see Paper I section 6.1). For the evaluation, the model values of nine grid cells are used,
including the corresponding grid cell and eight adjacent grid cells surrounding it, with
the recommended fetch areas recommended for turbulent flux turbulent flows (Panofsky
and Townsend 1964; Rosenberg et al. 1984; Heilman et al. 1989).

Compared to the DCEP scheme without BEM, the DCEP–BEM scheme repro-
duces QH more accurately (see figs. 2.3a and 2.3b). This improvement is more pro-
nounced in winter than in summer because the additional heat loads due to indoor
heating in winter make a large contribution to QH. In summer, when indoor heating
is not needed, the electrical equipment and occupants (i.e. humans) only contribute a
small part to QH. The QE values are realistically modelled with similar values by both
schemes (see figs. 2.3c and 2.3d), since in DCEP-BEM only a small amount of indoor
latent heat is generated by the occupants.

2.4 2-m air temperature and urban heat island intensity

To evaluate the DCEP–BEM-derived 2-m air temperature (T2m) in Berlin, an urban
site Alexanderplatz, a suburban site Buch, and two reference rural sites Lindenberg and
Kaniswall are investigated. The choice of the two rural sites is based on the fact that the
commonly used Lindenberg site (in e.g. Schubert and Grossman-Clarke 2013; Trusilova
et al. 2016; Jänicke et al. 2017) is located too far away from the Alexanderplatz and Buch
sites (65 km and 75 km, respectively, see Paper I section 6.2 for more details), and the
urban impacts on temperature differences would be confounded by geographical locations.
Therefore, Kaniswall, located between Alexanderplatz and Lindenberg, is included as an
additional rural site. In summer, Lindenberg shows higher nighttime T2m than Kaniswall
(fig. 2.4c) and Buch (fig. 2.4d), even though the latter is a suburban site.

To quantitatively analyse the UHI effect, the UHII (urban heat island, denoted as
ΔTUHI,Kw/Lb) is calculated, which is defined as the temperature difference between an
urban/suburban site in Berlin and a rural reference site (Kaniswall (Kw) or Lindenberg
(Lb)).

ΔTUHI,Kw/Lb = T2m,urb − T2m,Kw/Lb. (2.1)

In winter, the diurnal variation of the observed UHII calculated with the two rural
sites is qualitatively captured by both DCEP and DCEP–BEM. A clear diurnal cycle
with higher values during the night and lower values during the day is shown at the urban
site Alexanderplatz (fig. 2.5a). Compared to the measured UHII, the one simulated with
the DCEP set-up shows a weaker diurnal cycle with a considerable underestimation,
and the one modelled with DCEP–BEM is substantially increased during the night and
thus depicts a stronger diurnal cycle. The UHII at the suburban site Buch in winter is
generally lower than that at Alexanderplatz, and the measured UHII shows a slightly
“reversed” diurnal pattern, characterised by higher values during the day than at night
when calculated with the reference rural site Lindenberg (fig. 2.5b).
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Figure 2.4 Measured (meas) and simulated average diurnal cycle of 2-m air temperature (T2m)
at two rural sites: Kaniswall (Kw) and Lindenberg (Lb), an urban site Alexanderplatz (Ap) and a
suburban site Buch (Bc) for the simulation periods. Panels a), b) denote the winter period (15
February 2018 0000 UTC–10 March 2018 2300 UTC) and panels c), d) denote the summer period (25
July 2018 0000 UTC–17 August 2018 2300 UTC). Bold points refer to measurements. Dotted and
solid lines refer to the DCEP (CCLM/DCEP) and DCEP–BEM (CCLM/DCEP–BEM) simulations,
respectively. Figure adapted from Paper I.

The contrast between daytime and nighttime UHII at Alexanderplatz is more pro-
nounced in summer than in winter, especially when calculated with the Kaniswall site
(fig. 2.5c). DCEP-BEM slightly improves the performance of the UHII compared to
DCEP in summer. Compared to the winter case, a stronger “reversed” diurnal pattern of
UHII is depicted at the suburban site Buch in summer when calculated with Lindenberg
(fig. 2.5d). This “reversed” signal is caused by the lower measured T2m at Buch than
Lindenberg during the nighttime (cf. figs. 2.4c and 2.4d). Since Buch is 75 km away from
Lindenberg, the temperature difference due to geographical locations is more pronounced
than due to urban effects. The modelled UHII values between DCEP and DCEP–BEM do
not differ much at the Buch site, as Buch is less urbanised and therefore less exposed to
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Figure 2.5 Measured (meas) and simulated average diurnal cycle of the UHI intensity (ΔTUHI) at
an urban (Alexanderplatz) and a suburban site (Buch) for the simulation periods. Panels a), b)
denote the winter period (15 February 2018 0000 UTC–10 March 2018 2300 UTC) and panels c),
d) denote the summer period (25 July 2018 0000 UTC–17 August 2018 2300 UTC). Bold points
refer to measurements. Dotted and solid lines refer to the DCEP (CCLM/DCEP) and DCEP–BEM
(CCLM/DCEP–BEM) simulations, respectively. Values of ΔTUHI are calculated with two reference
rural sites: Kaniswall (Kw, red) and Lindenberg (Lb, blue). Figure adapted from Paper I.
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2.5 Indoor temperature during the summer period

anthropogenic heat influences. Both DCEP and DCEP–BEM are not able to reproduce
the “reversed” diurnal pattern.

A spatial analysis of UHI is conducted for the whole study area (see Paper I section
6.2). At night in winter, while a slight UHI phenomenon of about 1K is shown with the
DCEP set-up (Paper I fig. 7(a)), it is more pronounced with the DCEP–BEM set-up
(Paper I fig. 7(b)), i.e. the centre of Berlin is up to 3K warmer than the surrounding
area. In summer, the contrast between the DCEP and the DCEP–BEM simulations is
not apparent because there is not much additional heat load in summer as modelled by
the DCEP-BEM (cf. Paper I, figs. 7(c) and 7(d)).

2.5 Indoor temperature during the summer period

Indoor temperatures are often related to the structure of the building, the orientation
of the rooms and the surroundings (e.g. shading by trees). This section presents an
evaluation of the indoor temperatures in summer simulated with CCLM/DCEP–BEM
against measurements at two locations (Rothenburg and Kigaramler). The measured
data are acquired from the citizen weather stations operated by Technische Universität
Berlin. In the CCLM/DCEP–BEM summer simulation, the indoor temperature is not
controlled by AC systems.

The measured indoor temperatures (green dashed lines in fig. 2.6) have a narrower
range than the 2-m outdoor temperatures (red dashed lines) and show a delayed response
of 1–2 h due to the thermal inertia of buildings. The indoor temperatures simulated with
DCEP-BEM (grey shaded areas) show the values for four street directions and two room
orientations. The simulated indoor temperatures are within the range of the measured
temperatures on most days at both sites, which confirms the ability of the coupled
DCEP–BEM model to simulate indoor temperatures. Furthermore, the simulated range
for Kigaramler (fig. 2.6b) is larger than for Rothenburg (fig. 2.6a) due to the higher
urban fraction and building height of the grid cell of Kigaramler.

2.6 Energy consumption for heating during the winter period

Since there is no database available for the daily heating energy consumption in Berlin,
the evaluation of the energy consumption (Ec) simulated with DCEP–BEM is carried
out against values from the literature. We obtain a Berlin-wide average daily energy
consumption of 0.73 kWhm−2 and 0.63 kWhm−2 for February and March, respectively.
The detailed estimation process is described in section 5.4 of Paper I. The spatial average
of the energy consumption derived from DCEP–BEM (cf. fig. 10 in Paper I) results in
0.47 kWhm−2 for the winter period and is comparable to the above-mentioned literature
values.

Moreover, a coupling effect between the heating energy consumption and air temper-
ature is addressed, i.e. more energy is consumed during periods with lower temperatures
(see Paper I fig. 11). The energy consumption is also related to target indoor temper-
atures (cf. fig. 2.2): more energy is consumed during the day with higher target indoor
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Figure 2.6 Time series of measured (meas) and simulated indoor and outdoor air temperature at
a) Rothenburg and b) Kigaramler for the summer period (25 July 2018 0000 UTC–17 August 2018
2300 UTC). Red lines represent the measured outdoor 2-m air temperature, blue lines indicate the
DCEP–BEM-derived 2-m air temperature, green lines denote the measured indoor temperature,
and grey lines delineate the mean DCEP–BEM-simulated indoor temperature averaged over four
street directions and two-room orientations. The grey shaded areas indicate the full range of the
DCEP–BEM-simulated indoor temperature. Figure adapted from Paper I.
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2.6 Energy consumption for heating during the winter period

temperatures than at night with lower ones.
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Figure 2.7 Simulated average diurnal cycle of the energy consumption per floor area (Ec,floor) at
the urban site Alexanderplatz (red) and the suburban site Buch (blue) for the winter period (15
February 2018 0000 UTC–10 March 2018 2300 UTC). The results in a) show the standard run and
the results in b) present the run with spatially-constant street and building widths. Figure adapted
from Paper I.

To make Ec more comparable across grid cells, Ec per floor area of a room in the
urban part of a grid cell (Ec,floor, see equation (6) in Paper I) is analysed. It is found that
the building width has a considerable impact on the estimation of energy consumption.
When comparing the energy consumption between an urban and a suburban site, one
would expect a lower energy consumption at the urban site due to the more pronounced
UHI phenomenon. However, Paper I reveals that the buildings at the urban site still
consume more energy than at the suburban site (fig. 2.7a). This is attributed to the site-
specific urban canopy parameters (building widths and street widths) that we choose to
match the real-life building fraction and impervious surfaces (Schubert 2013). Therefore,
to reduce the influence of different urban canopy parameters on the energy consumption,
we perform an additional simulation in which the building widths and the street widths
of all grid cells are set to 17m and 25m, respectively. The building heights remain the
same as in the standard setting in order to sufficiently reproduce the UHI effect. With
these parameters, the average Ec,floor is ∼10% higher at the suburban site than at the
urban site (fig. 2.7b), indicating potential energy savings due to the UHI effect for urban
areas. Similar results of lower energy consumption in urban areas were reported for Milan
(16%, Paolini et al. 2017), Italy, and Modena (19%–20%, Magli et al. 2015),
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3 Impact of air conditioning (AC) systems on the
outdoor thermal environment

Based on the model developed in Paper I, the research focus of Paper II is switched
to the investigation of the interaction between anthropogenic heat emissions from air
conditioning (AC) systems and the outdoor thermal environment in Berlin. To this end,
the DCEP–BEM model is further developed by incorporating AC systems. The AC waste
heat emissions are then included in the process of atmospheric circulation within street
canyons.

The author’s contributions to Paper II include the conceptualisation of the study (with
co-authors), further development of the model, conducting climate simulations, curation
of data, data analyses and visualisations, creating figures and tables and interpreting the
results (with co-authors), writing and revising the manuscript after peer-review (with
co-authors).

3.1 AC systems in DCEP–BEM

This section summarises the schematic design of AC systems for DCEP–BEM. The full
implementation is explained in section 2 of Paper II. As presented in Chapter 2, the
indoor temperature Tind is computed as a function of the total indoor sensible heat
fluxes from the wall conduction, the anthropogenic heat flux contributed by occupants
(i.e. humans) and equipment in the buildings, and natural ventilation through windows.
The indoor environment can also be controlled when target indoor temperatures and
humidity are set by AC systems. To maintain the target values, the sensible and latent
heat flux and the subsequent energy consumption are provided by the AC systems and
estimated in DCEP–BEM.

Differing from indoor heating, AC cooling systems release additional heat into the
atmosphere via outdoor units and thereby affect the outdoor air temperature. This heat
is referred to as waste heat and consists of the heat to be removed from occupied spaces
and the energy consumption required for cooling. To study the impact of the location of
the outdoor units on air temperature, two types of AC outdoor units are considered in
DCEP–BEM. One is located on the vertical walls, with each floor having its own outdoor
unit that expels waste heat vertically to the atmosphere (VerAC, fig. 3.1a). The other is
located on the roof of each building (HorAC, fig. 3.1b), which controls the indoor climate
for the entire building and releases the total waste heat to the atmosphere at the rooftop
level.

In Paper II, twelve CCLM/DCEP–BEM simulations were performed with different
AC set-ups for 13 days in summer (23 July 2018 0000 UTC–4 August 2018 2300 UTC).
The full description of the simulation set-up can be found in section 2 of Paper II. In

19



3 Impact of air conditioning (AC) systems on the outdoor thermal environment

a) Vertical AC outdoor unit (VerAC) b) Horizontal AC outdoor unit (HorAC)

Figure 3.1 Illustration of the air conditioning (AC) outdoor units in DCEP–BEM. Each floor is
divided into two sub-rooms (shown in dashed lines). The boxes on the walls and the rooftop denote
the AC outdoor units for a) VerAC and b) HorAC configurations, respectively. Each unit in VerAC
case is responsible for each sub-room. The unit of the HorAC case ejects the waste heat of the whole
building block. Figure adapted from Paper II.

this chapter, we focus on only three selected simulations: (1) A standard run where Tind

is not fixed (NoAC), which corresponds to the current situation in Germany where AC
systems are not widely used in residential buildings (cf. Umweltbundesamt 2013), (2) A
scenario with Tind of 22 °C applied by vertical AC outdoor units (VerAC22), and (3) A
scenario with the same Tind as in (2) but with horizontal AC outdoor units (HorAC22).
As in chapter 2, the urban site Alexanderplatz and the suburban site Buch are selected
as study sites.

3.2 AC contribution to surface sensible heat flux and air
temperature

In this section, the total surface sensible heat flux (QH), defined as the sum of the
heat exchange between the air and the land-and-urban surfaces, is used to quantitat-
ively analyse the anthropogenic heat from buildings and AC systems. At the urban site
Alexanderplatz, a considerable increase in QH is modelled in both AC-enabled scen-
arios (HorAC22 and VerAC22) due to the extra waste heat emissions, compared to the
standard reference scenario NoAC (see Paper II fig. 5(a)). Compared to the urban site
Alexanderplatz, the suburban site Buch is characterised by lower fractions of impervious
surfaces and buildings, resulting in overall lower QH values (see Paper II fig. 5(b)). In the
AC-enabled scenarios, the difference in urban structures forms an even larger contrast
in QH between Alexanderplatz and Buch, as only a small amount of anthropogenic heat
is added for Buch. Despite the fact that HorAC22 and VerAC22 have different vertical
distributions of QH (discussed in section 3.3), the total QH is almost identical in both
situations.

20
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Figure 3.2 Simulated mean diurnal cycle of near-surface air temperature at the lowest half model
level (T2.5m) at a) the urban site Alexanderplatz and b) the suburban site Buch, and c) the differences
between the two sites for the summer period (23 July 2018 0000 UTC–4 August 2018 2300 UTC).
Figure adapted from Paper II.

To further investigate the contribution of AC systems to the urban climate, the
2.5-m air temperature (T2.5m) is analysed. T2.5m indicates the temperature at the lowest
half model level. At Alexanderplatz (fig. 3.2a), the scenario VerAC22 shows a larger
temperature increase compared to HorAC22, indicating that VerAC22 has a stronger
impact on the air temperature in the lowest model level. The increase in T2.5m in the
AC-enabled scenarios is not evident at Buch (fig. 3.2b), in agreement with the previously
presented behaviour of QH. Furthermore, the temperature difference between Alexan-
derplatz and Buch is more pronounced in the VerAC22 scenario than in the HorAC22
scenario (fig. 3.2c). This is because only 5% of the buildings at Alexanderplatz have
their roofs within the lowest model level (5m, see Paper II Table 2). As a result, the
total heat release is minimal at the rooftop level of these 5m-buildings. Similar findings
were presented in e.g. De Munck et al. (2013) and Martilli et al. (2015), stating that
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3 Impact of air conditioning (AC) systems on the outdoor thermal environment

anthropogenic heat emissions due to AC waste heat further increase the difference in
QH between urban and suburban grid cells. In addition, a spatial analysis (see section
3.4 in Paper II) demonstrates a substantially stronger effect of VerAC22 on T2.5m than
HorAC22, especially in the central areas where high-rise buildings dominate.

3.3 Evaluation of AC contribution within the boundary layer

Since anthropogenic heat fluxes are distributed differently in the vertical depending on
the type of AC, this section explores the vertical motion of airflow and the effects of
AC systems on the urban boundary layer. For this purpose, the typical nighttime (0100
UTC) and daytime (1300 UTC) vertical profiles of potential temperature θ are studied.

At Alexanderplatz at 0100 UTC (fig. 3.3a), the values of θ are distinct across all
scenarios from the ground to ∼200m above the ground, and the lowest θ is found in
scenario NoAC. From the ground up to ∼73m, NoAC shows a small declining trend
of θ, indicating that the atmosphere is slightly unstable. Similarly, a slightly unstable
atmosphere is observed in VerAC22 from the ground up to ∼36m. HorAC22 shows a
slightly stable atmosphere within the same altitude. At the suburban site Buch (fig. 3.3b),
the difference in θ is less distinctive across the scenarios. From the ground to ∼36m, θ
increases with height in all scenarios, indicating a nocturnal stable layer, and VerAC22
features the lowest atmospheric instability. Summarising, AC waste heat weakens the
atmospheric stability at night. Furthermore, as atmospheric instability increases thermal
turbulence and promotes air mixing, air pollutants near the surface spread vertically
faster in VerAC22 than in HorAC22.

During daytime, a pronounced mixed layer is evident at both sites, representing a
typical daytime θ profile (figs. 3.3c and 3.3d). At Alexanderplatz, mixing processes are
stronger than at Buch due to the larger AC waste heat release.

Paper II further discussed a limitation in CCLM/DCEP–BEM regarding the vertical
motion of the air (cf. section 4 of Paper II). It is inferred from fig. 3.3 that an inconstancy
occurs in the HorAC22 scenario: while warmer temperatures are expected in HorAC22
at the heights where the roofs are dominant, VerAC22 instead shows warmer temper-
atures at this level. This is due to the different treatment of air volume and vertical
transport in DCEP–BEM and in CCLM. In DCEP–BEM, the volume of air within a
vertical model level is reduced by the volume of the buildings at each level (cf. Martilli
et al. (2002)). Yet, CCLM does not consider such a volume reduction due to buildings
when calculating advection and vertical diffusion. This slight inconsistency leads to an
overestimated vertical transport due to the overestimated air volume, which likely results
in an overestimated air temperature at the rooftop level in VerAC22.

3.4 Evaluation of AC energy consumption

In this section, AC energy consumption is investigated, following the same evaluation
process as in section 2.6. For the entire urban area of Berlin, the simulated AC energy
consumption (Ec) is approximately 39% higher during the day than at night. Larger
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Figure 3.3 Simulated mean vertical profiles of potential temperature (θ) at the urban site Alex-
anderplatz and the suburban site Buch for the summer period (23 July 2018 0000 UTC–4 August
2018 2300 UTC). Panels a), b) denote 0100 UTC and panels c), d) denote 1300 UTC. Values are
averaged over the entire 13-day analysis period. Figure adapted from Paper II.
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Figure 3.4 Simulated mean diurnal cycle of the energy consumption per floor area (Ec,floor) at the
urban site Alexanderplatz and the suburban site Buch for the summer period (23 July 2018 0000
UTC–4 August 2018 2300 UTC). The results in a) show the standard run and the results in b)
present the run with spatially-constant street and building widths. Figure adapted from Paper II.

Ec values are observed in the central areas where urban surfaces and higher structures
are predominant (see Paper II fig. 12). Nevertheless, this spatial distribution is not
generalisable because the grid-cell-averaged Ec values are strongly influenced by the
urban fraction and the amount of area under AC cooling. Therefore, Ec,floor as introduced
in section 2.6 is applied in the following.

Figure 3.4 illustrates the difference in Ec,floor of the two study sites by conducting two
simulations with (1) standard building and street parameters (cf. Table 2 in Paper II) and
(2) building widths and street widths of all grid cells set to 17m and 25m, respectively.
Applying the standard parameters, the average Ec,floor for Alexanderplatz is about 19%
more than for Buch (cf. fig. 3.4a), which is partly attributed to the UHI effect and
partly due to the different urban canopy parameters: street width and building width in
particular. This is confirmed in fig. 3.4b – the difference between the two sites is reduced
to 4% when the spatially-constant parameters are applied. Furthermore, HorAC22 shows
slightly less Ec,floor than VerAC, indicating a possible energy saving by HorAC.

3.5 Sensitivity to the target indoor temperature

Further in Paper II section 3.7, a sensitivity analysis is performed to explore a pos-
sible link between Tind and Ec,floor as well as T2.5m. When Tind changes from 18 °C to
26 °C, Ec,floor decreases by ∼15% for every 2K increase (see fig. 3.5a). The increase in
nighttime T2.5m due to VerAC decreases considerably with increasing Tind (see fig. 3.5b).
The nighttime T2.5m increase in the HorAC scenarios is much lower than in the VerAC
scenarios, and the differences are not notably different for different Tind. This indicates
that HorAC has a smaller impact on T2.5m than VerAC.
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and NoAC for the summer period (23 July 2018 0000 UTC–4 August 2018 2300 UTC).
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4 Modelling mean radiant temperature using
DCEP–BEM

This chapter summarises Paper III, which focuses on simulating the outdoor mean radiant
temperature (Tmrt) using DCEP–BEM and investigates to what extent is a mesoscale
climate model able to estimate the average conditions of Tmrt within a highly urbanised
area.

The author’s contributions to Paper III include the conceptualisation of the study
(with co-authors), implementation of a mean radiant temperature scheme into the DCEP–
BEM model, curation of data, performing DCEP–BEM simulations, data analyses and
visualisations, creating figures and tables and interpreting the results (with co-authors),
writing and revising the manuscript after peer-review (with co-authors).

4.1 Mean radiant temperature in DCEP–BEM

A scheme for Tmrt is developed for urban street canyons and integrated into the DCEP–
BEM model. In this scheme, it is assumed that a human body, which has a cuboid shape
with a square base, stands in the street canyons and in parallel to the buildings (see
fig. 4.1). The calculation of Tmrt takes into account the total shortwave and longwave
radiation within canyons and includes a comprehensive treatment of the sunlit surface
of the human body. The shortwave radiation reaching the human body is composed
of the incoming diffuse and direct shortwave radiation from the sky and the sun, and
shortwave radiation reflected by other urban surfaces. Here, the urban surfaces refer
to the ground and wall surfaces in a street canyon, as shown in fig. 4.1. The longwave
radiation received by the human body comprises the diffuse longwave radiation from the
sky and the longwave radiation reflected by and emitted from the urban surfaces. For a
detailed description of this calculation, see Paper III Appendix 1.

Tmrt follows VDI (1994) and Thorsson et al. (2007), and is given by

Tmrt =
(Sstr

εhσ

)0.25

, (4.1)

where Sstr is the mean radiant flux density (unit Wm−2) summarising the total shortwave
and longwave radiation from all directions absorbed by the human body, εh is the
emissivity for longwave radiation of the human body, and σ is the Stefan-Boltzmann
constant (σ = 5.67× 10−8 Wm−2 K−4).
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Figure 4.1 Distribution of diffuse radiation from urban surface elements onto a human body in the
canyon. The shaded areas denote the sending surface element, and the lines with arrows indicate
the directions of radiation.
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Figure 4.2 Regression analysis for mean radiant temperature Tmrt, shortwave radiation K striking
the human surface including direct and diffuse components, and longwave radiation L between
measurements and the SOLWEIG_O simulation during the simulation period (23 July–30 July
2018); Kside and Lside indicate the total fluxes of the sideward shortwave and longwave, respectively;
sample size each is 11,518 values. R2 represents the coefficient of determination. Figure adapted
from Paper III.

4.2 Validation of SOLWEIG against measurements

Paper III demonstrates a two-step evaluation for the Tmrt scheme within CCLM/DCEP–
BEM. First, the SOLWEIG radiation model (Lindberg et al. 2008; Lindberg and Grim-
mond 2011) is validated against observational data at a measurement site to assess its
capabilities and shortcomings. Second, the validated SOLWEIG model is utilized to
evaluate CCLM/DCEP–BEM for the grid cell where the measurement site is located
and for the whole area of Berlin. Because the mesoscale climate model CCLM is not able
to perfectly represent the meteorology at a certain measurement site, direct validation
of CCLM/DCEP–BEM with measured Tmrt would include inaccurate meteorological
conditions. This two-step evaluation allows the investigation of Tmrt, as implemented in
DCEP–BEM, without being influenced by the potential inaccuracies of the CCLM.

This section presents the first step of the evaluation process. The field measure-
ment data are obtained from a measurement campaign in July 2018 at the temporary
“BIOMET” site in Berlin (see Paper III section 2.2). A SOLWEIG simulation, as forced
by observed radiative fluxes, air temperature and relative humidity (SOLWEIG_O), is
validated against measured data from filed measurements (for data, see Paper III section
2.2) on 23 July 2018, a mostly cloud-free day. The modelled variables to be validated
are the incoming shortwave K and longwave radiation L from six directions, and Tmrt.

The SOLWEIG model accurately replicates shortwave radiation when compared to
measured data (Paper III fig. 2), with a high correspondence (coefficient of determination
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Figure 4.3 Simulated diurnal cycle of a) the total shortwave radiation K and longwave radiation L,
and b) mean radiant temperature Tmrt striking the human surface on 23 July 2018 at the BIOMET
site. The simulation DCEP_CTL indicates the DCEP simulation with modified street parameters for
the BIOMET site. The building height and street width are set to 15 m and 40 m, respectively. The
DCEP_CTL curve only shows the street in the N-S direction. Vertical grey dashed lines indicate
sunrise and sunset times. Figure adapted from Paper III.

R2=0.9 on average) between measurements and SOLWEIG (see fig. 2 in Paper III and
figs. 4.2b, 4.2d and 4.2f). The longwave radiation is underestimated by SOLWEIG during
night hours for all components except for the sky-facing component Ldown (see fig. 3 in
Paper III and figs. 4.2c, 4.2e and 4.2g). Tmrt is well captured by SOLWEIG with generally
low deviations during the night (see Paper III fig. 4). A high correspondence in Tmrt is
found between measurements and SOLWEIG (R2=0.94, see fig. 4.2a).

4.3 Evaluation of DCEP–BEM against SOLWEIG

The second step of the two-step evaluation is achieved through a SOLWEIG simulation
driven by CCLM/DCEP–BEM output (SOLWEIG_D) and two DCEP–BEM simula-
tions: (1) one with standard street parameters (DCEP_STD) and (2) one with modified
street parameters (DCEP_CTL). The street parameters are derived from the 3D building
dataset (as presented in paper I) in the DCEP_STD case and are adjusted to represent
the BIOMET site in the DCEP_CTL case, specifically, the building height and street
width are set to 15m and 40m, respectively. Since DCEP–BEM computes Tmrt only
for street canyons, the grid boxes in the SOLWEIG model containing buildings or large
squares are removed (as shown in Paper III fig. 1(a)).

In the DCEP_CTL simulation, CCLM/DCEP–BEM demonstrates strong agreement
with SOLWEIG in terms of Tmrt, but with considerably larger values during “shaded
hours”∗ and lower values in the afternoon (fig. 4.3b). This discrepancy is primarily due
to the deviation in longwave radiation between the two models (fig. 4.3a). Regression
analyses show similar results: The values of R2 for Tmrt, shortwave radiation K, and

∗The “shaded hours” include the total night hours and the daytime hours when the BIOMET site is in
the shade. The exact time is specified in Paper III.
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4 Modelling mean radiant temperature using DCEP–BEM

Figure 4.4 Hourly distribution of the simulated diurnal cycle of the mean radiant temperature Tmrt
between 23 July 2018 and 30 July 2018 for the whole grid cell of the BIOMET site. Values at full
hours are shown. The DCEP_STD simulation indicates the DCEP simulation with the standard
street parameters with four street directions, including 687 points per hour. The SOLWEIG_D
simulation includes 139,200 points for each hour. Boxes range from 1st to 3rd quartile indicating the
interquartile range (IQR). The median is shown with a horizontal line. Depending on the presence
of the data, the whiskers extend from the 1st quartile minus 1.5× IQR or the minimum of the data
as well as from the 3rd quartile plus 1.5× IQR or the maximum of the data. Data outside of this
range (outliers) are shown as points. Figure adapted from Paper III.

longwave radiation L are 0.96, 0.95, and 0.87, respectively, further confirming the ability
of DCEP–BEM to represent reliable Tmrt values (see Paper III section 3.2.1).

Similar results are shown when the standard street parameters are applied (fig. 4.4).
Compared to SOLWEIG, DCEP_STD shows higher Tmrt values at night and in the early
morning (1900 UTC–0600 UTC), and lower values in the afternoon hours (1200 UTC–
1500 UTC). The combination of the two-step evaluation indicates that the DCEP–BEM
model represents Tmrt better than the SOLWEIG model during the “shaded hours” and
produces lower Tmrt than SOLWEIG at noon.

In section 3.3 of Paper III, an analysis of the mean spatial and temporal variability
of Tmrt from DCEP_STD is performed for the entire domain of Berlin (see Paper III,
fig. 10). At midday (fig. 4.5), the city centre exhibits lower Tmrt values than the suburbs
because the densely built-up urban areas generate more shade for streets compared to
open spaces (cf. Schoetter et al. 2013; Kwok et al. 2019).

Paper III further indicates an imperative restriction of the spatial distribution. The
grid value represents only the case without urban green spaces because the current Tmrt

scheme does not include vegetation for grid cells in DCEP–BEM. In DCEP–BEM, a
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Figure 4.5 Spatial distribution of simulated mean radiant temperature Tmrt at midday (1200 UTC)
simulated with DCEP_STD for Berlin. Values are averaged for 23 July 2018 0000 UTC–30 July
2018 2300 UTC. The values of Tmrt represent only those in the urban parts of each grid cell. Figure
adapted from Paper III.

grid cell is divided into vegetated and urban parts based on a tile approach (e.g. Masson
2000; Kusaka et al. 2001; Best et al. 2006; Hamdi and Schayes 2007), and the two parts
are treated separately (cf. Schubert et al. 2012). This would lead to an overestimation
of Tmrt for suburbs during the day without taking into account the shading by the large
proportion of vegetation. As a result, the contrasts between central and suburbs, as
shown in fig. 4.5 are expected to be exaggerated.
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5.1 Summary and conclusion

The overarching goal of this project is to develop and validate a climate model to better
simulate urban climate that are especially influenced by human factors. The objectives
of this thesis are to conduct a detailed, high-resolution study using an urbanised meso-
scale climate model to investigate the intra-urban variability of air temperature, energy
consumption, and thermal comfort with consideration of anthropogenic heat emissions
for the city of Berlin, Germany. Towards this end, a building energy model (BEM) is
developed for the urban canopy model DCEP and online coupled with the mesoscale
regional climate model CCLM. Further, a scheme for mean radiant temperature Tmrt is
designed for the coupled CCLM/DCEP–BEM model system.

The development of DCEP–BEM and the evaluation of the coupled CCLM/DCEP–
BEM system form the core of this work. DCEP–BEM extends the original DCEP scheme
by adding an indoor environment for urban buildings as a source of anthropogenic heat
emissions. A two-room configuration with windows in the exterior walls is applied. Heat-
ing and cooling facilities are considered in multi-storey urban buildings. When coupled
with CCLM and using the CCLM-derived meteorological variables as input, urban para-
metrization of DCEP–BEM allow the dynamical computation of the momentum and
sensible heat fluxes, the radiation budget of wall, roof and ground surfaces, and an-
thropogenic heat emissions from the building interior and the outdoor unit of cooling
devices.

Concerning the first research question as to the impact of anthropogenic heating from
the interior of buildings on the exterior, separate analyses are conducted for winter and
summer periods. In winter with indoor heating, the new DCEP–BEM model produces in-
creased sensible heat fluxes and air temperatures, indicating a considerable improvement
compared to the former DCEP version lacking BEM. In summer, when indoor cooling
is not considered (Paper I), as is the case for most buildings in Berlin nowadays, not
much influence of anthropogenic heat from indoor spaces is detected. When accounting
for air conditioning (AC) systems for cooling in summer (Paper II), as part of the focus
of the second research question, the total surface sensible heat flux and the near-surface
air temperature are considerably increased by waste heat from AC systems. The results
in Paper II yield additional evidence of the essential influence of different locations of
AC systems: compared to the case where the AC outdoor unit is located on the rooftop
of a building (HorAC), placing the unit on the wall of a building (VerAC) has a more
notable impact on the near-surface temperature.

Further, the temporal and intra-urban variability of the urban heat island intensity
(UHII) simulated with CCLM/DCEP–BEM is investigated at four measurement sites,
including an urban and a suburban sites in Berlin and two reference rural sites close
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to Berlin. The selection of the rural sites is found to have a direct influence on the
analysis of the UHII characteristics (Paper I). According to the measured data, both the
urban and suburban sites exhibit a classic diurnal pattern of UHII in winter, yielding
higher values at night and lower values during the day. In summer, the observed UHII
signal at the urban site follows the classical pattern, but at the suburban site it shows a
reversed UHII signal when calculated with one rural site (Lindenberg). This is because
the suburban site experiences lower nighttime temperatures than the rural site during
the study period due to geographical locations. By including indoor heating-induced
anthropogenic heat, CCLM/DCEP–BEM markedly improves the performance of UHII
for the urban site and slightly enhances it for the suburban site in winter. In summer at
the urban site, the nighttime UHII values are well reproduced based on the rural site
Lindenberg and underestimated using Kaniswall as the rural site. This is related to the
fact that the strong cooling effect is not well modelled by the driven model CCLM.

In the case that no indoor cooling is applied in summer (Paper I), the response of
the indoor temperature to the outdoor temperature is investigated for two measurement
sites with distinct locations. It is shown that CCLM/DCEP–BEM is able to produce
reliable indoor temperatures. The indoor temperature during the summer is related to
the building and its surroundings (e.g. shading by trees), and room orientations.

Another focus of this work is to estimate the energy consumption by indoor heating
(Paper I) and cooling systems (Paper II). In winter, the heating energy consumption
estimated with CCLM/DCEP–BEM falls in the same order of magnitude as the values
derived from the literature. Paper I further addresses the coupling effect of building
energy consumption and air temperature, describing that more energy is consumed in
areas with more urban structures or during periods with lower air temperatures. When
the same grid-cell values for building and street width are utilized for the urban and
suburban sites, heating energy reduction caused by the UHI effect becomes apparent.

In summer, the energy consumption of AC systems is studied in various scenarios
with different target indoor temperatures (Paper II). Higher AC energy consumption is
simulated in the central areas with taller and densely-distributed buildings. Furthermore,
it is highlighted that 23% more AC energy is consumed at an urban site than a suburban
site, resulting from the UHI effect and different urban canopy parameters. Each degree
more cooling by AC systems increases the UHI effect and the AC energy consumption,
which in turn affects outdoor climate adaptation and AC energy consumption. Moreover,
HorAC is preferred over VerAC for urban planning, as the latter has a stronger influence
on near-surface air temperature and UHI than HorAC.

The final research question regarding outdoor thermal comfort is answered by analys-
ing the model output derived from a Tmrt scheme integrated into the DCEP–BEM. Evalu-
ations indicate that CCLM/DCEP–BEM replicates the shortwave radiation K with very
high statistical scores. Compared with the SOLWEIG radiation model, CCLM/DCEP–
BEM reproduces better longwave radiation L and Tmrt during “shaded hours” (as defined
in Paper III) and slightly underestimates both quantities in the afternoon hours.

An intra-urban analysis of Tmrt for Berlin shows that the city centre has lower values
of Tmrt at noon and higher values at night compared to suburbs. Given the limitation
that vegetation has not yet been included in the calculation of Tmrt in DCEP–BEM, this
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contrast may be overestimated, especially at noon.
To conclude, integrating a building energy model in an urban climate model contrib-

utes to a more realistic and accurate representation of near-surface energy fluxes and air
temperature. For a mid-latitude European city such as Berlin, this is particularly the case
for winter when space heating accounts for the majority of anthropogenic heat emissions.
For cities experiencing extreme heat waves and undertaking heat reduction measures
such as AC cooling systems, the coupled DCEP–BEM can be valuable in urban panning
in terms of analysing the impact of cooling systems on urban climate and estimating
AC energy consumption. Furthermore, CCLM/DCEP–BEM can help understand the
complex human-biometeorology at the city scale by quantifying Tmrt.

5.2 Outlooks and further model development

Despite the remarkable enhancement compared to the former DCEP version, the current
DCEP–BEM version still has some limitations. The heat emissions from traffic, which
account for the largest contributor to anthropogenic heat in summer throughout the
metropolitan areas (Sailor and Lu 2004; Sailor 2011; Allen et al. 2011), are not considered
in the current DCEP–BEM model. An improvement of DCEP–BEM could be thereby
achieved by taking into account the heat from traffic by adjusting and adding the available
traffic data from the Berlin Senate. A bottom-up approach (Allen et al. 2011) could be
employed to integrate the detailed local high-resolution traffic data into the lowest model
levels of DCEP–BEM.

Future research will also have to shed light on vegetation cover in the street canyons.
While this is not a concern for the study on anthropogenic heat, e.g. in Paper I and
Paper II, as these two studies sought to clarify the role of anthropogenic sensible heat
flux, it becomes critical when studying Tmrt (Paper III), as shading by urban greenery
is a key factor in estimating Tmrt. Hence, the inclusion of vegetation in urban street
canyons (cf. Mussetti et al. 2020b) is necessary to obtain a more realistic estimation of
Tmrt.

Another future pathway could be to deepen our understanding of various AC systems
and their effects on air quality. The AC types in the current DCEP–BEM are relatively
simple and non-specific. Further developments on the specific type and usage of AC
systems for residential and non-domestic areas (e.g. water-cooled air-conditioning as in
Wang et al. (2018)) could be undertaken.

The excellent quality of DCEP–BEM in capturing the average behaviour of Tmrt offers
future perspectives for quantifying human-biometeorological conditions and calculating
indices such as the Physiologically Equivalent Temperature (Mayer and Höppe 1987),
Perceived Temperature (Tinz and Jendritzky 2003), Outdoor Standard Effective Tem-
perature (Spagnolo and de Dear 2003), or Universal Thermal Climate Index (Jendritzky
et al. 2011). Furthermore, future studies could look at ways to establish the relationship
between human-biometeorological variables and mortality rates or assess heat-related
risk reduction measures.

In addition, long-term projected simulations can be carried out for Berlin to invest-
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igate the impact of global climate on the relationship between meteorological conditions,
urban structures and heat-related hazards. It is also expected that the coupled model
system CCLM/DCEP–BEM be applicable to various cities with different urban struc-
tures and weather conditions. To achieve this, a broad-based evaluation and analysis
could be conducted for more locations around the world.

Further, the DCEP–BEM model could be coupled with other model systems such as
the global model ICON (ICOsahedral Non-hydrostatic, Zängl et al. 2015), the state-of-
the-art global numerical weather prediction system that replaced the old GME model
(Global-Modell, Majewski and Ritter 2002) at the German Weather Service in 2015. The
next stage of the COSMO model is to be replaced by the limited-area mode for ICON
(ICON-CLM). ICON-CLM has been shown to represent better air temperature and its
daily extremes (Pham et al. 2021) than COSMO-CLM. Therefore, further development
and coupling of DCEP–BEM with the newly developed ICON-CLM model would be
beneficial.
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Abstract

We report the ability of an urban canopy model, coupled with a regional climate model,
to simulate energy fluxes, the intra-urban variability of air temperature, urban-heat-island
characteristics, indoor temperature variation, as well as anthropogenic heat emissions, in
Berlin, Germany. A building energy model is implemented into the Double Canyon Effect
Parametrization, which is coupled with the mesoscale climate model COSMO-CLM (COn-
sortium for Small-scale MOdelling in CLimate Mode) and takes into account heat generation
within buildings and calculates the heat transfer between buildings and the urban atmosphere.
The enhanced coupled urban model is applied in two simulations of 24-day duration for a
winter and a summer period in 2018 in Berlin, using downscaled reanalysis data to a final
grid spacing of 1 km. Model results are evaluated with observations of radiative and turbu-
lent energy fluxes, 2-m air temperature, and indoor air temperature. The evaluation indicates
that the improved model reproduces the diurnal characteristics of the observed turbulent
heat fluxes, and considerably improves the simulated 2-m air temperature and urban heat
island in winter, compared with the simulation without the building energy model. Our set-
up also estimates the spatio–temporal variation of wintertime energy consumption due to
heating with canyon geometry. The potential to save energy due to the urban heat island only
becomes evident when comparing a suburban site with an urban site after applying the same
grid-cell values for building and street widths. In summer, the model realistically reproduces
the indoor air temperature and its temporal variation.
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1 Introduction

Within cities, near-surface air temperatures are typically higher than in their rural surround-
ings. This is known as the urban-heat-island (UHI) effect, and the temperature difference
between the urban and the rural areas is then referred to as UHI intensity. In mid-latitude
cities, UHI intensities are especially pronounced during night-time and in summer (Yagüe
et al. 1991; Fortuniak et al. 2006; Erell and Williamson 2007; Fenner et al. 2014; Skarbit
et al. 2017). Among other factors, urban near-surface air temperatures are increased by heat
storage and its subsequent release, and anthropogenic heat emissions (Oke 1982), which are
associated with the emissions from buildings, human metabolism, industry and power plants,
and vehicle exhaust. Among all sources, the heat release from urban buildings is considered
the largest contributor to anthropogenic sensible and latent heat emissions (Sailor 2011;
Chrysoulakis and Grimmond 2016). The seasonal variation of anthropogenic heat emissions
depends on the climate and the demand for cooling or heating (Sailor 2011; Chow et al.
2014). In winter, in regions where heating is required, anthropogenic heat fluxes influence
screen-level temperatures in urban areas extensively due to the dominant heat emission and
the shallower boundary layer (Bohnenstengel et al. 2014). A temperature increase of up to
1.5 K due to anthropogenic heating was observed in central London, U.K., on a calm and
cloud-free day in December (Bohnenstengel et al. 2014). Fan and Sailor (2005) detected an
increase of the UHI intensity of 2 K to 3 K during a winter night in Philadelphia, U.S.A.
In summer, waste heat originating from air conditioning systems affects air temperatures in
urban areas in low/mid-latitude (Ohashi et al. 2007; Chow et al. 2014; Salamanca et al. 2015;
Takane et al. 2017).

Sailor (2011) listed three methods for estimating anthropogenic heat, including inventory
approaches, an energy budget closure, and building energy models (BEM). He recommended
the latter for the building sector, as the BEM approach calculates the energy consumption
within buildings and heat rejection explicitly, and considers both sensible and latent heat
emissions. Different treatments of urban anthropogenic heat fluxes using the BEM approach
have been investigated in recent years. The Town Energy Budget model (TEB, Masson
2000) calculates heat fluxes from buildings by dynamically solving the energy processes in
buildings while assuming a constant inner building temperature, and has been extensively
evaluated and applied in many studies (e.g., Lemonsu et al. 2004, 2015; Pigeon et al. 2008).
Trusilova et al. (2013) applied the TEB model to the mesoscale climate model COSMO-
CLM (COnsortium for Small-scale MOdelling in CLimate Mode, hereafter named CCLM)
to extend the surface-layer parametrization, suggesting that it is important to use an urban
parametrization on fine spatial resolutions (0.025◦); the coupled CCLM–TEB approach better
replicates the magnitude of the UHI intensity in Berlin, Germany, than the uncoupled one.

EnergyPlus (Crawley et al. 2001), an industry-standard building energy simulation pro-
gram with detailed definition of specific air conditioning, applies an energy balance to
compute the energy demand of buildings and the waste heat emissions from air conditioning.
EnergyPlus is able to capture the real performance of air conditioning, including the loss
of efficiency, a more realistic moisture exchange, and to take building-demand-reduction
strategies into account. A coupling of EnergyPlus and the TEB model by Bueno et al. (2011)
showed that this coupled system is capable of predicting energy consumption in Toulouse,
France.

One of the first attempts to explicitly calculate the heat exchange of the building interior and
exterior was presented by Kikegawa et al. (2003), who coupled their parametrization to dif-
ferent models to evaluate energy demand, the UHI effect, and health impacts (e.g., Kikegawa
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et al. 2014; Ohashi et al. 2014; Takane et al. 2015, 2017). Similarly, a BEM approach was
developed by Salamanca et al. (2010) (hereafter called the original BEM approach) and
coupled with a multi-layer urban canopy model (Salamanca and Martilli 2010). The original
BEM approach includes the heat generation within buildings, and the heat exchange between
buildings and the atmosphere. When coupled with a mesoscale model, a feedback system
between the indoor energy consumption and outdoor air temperature is established (Sala-
manca and Martilli 2010). Various applications for different cities verified the ability of this
approach to reproduce temperatures and flow properties (Salamanca et al. 2011, 2012), and
the citywide diurnal cycle of electricity consumption due to air conditioning (Salamanca et al.
2013, 2014, 2015). Another approach to incorporate anthropogenic heat into climate mod-
els is to prescribe the surface anthropogenic heat flux at the lowest layer of the atmosphere
(Flanner 2009; Wouters et al. 2015, 2016).

Here, we present a new approach that couples the Double Canyon Effect Parametrization
(DCEP, Schubert et al. 2012) with an integrated BEM approach into the mesoscale cli-
mate model CCLM (Rockel et al. 2008b). The DCEP scheme is a multi-layer urban canopy
parametrization based on the Building Effect Parametrization (BEP, Martilli et al. 2002) for
calculating the energy, radiation, and momentum fluxes from roof, wall, and ground surfaces
within an urban street canyon. Compared with the original BEP scheme, the DCEP scheme
conserves the total incoming radiation energy and accounts for neighbouring street canyons.
The coupling of the DCEP scheme with the CCLM has been shown to be able to simulate
typical characteristics of the urban boundary layer (Schubert and Grossman-Clarke 2014).
However, the DCEP scheme only calculates the interactions within a street canyon without
consideration of the building interior, which inaccurately depict UHI characteristics in winter
(Trusilova et al. 2016). The new coupled DCEP–BEM scheme extends the original by adding
an indoor environment with heating and cooling facilities into multi-storey buildings, and by
incorporating a more comprehensive treatment of radiation through windows. Additionally,
we present a considerable simplification of the radiative part, with only negligible effects on
model results. This coupled model follows the concept of the original BEM approach and
adjusts the room configuration and radiation routine explicitly.

Here, we evaluate the DCEP–BEM scheme within the CCLM extensively with respect to
energy fluxes and near-surface air temperatures for a cold winter period and an extreme hot and
dry summer period in 2018 for several measurement sites in and around Berlin. Based on the
simulations, we explore the impact of anthropogenic heat emissions from the building interior
onto the exterior in the urban area of Berlin, the response of indoor temperature to outdoor
temperature during the summer period, and the spatio–temporal variation of simulated energy
consumption due to anthropogenic heat including heating systems in the winter period.

Below, Sect. 2 presents a detailed description of the coupled urban–mesoscale model, with
the simulation set-up, description of the research area, and the observations for evaluation
given in Sects. 3–5. Results are presented and discussed in Sect. 6, with a summary and
conclusions given in Sect. 7.

2 Model Description

The CCLM is a three-dimensional, fully compressible, and non-hydrostatic limited-area
regional climate model (Rockel et al. 2008b), able to simulate time spans of up to centuries,
and spatial resolutions between 1 and 50 km. It is an extension of the COSMO-Model operated
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by the German Meteorological Service (DWD) and is developed by several weather services
and organizations.

In order to allow for a realistic representation of cities, CCLM was coupled with the
DCEP scheme (Schubert et al. 2012), which is a multi-layer urban canopy parametrization
based on the BEP scheme (Martilli et al. 2002). Together, these parametrizations compute the
momentum and sensible heat fluxes as well as the radiation budget of roof, wall, and ground
surfaces based on the incoming radiation and meteorological variables (e.g., air temperature,
atmospheric humidity, air pressure, air density, and velocity) from a mesoscale climate model.
Both parametrizations describe the urban surface with quasi two-dimensional street canyons
comprising a ground surface, a row of buildings, and two walls. The DCEP scheme adds
a neighbouring canyon to include roofs in the radiation exchange, and DCEP differentiates
between diffuse and direct shortwave radiation.

The original BEM approach by Salamanca et al. (2010) considers the anthropogenic heat
of buildings by accounting for the heat generation within buildings and calculates the heat
exchange between buildings and the atmosphere. The BEM approach treats buildings as
hollow rather than solid structures because air and building material have different ther-
mal properties. Moreover, the indoor temperature evolution is computed as a function of
energy generation and consumption within the buildings, the radiation transmitted through
the windows, the heat diffusion through the building structures, and the air conditioning.

Four sources determine indoor sensible heat loads. The first source is the radiation in
a room, including the shortwave and longwave radiation that propagates from outdoors to
indoors through windows and is reflected by interior surfaces. The second is the heat diffusion
through building materials. The third is the anthropogenic heating generated by occupants
(i.e., from human activity) and equipment (i.e., electrical devices) within a room. The fourth is
ventilation, which relies on temperature differences to promote heat exchange between indoor
and outdoor environments. Indoor latent heat loads are altered by occupants, ventilation, and
air conditioning, but not conduction, because the urban surfaces within the DCEP framework
are assumed to be completely impervious.

Below, we present our enhanced DCEP and BEM versions and the coupling with the
CCLM.

2.1 Enhancements of the Urban Scheme

Quasi-two-dimensional street canyons are characterized by their building width B, street
width W , and canyon length D (Fig. 1). Since the canyon length D is supposed to have a
negligible effect on results, its value is chosen rather arbitrarily, but selected to be much

Fig. 1 Morphology of a
quasi-two-dimensional street
canyon showing buildings and a
street, with B, W , D representing
the building width, the street
width, and the canyon length,
respectively. Note that for the
latest DCEP version, we
implement the limit D → ∞
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larger than the values of B and W . Taking the limit D → ∞ simplifies the formulation of
the radiative part of the model considerably, without practically changing the results. The
detailed mathematical formulations are listed in Appendix 1. The remaining aspects of the
parametrization are left unchanged and the reader is referred to Schubert et al. (2012) for
further details.

2.2 Coupling of the Urban and the Building EnergyModel with theMesoscale Model

2.2.1 Room Concept

The original BEM approach by Salamanca et al. (2010) is based on room elements embedded
in buildings, with each room element consisting of a floor, a roof (ceiling), and four external
walls with one window each. In the real case, though, a room often contains one window
(or one window set) and this window is usually positioned in the wall facing the street.
Therefore, rooms facing different orientations receive contrasting solar energy, which results
in a temperature difference even on the same floor (Walikewitz et al. 2015).

In order to capture this variability due to room orientation, we implement two sub-rooms
separated by an internal wall on each level of the building (Fig. 1). For each room, there is a
window on the external wall facing the street. This two-room concept considers the variation
in incoming radiation.

For consistency with the DCEP scheme, the limit D → ∞ is introduced when coupling
the BEM approach with the DCEP scheme, which eliminates consideration for the front and
back side of a building. Thus, each room has two vertical surfaces (the internal and external
wall) and two horizontal surfaces (the floor and ceiling).

2.2.2 Shortwave Radiation Received by Indoor Surfaces

In the original BEM approach, shortwave radiation penetrates through windows and redis-
tributes uniformly onto the interior surfaces to be captured and reflected by wall surfaces.
Hence, the total amount of the shortwave radiation received by an indoor surface i is
Rsi = Rs + ∑

j �=i α j Rs jψ j i (identical to Eq. 13 in Salamanca et al. 2010). Here, Rsi

is the sum of the shortwave radiation directly captured by the indoor surface Rs, and the
shortwave radiation reflected by the other indoor surfaces

∑
j �=i α j Rswall, jψ j i , where α j

represents the albedo of the surface j , ψ j i denotes the view factor from surface j to surface
i , and Rs j indicates the shortwave radiation reaching an indoor surface j .

Since in the DCEP–BEM approach a window is only located on an external wall, the
interior surface of the external wall (surface 2) does not receive any shortwave radiation.
Hence, we differentiate the calculation of shortwave radiation Rs between different surfaces
(cf. Eq. 1). Here, i, j = 1, 2, 3, 4 represent the internal wall, the external wall, the floor,
and the ceiling, respectively. The first term Rs is no longer the same at all surfaces as in the
original BEM approach, but is a function of the view factor from the external wall (surface 2)
to the surface i (Eq. 2). More information on the view factors is given in Schubert et al. (2012).
The term Rswind refers to the incoming shortwave radiation through windows. The second
term

∑
j �=i α j Rswall, jψ j i describes the radiation reflected by the other indoor surfaces, and

remains the same as in the original BEM approach

Rsi =
{

Rs + ∑
j �=i α j Rs jψ j i for i = 1, 3, 4, j = 1, 2, 3, 4∑

j �=i α j Rswall,jψ j i for i = 2, j = 1, 2, 3, 4
, (1)

123



254 L. Jin et al.

with

Rs = Rswindψ2i for i = 1, 3, 4 . (2)

In this sense, the DCEP–BEM coupling enhances the physical consistency of the indoor
energy balance regarding shortwave radiation.

2.2.3 Anthropogenic Heat Flux

Similar to the original BEM approach, the effect of air conditioning is also implemented in
our coupled model, where air conditioning refers to heating in winter and cooling in summer.
When in use, the indoor temperature and humidity can be controlled, which enables the
estimation of the energy consumption for heating and cooling by the model.

In winter, the energy consumption for heating can be considered as the anthropogenic
heat flux generated by the heating of the indoor environment, and transported outdoors
through wall conduction or natural ventilation. In summer during cooling, an extra heat
flux is produced and injected into the atmosphere as waste heat consisting of the heat to be
removed from indoors and the energy consumption required for cooling. The calculation of
waste heat follows the original BEM approach (Salamanca and Martilli 2010). In the DCEP–
BEM coupling, two types of air conditioning for the rejection of waste heat are considered.
One is located on the vertical walls with each floor having its own outdoor unit, which emits
waste heat vertically into the atmosphere. The other is located on the rooftop of each building,
controlling the indoor environment for the whole building and releasing its total waste heat
into the atmosphere. The effects of different air conditioning are not evaluated in this study
because indoor cooling is not widely used in Berlin (Umweltbundesamt 2013).

2.3 Coupling of the Urban and the Building EnergyModel with theMesoscale Model

The DCEP and coupled DCEP–BEM schemes require input data for the target urban area
characteristics (e.g., the fraction of the natural and urban surface, the building-height distri-
bution, the building and street width). With the help of the urban properties, the momentum
fluxes, surface energy, and radiation from the mesoscale model are averaged for each grid
cell, separated by natural and urban areas.

The BEM indoor environment is coupled with the DCEP walls and windows. The sen-
sible heat flux acts between the inside and outside through DCEP walls, while latent heat
exchange occurs through windows. Waste sensible and latent heat released from the air con-
ditioning installed on the exterior walls can alter air temperature and the humidity in DCEP
canyons. The temperature and humidity at the urban scale along with other calculated urban
tendency terms are then interpolated back into the mesoscale height levels and included in
the calculation of temperature, turbulence kinetic energy, and wind speed (Schubert et al.
2012).

3 Simulation Set-up

In order to evaluate the performance of the coupled model system for the urban area of
Berlin, we conduct simulations for a winter period from 15 February 2018 0000 UTC to 10
March 2018 2300 UTC, and a summer period from 25 July 2018 0000 UTC to 17 August
2018 2300 UTC, with the first five days disregarded as spin-up for each simulation. The
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Fig. 2 Nested domains of a two-step dynamical downscaling driven by ERA5 reanalysis data with a spatial
resolution of 31 km. The outer domain (central Europe) and the inner study area (Berlin, Germany) have a
grid spacing of 7 km and 1 km, respectively

simulations are compared with reference runs consisting of only the existing DCEP approach.
The COSMO5.0-CLM9 version is used for a two-step one-way nesting, i.e., horizontal grid
spacing of 7 km (without urban scheme) and 1 km (with the urban scheme, with and without
the BEM approach) (Fig. 2). The 7-km simulation is centred in the middle of Germany and
covers central Europe with a domain size of 250 × 250 grid points. The 1-km simulation
covers the area of Berlin with 195 × 195 grid points.

The CCLM runs use a two-time-level third-order Runge–Kutta split-explicit scheme
(Wicker and Skamarock 2002) for time integration with timesteps of 40 s and 10 s for
the 7-km and 1-km runs, respectively. The planetary-boundary-layer scheme is based on
Mellor and Yamada (1982) and Raschendorfer et al. (2003). The radiation scheme by Ritter
and Geleyn (1992) is applied for the radiative transfer. The lateral boundary conditions are
derived from one-way nesting by a Davies-type lateral boundary formulation (Davies 1976).
A multi-layer soil model with a vegetation parametrization is employed for both resolutions.
Convection is handled by the Tiedtke (1989) parametrization for the 7-km set-up, and by
a shallow-convection parametrization, which is a reduced Tiedtke approach for the 1-km
set-up. The formation of grid-scale clouds and precipitation is parameterized by a micro-
physics scheme based on Kessler (1969). In addition to the basic Kessler-type scheme, 7-km
runs involve cloud ice in representing precipitation formation in water, mixed phase, and ice
clouds; the 1-km runs additionally include the graupel phase to the hydrological cycle (Doms
et al. 2018).

The initial and lateral boundary conditions for the coarser 7-km run are provided by the
global reanalysis dataset ERA5 (Copernicus Climate Change Service 2017). Spectral nudging
(Rockel et al. 2008a) is used for both nesting steps. External parameters (i.e., the orography,
monthly vegetation, and soil parameters) are created by the EXTPAR software system (Exter-
nal Parameter for Numerical Weather Prediction and Climate Application WebPEP1, Smiatek
et al. 2008) for the CCLM preprocessor. This climatologically constant field provides vegeta-
tion parameters and roughness lengths for the coarser simulations representing the complete
grid cell. Within the DCEP component, these parameters should only represent the vegetated
part in a grid cell. Therefore, for the 1-km runs, the data from the surroundings of Berlin
are adopted for the urban area of Berlin for the winter and summer simulations. Leaf area

1 https://www.clm-community.eu/.
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Table 1 Building parameters of the urban surfaces

Roof Wall Ground

Emissivity 0.90 0.90 0 .95

Thermal diffusivity (m s−2) 0.67 × 10−6 0.67 × 10−6 innermost layer: 0.01 × 10−6 0.29 × 10−6

Heat capacity (J m−3 K−1) 1.769 × 106 2.250 × 106 1.940 × 106

Albedo 0.163 0.162 0.162

The values follow Martilli et al. (2002), Roessner et al. (2011), Schubert and Grossman-Clarke (2013)

indexes of 1.1 m2 m−2 and 3.5 m2 m−2; plant cover fractions of 0.48 and 0.88; root depths of
1.5 m and roughness lengths of 0.02 m and 0.13 m are used for this purpose.

The coupled urban DCEP–BEM approach is applied to the 1-km simulation. The urban
structure and canopy parameters, which are derived in Schubert and Grossman-Clarke (2013)
are based on a dataset with over 460,000 three-dimensional buildings in the City Geography
Markup Language level of detail 2 format (CityGML LOD2). In this format, buildings are
modelled with polygons representing ground, wall and roof surfaces. We use four street
directions (−45◦, 0◦, 45◦, 90◦ from north) with spatially resolved urban structure and canopy
parameters for each direction.

We adjust the building parameters for Berlin explicitly. The thicknesses of the external
wall, the internal wall, the roof of a building, and the ground of a street canyon are 0.315 m,
0.2 m, 0.1575 m, and 0.5375 m, respectively. Further building parameters of urban surfaces
are listed in Table 1. The area fraction of windows in the external wall is set to 0.2. The
temperatures of the urban surfaces for all simulations are initialized with 273 K and 296 K
for winter and summer, respectively. For the winter simulation, the indoor temperature is
regulated based on indoor temperature measurements (Fig. 4) which are described in Sect. 5,
to incorporate heating-system information. In addition, the air infiltration due to natural
ventilation is set to 0.1 for the day (0700–1800 UTC) and zero for the night (1900–0600
UTC), considering that dwellers may open the window and vent a room regularly during the
day. For the summer simulation, the air infiltration is set to 0.25 during all hours of a day.
In contrast to the winter simulation, the indoor temperature during the summer period is not
fixed and is to be modelled since only about 1–2% of the residential buildings are equipped
with air conditioning in Germany (Umweltbundesamt 2013).

In Berlin, the average living space is 39.6 m2 per habitant (Bureau of Statistics Berlin-
Brandenburg 2019), which we convert to 0.025 person m−2 in the model. Additionally,
metabolic sensible and latent heat production, and sensible heat generation due to equipment
(except for heating or cooling devices), are set to 160 W per person, 22.7 W per person, and
7.4 W m−2, respectively (cf. Salamanca and Martilli 2010).

4 Study Area and Period

Berlin is located in north-eastern Germany, between 52.3◦N and 52.7◦N and 13◦E and 13.8◦E,
has a population of around 3.7 million people (2018), and 70.5% of its area is covered by
human settlement (including buildings and streets) (Statistisches Bundesamt 2018). Berlin
has flat terrain with numerous lakes and rivers, and the climate is characterized by temperate
oceanic climate (Köppen-Geiger: Cfb, Kottek et al. 2006).
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This study focuses on 2018, Germany’s warmest and driest year since the beginning
of regular temperature measurements in 1881 (Friedrich and Kaspar 2019). Compared
to the average from 1981 to 2010, the annually-averaged air temperature at the Berlin-
Alexanderplatz site operated by DWD was +2.2◦C. Positive temperature anomalies occurred
throughout the year except for March. Compared to the average of 1981–2010, the mean
air temperature in March was 2.7◦C lower in 2018 (Fig. 13 in Appendix 2), while the mean
air temperature of July and August increased by 2.6◦C and 3.3◦C, respectively. The year
2018 had an annual precipitation amount of 477 mm, which is 114 mm (20%) less than the
average for the period 1981–2010. The largest negative precipitation anomaly occurred in
August with −93%.

For the winter period, the daily temperature remained below 0◦C, and the lowest temper-
ature dropped to −11.8◦C on 2 March 2018 at the Berlin-Alexanderplatz site. Short showers
occurred during the night of 15 February 2018 and in the morning of 5 March 2018. A rain
event with a total amount of 8 mm lasted from late afternoon of 6 March 2018 to noon of 7
March 2018. Scattered rain fell on 8 March 2018 and reached a maximum rate of 3 mm h−1

around midnight. On 10 March 2018, the Berlin-Alexanderplatz site again measured some
precipitation. The total precipitation of the investigation period at Berlin-Alexanderplatz is
16 mm.

The summer period was dominated by high pressure over north-west Europe, leading to a
heatwave consisting of 16 hot days2. The constant sunny weather was interrupted at around
midnight of 4 August 2018 when a convective cell moved along the southern fringe of Berlin
and brought some precipitation. In the course of this event, parts of Berlin were covered
by cumulus and stratocumulus clouds during 5 August 2018. The precipitation amount at
Berlin-Alexanderplatz during the whole summer period is 3 mm.

5 Measurements and Data for Model Evaluation

5.1 Turbulent Heat Fluxes

Turbulent heat fluxes for evaluating model simulations are derived from the measurement data
at the energy-balance site Charlottenburg (cf. Table 2 and Fig. 3) operated by the Technical
University of Berlin (TUB). The measurement system is installed on top of a 10-m tower
above the roof of a 46-m high building. Average heights of buildings and vegetation for a
500-m radius around the side are 18 m and 11 m, respectively. Land cover is dominated
by impervious surfaces (40%) and buildings (28%). The Charlottenburg site is surrounded
by a canal (Landwehrkanal) on the northern and north-eastern side and a large green area
(Tiergarten, about 2.1 km2) on the eastern and south-eastern side.

Turbulent sensible QH and latent QE heat fluxes are derived from an eddy-covariance sys-
tem, which combines an open-path gas analyzer and a three-dimensional sonic anemometer-
thermometer (IRGASON, Campbell Scientific, Logan, Utah, USA) for simultaneous
measurements of carbon dioxide and water-vapour density as well as orthogonal velocity
components. The software package EddyPro (Version 6.2.1) is used to quality control the
raw data (see Appendix 4 for details) and to calculate QH and QE values from 20-Hz time
series over 30-min intervals, and then further averaged to hourly mean values. Details of the
measurements and processing of radiative flux data are presented in Appendices 3 and 4.

2 A “hot day” is defined as a day with a maximum temperature equal or higher than 30◦C. This criterion is
widely used in Germany and Austria.
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Fig. 3 Urban fraction ( furb) of the city area of Berlin. Triangles indicate the observational sites, the city border
of Berlin is depicted with the grey line

5.2 The 2-m Air Temperature

Air temperature at 2-m height at the DWD meteorological sites is measured with a LTS2000T
probe (Eigenbrodt, Knigsmoor, Germany) in white radiation shields with an accuracy of
±0.2 K (Kaspar et al. 2013). Air temperature of the Urban Climate Observation Network of
the TUB (Fenner et al. 2014) is measured by Campbell Scientific CS215 probes (specified
accuracy for air temperature ±0.4 K in the range 5–40◦C), installed in white radiation shields
and actively ventilated during sunlit periods. Data from these sites have previously been
used for the validation of mesoscale models (Kuik et al. 2016; Jänicke et al. 2017). Raw
measurement data at 1-min resolution are quality controlled as described in Meier et al.
(2017) with additional checks for persistence (same value for ≥ 2 h) and spikes (5 K threshold
from one measurement to the next). For consistency with the DWD measurements, the 1-min
average value at 10 min before each full hour is used for validation.

5.3 Indoor Temperature

For the derivation of the diurnal-heating cycles during the winter period (Fig. 4) and the
evaluation of the indoor air temperature during the summer period, data from citizen weather
stations (CWS) of the Netatmo company (www.netatmo.com) are used. Data of this type of
station have previously been used for analyses of outdoor atmospheric conditions in Berlin
(Fenner et al. 2017, 2019; Meier et al. 2017; Napoly et al. 2018). The accuracy of the sensors
itself is within the specified accuracy range of ±0.3 K (Meier et al. 2017). Netatmo stations
(Netatmo, Boulogne Billancourt, France) consist of two modules, one measuring indoor, the
other outdoor atmospheric conditions. Outdoor data can be obtained freely via the company’s
application-programming interface. A full description of the stations and data collection can
be found in Meier et al. (2017).

Two types of CWS data are used here and are described as follows:

1. Indoor air temperature at known indoor locations
Citizen weather stations at two locations are operated by the TUB, with one at the
Rothenburg site located in an office room on the first floor of a two-story building. The
room is oriented towards the south and the sensor is located on the north side of the room.
The other CWS at the Kigaramler site is situated in a playroom of a kindergarten, located
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Fig. 4 Averaged diurnal cycle of
observed indoor temperature at
30 CWS sites during the winter
period
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on the first floor of a four-story building in a room oriented to the south. Directly adjacent
to the room is a large sunlit terrace. Raw data at 5-min resolution from both sites were
aggregated to hourly mean values. Data from these two sites are used for evaluation of
indoor temperature, and combined with data from five additional known indoor CWS
locations and 23 deduced locations (see below) to derive an average diurnal-heating cycle
during the winter period.

2. Air temperature from deduced indoor locations
As noted by Meier et al. (2017), crowdsourced CWS data of outdoor air temperature can
actually contain indoor data if the owners use their outdoor devices to monitor indoor
conditions. While these data are undesired for analyses of outdoor conditions, they are
potentially useful for indoor applications. Therefore, we identify these sites by adapting
a filter mechanism developed by Meier et al. (2017). We use crowdsourced CWS outdoor
air-temperature data for Berlin as described in Meier et al. (2017) and deduced likely
indoor stations from this dataset. For this, we first calculate the daily median value per
CWS for the winter period if ≥ 80% of hourly values per day are available. Second,
we calculate the mean χ and standard deviation σ of the daily aggregated values for
the entire winter period, omitting stations with < 80% data availability. Third, possible
indoor locations are determined if 18◦C < χ < 30◦C and σ < 2◦C. Finally, data at these
locations are visually checked by the authors to confirm that they are plausible indoor
time series of air temperature. Finally, we obtain an averaged indoor temperature from
23 deduced indoor CWS, combined with data at seven known locations, for the winter
period (Fig. 4).

5.4 Energy Consumption for Heating in February andMarch

Since there is no specific database related to the observed daily energy consumption for
Berlin, we use a rough estimate of this value for comparison with our model results. In
Berlin, 34% of the households use gas, 33% use oil, 29% use district heating, 2% use coal,
and 3% use domestic night storage heating as a heating source (Berlin, Senate Department
for Urban Development and Housing 2010). According to Schlomann et al. (2004), the
annual consumption in Germany of gas, oil, district heating, domestic storage heating, and
coal in Germany is about 162 kW h m−2, 197 kW h m−2, 111 kW h m−2, 65 kW h m−2, and
123 kW h m−2, respectively. This results in an approximate annual consumed energy for
heating per building plan area of 157 kW h m−2 in Berlin. Assuming that 13% and 12.5% of
this amount are used in February and March, respectively (Stadtwerk 2019), we obtain a daily
consumed energy of 0.73 kW h m−2 and 0.63 kW h m−2 for February and March, respectively.
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6 Results

The simulation performance is evaluated using the mean bias error (MBE)

m = 1

n

n∑
i=1

(Pi − Oi ), (3)

where P and O are the predicted and observed values, respectively, and n is the number of
samples, and the root-mean-square error (r.m.s.e.)

r =
√√√√ 1

n

n∑
i=1

(Pi − Oi )2. (4)

6.1 Surface Energy Balance at the Charlottenburg Site

The observed surface turbulent fluxes depend on fetch areas, which are related to the wind
speed and direction, as well as surface structures such as buildings and trees (Heilman et al.
1989). To investigate the surface area that contains a large percentage of the observed flux and
its connection with the measurement height, fetch-to-height ratios (i.e., the fetch divided by
the sensor height), are discussed in many studies (Panofsky and Townsend 1964; Rosenberg
et al. 1984), with values ranging from 10:1 to 200:1. Based on a cumulative turbulent flux
footprint analysis for the Charlottenburg site (not shown), we include model values of the
corresponding grid cell as well as an adjacent grid cell in each direction. Figure 5 shows
the diurnal cycles of surface turbulent sensible QH and latent QE heat fluxes, with shaded
areas denoting the range of fluxes within the fetch. Note that while the model-derived fluxes
QH and QE refer to the respective fluxes at the surface, the observed ones denote the fluxes
received by the instrument situated above the roof of a building (Sect. 5.1). A positive value of
the model-derived QH or QE indicates the flux from the surface emitting to the atmosphere;
a negative value implies the flux directed towards the surface.

The observed Charlottenburg heat flux QH (bold points in Fig. 5a,b) has a clear daily
variation, remaining almost constant through the night, before rising during the morning
transition. The observed value of QH reaches a maximum at 1200 UTC (126 W m−2 in winter
and 247 W m−2 in summer) and then decreases until sunset. In winter, the DCEP-derived QH

(red shaded area surrounded by dotted lines in Fig. 5a) shows a diurnal pattern similar to
the observed, however, with a considerable underestimation, in particular during night-time
by at least 21 W m−2. The DCEP–BEM derived QH (red shaded area surrounded by solid
lines in Fig. 5a) is substantially increased compared with that simulated with the DCEP
approach alone. This is caused by the additional heat loads of the building interior associated
with indoor heating systems, equipment, and occupants in the DCEP–BEM approach. The
DCEP–BEM simulated heat fluxes are found with the range of the measurements, indicating
both an enhancement compared with the DCEP approach and the feasibility of the above-
mentioned fetch method. In contrast to the winter case, heating is not required in summer.
Consequently, only a small increase of the surface sensible heat flux resulting from indoor
occupants, equipment, and the natural ventilation is produced by the DCEP–BEM simulation
(Fig. 5b). In summer, the observed QH values fall within the range of the modelled QH for
both the DCEP and the DCEP–BEM approaches.

The observed surface latent heat flux QE in winter is < 13 Wm−2 (Fig. 5c) due to little
precipitation and little transpiration of plants (cf. Sect. 4). During the summer period, the
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(a) Sensible heat flux (QH) – winter
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Fig. 5 Averaged diurnal cycle of surface fluxes (QH and QE) at the Charlottenburg (Cb) site for the simulation
periods. The panels a, c denote the winter period (15 February 2018 0000 UTC to 10 March 2018 2300 UTC)
and the panels b, d denote summer period (25 July 2018 0000 UTC to 17 August 2018 2300 UTC). Bold
points refer to measurements (OBS). Dotted and solid lines refer to the DCEP and DCEP–BEM simulations,
respectively. Vertical grey dashed lines indicate the range of sunrise and sunset times. Shaded areas refer to
the value from the grid box and the neighbouring eight grid boxes. All simulated fluxes are averaged over a
whole grid cell, i.e., including urban and vegetation parts

prevailing easterly to south-easterly flow brings cool and humid air from areas covered by
vegetation and water bodies, resulting in an increase of the observed value of QE (Fig. 5d),
which is within that simulated with both model configurations in winter and in summer.
Specifically in summer, the simulated latent heat flux shows a wide spectrum of values
because of the varying cover fraction of natural surfaces (17%–56%) of the Charlottenburg
site and its neighbouring cells. The observed values of QE in summer are close to the lower
limit of the modelled variability, with some daytime values slightly lower than the simulation.
Since we use standard values of plant cover fraction and leaf area index in our simulation,
we assume that these values are slightly too large, which results in the overestimation of
the modelled QE. The current version of the DCEP model neglects the latent heat flux from
urban surfaces, so that the grid-cell-averaged values only represent sources in the natural
surface part of the grid cell (Schubert 2013). Compared with the DCEP approach, a small
amount of indoor latent heat is added by the coupled DCEP–BEM approach (cf. Sect. 3),
resulting in similar values for both model runs. The maximum increase of the simulated QE

by the DCEP–BEM approach compared with the DCEP approach is 8 W m−2 at 0900 UTC
in winter, and 2 W m−2 at 0600 UTC in summer.
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6.2 The 2-m Air Temperature and Urban-Heat-Island Intensity

In order to understand the general simulation quality of the CCLM forced by ERA5 reanalysis
data, we first evaluate the 2-m air temperature T2m at two rural sites close to Berlin, after
which we analyze the UHI intensity �TUHI at representative urban and suburban sites in
Berlin.

While some studies use the Lindenberg site as a rural site to investigate the UHI effect of
Berlin (Schubert and Grossman-Clarke 2013; Trusilova et al. 2016; Jänicke et al. 2017), Lin-
denberg is not optimally situated with respect to either Alexanderplatz or Buch as it is located
65 km south-east from Alexanderplatz and 75 km south-east from Buch (cf. Fig. 3). Hence,
we also consider the Kaniswall site, which is located between Alexanderplatz and Linden-
berg and is about 30 km and 35 km south-east from Alexanderplatz and Buch, respectively,
as a second reference rural site.

In winter, the observed 2-m air temperature T OBS
2m at rural sites varies between −5.4◦C and

2.1◦C (bold points in Fig. 6a). Specifically, Kaniswall has higher daytime temperatures and
lower night-time ones than Lindenberg, resulting in a larger diurnal temperature variation
(Kaniswall: 7.5 K, Lindenberg: 6.2 K). The values of T2m at both sites are underestimated in
both the DCEP and DCEP–BEM simulations (m = −1.2 K at Kaniswall, m = −1.6 K at
Lindenberg, Table 3). Note that since the DCEP and DCEP–BEM set-ups are designed for
urban areas, i.e., where furb > 0 (cf. Table 5 in Appendix 2), there is barely any noticeable
difference between the DCEP and DCEP–BEM results for the both rural sites. The simulated
Kaniswall 2-m air temperature (red lines in Fig. 6a) is slightly higher than at Lindenberg
(blue lines in Fig. 6a); the simulated values at Kaniswall show a considerable underestimation
during the day and a relatively good fit during the night. At Lindenberg, this underestimation
remains almost constant during the day.

The contrast in 2-m air temperature between both rural sites is more drastic in summer
nights (Fig. 6b) when the observed Kaniswall temperature is lower than at Lindenberg, with
a difference of up to 3.9 K at 0000 UTC, before reducing around the morning transition.
Starting from 0700 UTC, the observed Kaniswall temperature is slightly higher than at
Lindenberg. In the afternoon, the observed Kaniswall temperature decreases quicker than
the value of Lindenberg. A possible reason is that the Kaniswall weather station is located
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Fig. 6 Diurnal cycle of the 2-m air temperature at the rural sites Kaniswall (Kw) and Lindenberg (Lb) for the
winter period (15 February 2018 0000 UTC to 10 March 2018 2300 UTC) and the summer period (25 July
2018 0000 UTC to 17 August 2018 2300 UTC). Bold points refer to measurements. Dotted and solid lines
refer to the DCEP and DCEP–BEM simulations, respectively, where the dotted and solid lines are almost
overlapping
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Table 3 Root-mean-square error and the MBE of the 2-m temperature (K)

Site DCEP-WINTER BEM-WINTER DCEP-SUMMER BEM-SUMMER

r.m.s.e. MBE r.m.s.e. MBE r.m.s.e. MBE r.m.s.e. MBE

Kaniswall 2.0 −1.2 2.0 −1.2 3.6 2.1 3.6 2.2

Lindenberg 1.9 −1.6 1.9 −1.6 1.9 0.8 1.8 0.8

far away from larger settlements and in an absolutely flat surrounding so that it develops a
very stable atmosphere at night-time. This leads to stronger cooling in the afternoon and at
night, resulting in a considerably lower air temperature at night than at Lindenberg. Here,
the weather station is situated closer to villages and located on a small hill where cold air
may flow downhill, being replaced by warmer near-surface air from above. As even small
villages may exhibit the UHI effect (Dienst et al. 2018, 2019), the nocturnal atmosphere at
Lindenberg is less stable than that at Kaniswall. In summer at Lindenberg, the model-derived
air temperature shows good agreement with observations, with a small overestimation during
the night and at noon. While at Kaniswall, the CCLM model considerably overestimates the
value of T2m during the night, where for Lindenberg and Kaniswall, m = 0.8 K and 2.1 K,
respectively (see Table 3). This contrast results from the inability of CCLM to capture a
strong statically stable boundary layer (Schubert and Grossman-Clarke 2014; Mussetti et al.
2020), which is the case at Kaniswall but not at Lindenberg. In this sense, the model better
reproduces 2-m air temperature at Lindenberg than at Kaniswall.

Figure 7 exhibits typical spatial distributions of the model-derived T2m values at about 2 h
before sunrise. On average at 0300 UTC in winter (Fig. 7a), the DCEP set-up demonstrates
a slight UHI phenomenon of about 1 K, which is more pronounced with the DCEP–BEM
set-up (Fig. 7b), i.e., the centre of Berlin is up to 3 K warmer than the surrounding areas. In
summer, the contrast of the heat island effect between the DCEP and DCEP–BEM simulation
is not evident because the indoor environment is not regulated by the DCEP–BEM approach.

In the following, we define the UHI intensity, �TUHI,Kw/Lb, as the temperature difference
between an urban site in Berlin and the reference rural site Kaniswall (Kw) or Lindenberg
(Lb),

�TUHI,Kw/Lb = T2m,urb − T2m,Kw/Lb. (5)

In winter at Alexanderplatz (Fig. 8a), the observed UHI intensity has a clear diurnal cycle
with higher values during the night and lower values during the day. Since the value of the
observed 2-m air temperature at Kaniswall is higher than that at Lindenberg during the day
and lower during the night (see bold points in Fig. 6a), the observed UHI intensity based on
Kaniswall �T OBS

UHI,Kw is lower than the one calculated with Lindenberg �T OBS
UHI,Lb during the

day and higher during the night (Fig. 8a). For instance, whereas the value of �T OBS
UHI,Kw at

Alexanderplatz varies from –0.1 K (1100 UTC) to 2.7 K (0200 UTC), the value of �T OBS
UHI,Lb

ranges from 0.8 K (1100 UTC) to 1.8 K (1900 UTC). The UHI intensity simulated with the
DCEP set-up (dotted lines in Fig. 8a) shows a considerable underestimation and has a weak
diurnal cycle of 0.2 K (with respect to Kaniswall) or 0.6 K (with respect to Lindenberg). At
Alexanderplatz, the value of �T DCEP

UHI,Lb is predominantly higher than the value of �T DCEP
UHI,Kw

because of the lower DCEP-simulated 2-m air temperature at Lindenberg (see dotted lines
in Fig. 6a). The UHI effect with respect to Kaniswall according to the DCEP set-up is less
underestimated during the day than the night, but consistently underestimated throughout
the day with respect to Lindenberg. In contrast to the observed UHI intensity, which has an
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Fig. 7 Typical spatial distribution of the simulated 2-m air temperature T2m at 0300 UTC in winter (a, b)
and at 0100 UTC in summer (c, d) at a resolution of 1 km. Values are averaged over the whole simulated
winter and summer periods, respectively. The area of Berlin is outlined in black. The locations of the urban
site Alexanderplatz (triangle), suburban site Buch (square), and rural sites Kaniswall (circle) and Lindenberg
(diamond) are also depicted

evident increase during the night, DCEP-derived values only increase slightly after sunset,
indicating that the original DCEP approach is not able to reproduce considerable night-time
UHI intensity during the winter period. After adding anthropogenic heat from buildings in the
DCEP–BEM approach, the modelled UHI intensity at Alexanderplatz increases, especially
during the night, so that stronger diurnal cycles are modelled (see solid lines in Fig. 8a). The
coupled DCEP–BEM derived UHI intensity at Alexanderplatz varies from 0.4 K (1300 UTC)
to 2.0 K (0600 UTC) when calculated with Kaniswall and ranges from 0.7 K (1300 UTC) to
2.2 K (0600 UTC) when calculated with Lindenberg. The r.m.s.e and MBE of the modelled
UHI at Alexanderplatz are notably improved when using our coupled DCEP–BEM set-up
(see Table 4).

At the suburban site Buch in winter (Fig. 8b), the observed UHI intensity is generally lower
than that at Alexanderplatz (Fig. 8a). The observed UHI intensity with respect to Kaniswall
at Buch (�T OBS

UHI,Kw red dotted lines in Fig. 8b) has a clear diurnal cycle with a maximum of
1.3 K at 0200 UTC and a minimum of −0.3 K at 1500 UTC, but with respect to Lindenberg
(�T OBS

UHI,Lb blue dotted lines in Fig. 8b) has a “reversed” diurnal cycle characterized by higher
values during the day than during the night.

Compared with the observations, the existing DCEP approach slightly underestimates
�T OBS

UHI,Kw at Buch, particularly during the night, but fails in capturing the “reversed” diurnal

cycle of the �T OBS
UHI,Lb value. This is because the observed value of T OBS

2m at Buch is higher
than at the reference rural site Lindenberg during daytime. As Buch is located 75 km from
Lindenberg, the long distances makes the temperature difference due to urban effects less
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Fig. 8 Averaged diurnal cycle of the UHI intensity (�TUHI) at an urban and a suburban site for the simulation
periods. Panels a, b denote the winter period (15 February 2018 0000 UTC to 10 March 2018 2300 UTC) and
panels c, d denote the summer period (25 July 2018 0000 UTC to 17 August 2018 2300 UTC). Bold points
refer to measurements. Dotted and solid lines refer to the DCEP and DCEP–BEM simulations, respectively.
Values of �TUHI are calculated with two reference rural sites: Kaniswall (Kw, red) and Lindenberg (Lb, blue)

pronounced than due to the geographical locations. The increased UHI intensity with respect
to Kaniswall according to the DCEP–BEM approach for Buch (solid lines in Fig. 8b) is not
as evident as for Alexanderplatz (solid lines in Fig. 8a), owing to the low value of furb and the
dominant low-rise buildings of the grid cell in which Buch is located (cf. Table 5 in Appendix
2). The r.m.s.e. and MBE are slightly improved by the DCEP–BEM set-up for Buch (see
Table 4), with both DCEP and DCEP–BEM approaches capable of capturing the night-time
UHI at Buch in winter.

In summer, the observed UHI intensity at Alexanderplatz remains constant during the night
and drops during the morning transition (bold points in Fig. 8c), with negative values observed
from 0700 UTC to 0900 UTC. Several hours after sunrise, the observed UHI intensity begins
to rise again, when the value of �T OBS

UHI,Kw exceeds 6.0 K around midnight, whereas the

maximum value of �T OBS
UHI,Lb is only 2.1 K. At Alexanderplatz, the UHI intensity modelled

by the DCEP approach has a larger daily variation in summer (dotted lines in Fig. 8c) than in
winter (dotted lines in Fig. 8a), with summer values ranging from −1.0 K to 1.6 K with respect
to Kaniswall and −1.2 K to 1.5 K when calculated with Lindenberg. Negative values of the
DCEP derived �TUHI occur in both cases between 0700 UTC and 1600 UTC. Compared
with the DCEP approach, the UHI intensity modelled by the coupled DCEP–BEM approach
does not increase considerably in summer (see solid lines in Fig. 8c), meaning these models
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Table 4 Change of r.m.s.e and MBE of �TUHI in kelvin when comparing the DCEP–BEM with the DCEP
approaches

Period Reference rural site Alexanderplatz Buch

r.m.s.e MBE r.m.s.e MBE

Winter Kaniswall −0.7 −1.0 0.0 −0.2

Lindenberg −0.4 −0.8 0.0 −0.1

Summer Kaniswall −0.2 −0.2 0.0 0.0

Lindenberg 0.0 −0.2 0.0 0.0

Negative values indicate improvements by the DCEP–BEM approach

have similar performances at Alexanderplatz in summer with a comparable r.m.s.e and MBE
(see Table 4).

At Buch in summer (Fig. 8d), whereas the values of �T OBS
UHI,Kw vary from −0.8 K to 2.6 K

with higher values during the night, the values of �T OBS
UHI,Lb show a “reversed” diurnal pattern,

with the highest values occurring during the day. This results from higher and lower T OBS
2m

values at Buch compared with at Lindenberg from 0600 UTC to 1800 UTC and at night,
respectively. In this case, the value of T OBS

2m at the rural site is higher at night-time than the
suburban site because Buch is lies north-west of Lindenberg, and there is a dominant cold
airflow from the north near the surface during the simulation period. The value of �T DCEP

UHI,Kw
at Buch (the red dotted line in Fig. 8d) has a similar diurnal cycle to the observations but is
considerably underestimated (m = −1.3 K). Again, the “reversed” diurnal cycle of �T OBS

UHI,Lb
values is not reproduced by the DCEP and DCEP–BEM approaches. Compared with the
DCEP results, values of the UHI intensity modelled with the DCEP–BEM approach do not
show considerable difference at Buch in summer.

6.3 Indoor Temperature During the Summer Period

The observed indoor temperature range at Rothenburg and Kigaramler of 23.2–32.7 ◦C and
26.3–35.0 ◦C, respectively (see the black lines in Fig. 9), is smaller than the corresponding
outdoor 2-m temperature (see the yellow lines in Fig. 9). This difference mainly results
from the different locations of indoor temperature sensors (cf. Sect. 5.3). The peak of the
observed indoor temperature usually occurs 1–2 h later than the peak of the observed 2-m
air temperature because the indoor temperature has a delayed response with respect to the
outdoor temperature due to the thermal inertia of buildings.

The grey shaded areas in Fig. 9 denote all possible indoor temperatures at each story
simulated with the DCEP–BEM approach, including four street directions and two room
orientations. At Rothenburg (Fig. 9a), the simulated indoor temperature lies within the range
of the observed values for 14 days and slightly overestimates it for the other days, in particular
during the periods with marked drops in temperature. There are two possible reasons for this.
Firstly, the building at Rothenburg is relatively small and without neighbouring buildings,
resulting in a faster thermal response than the street canyons assumed in the DCEP–BEM
set-up. Secondly, the sensor is positioned on the north side of the room and receives little
sunshine. Nevertheless, the model is able to capture the general behaviour of the indoor
temperature at Rothenburg.
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Fig. 9 Time series of indoor and outdoor air temperature at Rothenburg (a) and Kigaramler (b) for the summer
period (25 July 2018 0000 UTC to 17 August 2018 2300 UTC). Yellow lines represent the observed outdoor 2-m
temperature, blue lines indicate the DCEP–BEM derived 2-m temperature, and black lines denote the observed
indoor temperature. Grey shaded regions and grey solid lines depict the simulated indoor temperature range
of the DCEP–BEM approach and the mean simulated indoor temperature, respectively. Four street directions
and two room orientations are included
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At Kigaramler (Fig. 9b), due to the higher urban fraction and building height of the grid
cell (cf. Table 5 in Appendix 2), the modelled indoor temperature has a wider range than at
Rothenburg and is found within the range of indoor observations for the whole period.

6.4 Energy Consumption for Heating During theWinter Period

For the winter simulation, the energy consumption for heating is calculated with the coupled
DCEP–BEM approach. Figure 10 shows the spatial distribution of the energy consumption
EC averaged over the winter period. The mean and maximum values of EC for the entire area
of Berlin are 8 W m−2 and 34 W m−2, respectively, with large values of EC (> 20 W m−2)
mainly occurring in the central areas.

To investigate the influencing factors of the modelled-derived energy consumption, we
present the time series for the urban site Alexanderplatz and the suburban site Buch during
the winter period (Fig. 11), with both sites yielding a reduced 2-m temperature according to
the model from 23 February 2018 to 4 March 2018, whereas the energy consumption shows
a considerable increase concurrently; i.e., the value of EC increases along with a decrease
in temperature. At Buch, the energy consumption EC = 2 − 7 W m−2, with a mean value
for the entire period EC = 4 W m−2, while at Alexanderplatz, EC = 8 − 24 W m−2, with a
mean value EC = 15 W m−2, which is about three times larger than that at Buch. Note that
since the calculated energy consumption is averaged over the urban and non-urban part of a
grid cell, the urban fraction of a grid cell and its building distribution is the main factor that
influences the energy consumption of that cell.

Various studies have estimated the energy consumption for space heating in winter, with
some using the term “anthropogenic heat flux” to include the emissions from building heating,
traffic, or industry. Karsisto et al. (2016) estimated an anthropogenic heat flux of 42 W m−2

in January for a dense city-centre site in the high-latitude city Helsinki, Finland. A similar
value (50 W m−2) was obtained from measurements at the same site by Nordbo et al. (2013).
These values are much larger than our values at Alexanderplatz because the air temperature
in Helsinki in winter is much lower than in Berlin and the studies of Helsinki include traffic
and industrial activities as well.
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Fig. 10 Spatial distribution of the mean energy consumption EC for the winter period (15 February 2018 0000
UTC to 10 March 2018 2300 UTC). The city border of Berlin is outlined with the black line. The locations of
the urban site Alexanderplatz (triangle) and suburban site Buch (square) are also depicted. Each pixel value
represents the energy consumption averaged for a grid cell
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Fig. 11 Time series of the DCEP–BEM derived 2-m air temperature T2m (dot-dashed lines) and energy
consumption EC (solid lines) at the urban site Alexanderplatz and the suburban site Buch for the winter
simulations (15 February 2018 0000 UTC to 10 March 2018 2300 UTC)

In order to compare the energy consumption between grid cells regardless of different
building parameters, we consider only the urban part of a grid cell and compute the energy
consumption per floor area EC,floor as

EC,floor = EC,tot

B DNfloor
= EC,tot/D

B Nfloor
, (6)

with the total energy consumption EC,tot (W) of a building and the number of the floors Nfloor

of a building. Note that the parameter Etot/D is the output quantity of the model because of
the limit D → ∞ employed.

The value of EC,floor at Alexanderplatz (the magenta line in Fig. 12a) ranges from
12 W m−2 to 14 W m−2 with the maximum occurring at 0800 UTC and 1900 UTC, and
the minimum occurring in the early morning before sunrise. The diurnal cycle of the energy
consumption EC roughly follows the pattern of the target indoor temperature (cf. Fig. 4).
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Fig. 12 Averaged diurnal cycle of the energy consumption per floor area EC,floor at the urban site Alexander-
platz (red) and the suburban site Buch (green) for the winter simulations (15 February 2018 0000 UTC to 10
March 2018 2300 UTC). The results in (a) show the standard run and the results in (b) present the run with
spatially-constant street and building widths
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Around midnight, its value decreases sharply along with the target indoor temperature. From
0600 UTC, its value starts increasing and reaches the maximum at 0800 UTC. At 0900
UTC, even though the target indoor temperature further increases, its value decreases by
0.8 W m−2 because of the strong increase in air temperature (0.7 K, not shown). Afterwards,
the values increase slightly but not as much as at 0800 UTC because the increasing air tem-
perature reduces the energy consumption. From 1400 UTC to 1800 UTC, the value of EC,floor

decreases together with the target indoor temperature. At 1900 UTC, the second peak values
occurs because the target indoor temperature at 1900 UTC is slightly higher than at 1800
UTC and the air temperature drops by 0.4 K in the meantime. A similar diurnal patter for
winter days has been reported in Moriwaki et al. (2008) and Dong et al. (2017).

The model-derived value of EC,floor at Buch (the green line in Fig. 12a) has a similar
diurnal cycle and a considerably decrease by 20%, compared with at Alexanderplatz. This
behaviour is contrary to our expectation that the UHI effect, which is larger at Alexanderplatz,
reduces the energy demand for heating. The reason for the opposite behaviour in our case is
that the building width at Alexanderplatz is smaller than at Buch by > 30%, which leads to
a larger building-surface-to-building-interior ratio per floor and a larger value of EC,floor at
Alexanderplatz.

The urban canopy parameters for building width and urban fraction are chosen such that
the fraction of buildings and impervious surfaces in the model correspond to that in reality
(Schubert and Grossman-Clarke 2013). Thus, in order to reduce the effect of different urban
canopy parameters on the value of EC,floor, we conduct an additional simulation in which the
building widths and the street widths of all grid cells are set to 17 m and 25 m, respectively.
The building heights remain the same as in the default setting in order to reproduce the UHI
effect sufficiently well. With these parameters (Fig.12b), we find that the value of EC,floor

at Buch is 10% higher than at Alexanderplatz, indicating a potential energy saving due to
the UHI effect at the urban site Alexanderplatz. Paolini et al. (2017) reported a reduction of
the energy consumption for heating of 16% for the urban buildings resulting from the UHI
effect in Milan, Italy. Similarly in Modena, Italy, about 19%–20% less heating energy was
required for a building located in the urban area than in a suburban area (Magli et al. 2015).

Since the daily consumed energy estimated in Sect. 5.4 is based on the building plan
area, we derive the corresponding simulated values by dividing the energy consumption of
a grid cell from Fig. 10 by the urban fraction of that grid cell. This yields a spatial average
of 0.47 kW h m−2, which reduces by the same order of magnitude and is comparable to the
average values (0.73 kW h m−2 for February and 0.63 kW h m−2 for March).

7 Conclusion

The BEM approach based on Salamanca et al. (2010) is developed for the urban canopy model
DCEP and coupled with the mesoscale climate model CCLM. By enforcing target indoor
temperatures, the new coupled approach dynamically computes the evolution of anthro-
pogenic heating of the building interior and the heat exchange with the outdoor environment.
Four simulations of 24 days duration each, consisting of two reference runs with the existing
CCLM/DCEP approach and two runs applying the improved model with the BEM approach,
are conducted for a winter and a summer period in 2018 for Berlin, Germany. In winter, as
buildings are equipped with heating systems, energy consumption in the urban area and the
link between the indoor heat load onto the UHI are explored. In summer, considering the low
percentage of air conditioning installed in private households in Berlin, indoor temperature
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and its response to outdoor air temperature is investigated. Model runs are evaluated using
multiple datasets of indoor and outdoor air temperature, and turbulent heat fluxes.

While in summer, the reference DCEP approach and improved BEM approach are able to
realistically model surface sensible heat and latent heat fluxes, the reference underestimates
sensible heat fluxes in winter. With the consideration of anthropogenic heat emissions, the
coupled BEM approach produces realistic sensible heat fluxes in both summer and winter.

Consequently, in winter, our strategy considerably improves the calculation of T2m values
compared with the existing model lacking the BEM approach. In summer, since additional
heat loading due to air conditioning is not considered for our Berlin case, there is not much
difference in T2m values between the reference and modified approaches. The UHI inten-
sity �TUHI is calculated to quantitatively analyze the UHI effect, which includes two rural
sites for its calculation because the choice of the rural site has a distinct influence on the
UHI intensity. In winter, the observed UHI intensity calculated with both rural sites shows
the classic diurnal cycle with higher values during the night and lower values during daytime
and is qualitatively captured by both reference and improved models; however, the reference
DCEP model underestimates the UHI intensity with a large MBE at Alexanderplatz. The
coupled DCEP–BEM approach remarkably reduces the MBE of the UHI effect at Alexan-
derplatz by 1.0 K and 0.8 K, calculated with Kaniswall and Lindenberg sites, respectively,
and it is slightly improved at Buch site. In summer, the night-time �TUHI values at the urban
site Alexanderplatz are well reproduced by both the reference DCEP and coupled BEM
approaches when �TUHI is calculated based on the rural site Lindenberg. Both models, how-
ever, underestimate the night-time �TUHI value by up to 4 K compared with the observed
value calculated using Kaniswall as the rural site. The suburban site Buch shows a reversed
UHI signal during the diurnal cycle when calculated with one rural site (Lindenberg), while
with the other site (Kaniswall) the diurnal cycle follows the classic pattern. This reversed
pattern is not reproduced by both model runs. Similar to the parameter T2m, the difference in
�TUHI values between the two model runs is negligible in summer.

The indoor temperature during the summer period strongly depends on the building and
its surroundings, room orientation, and the location of the measuring devices. Nonetheless,
the evaluation with respect to the measurements confirms the capability of the coupled BEM
approach to simulate indoor temperature during summer.

During the winter, the simulated energy consumption for the entire area of Berlin is
8 W m−2 on average, with the maximum values occurring in the central areas, where buildings
are higher and denser than in surrounding areas. The model-derived daily consumed energy is
0.47 kW h m−2 per floor area, which falls by the same order of magnitude and is comparable to
the average values estimated from other sources for February (0.73 kW h m−2) and for March
(0.63 kW h m−2). The coupling effect of building energy consumption and air temperature is
also addressed, finding that, in areas with more urban structures or during periods with lower
temperatures, more energy is consumed for indoor space heating.

We find that energy consumption is also linked to target indoor temperature: during the
daytime, more energy is consumed than during the night. The energy consumption per floor
area at the suburban site is up to 2 W m−2 (20%) less than at the urban site. An additional
analysis with spatially constant building widths and street widths is conducted and it shows
that, compared with the urban site, the suburban site displays a 10% increase in energy
consumption, implying a potential energy saving due to the UHI effect. We find that the
building width has an essential effect on the estimation of energy consumption.

To conclude, coupling of the BEM approach in an urban climate model is worthwhile for
a more realistic and accurate representation of near-surface energy fluxes and air temperature
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in mid-latitude cities. This is especially the case for winter simulations, when space heating
constitutes a large part of anthropogenic heat emissions.
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Appendix 1: Supplementary Equations for the Enhancements of the
Urban Scheme

This section provides supplementary equations for Sect. 2.1. The limit D → ∞ in the latest
DCEP version is carried out by applying the limit b → ∞ of the basic view factors for two
parallel and rectangular surfaces, fprl(a, b, c) and fnrm(a, b, c), respectively, described in
Martilli et al. (2002), where a, b, and c are the dimensions of the respective surfaces. We find

lim
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The view factors for radiation from an infinitesimal area to a finite area described in Schubert
et al. (2012) and Schubert (2013), f d

prl(a, b, c) and f d
nrm(a, b, c), are adjusted as
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Furthermore, based on the results of Santiago and Martilli (2010) and Krayenhoff et al.
(2015), we use increased drag coefficients of wall surfaces CW depending on the building
plan area density λp = B/(W + B),

CW =
{

3.67 for λp > 0.33

7.30λ0.62
p for λp ≤ 0.33

. (11)

The original formulation used a value of CW = 0.4.

Appendix 2: Climatological Background and Site Information

Table 5 Urban parameters of the model grid cells in which urban sites are located. γi : building height distri-
bution

Site furb W /m B/m γi

0 m 5 m 10 m 15 m 20 m 25 m 30 m

Alexanderplatz 0.69 29.80 14.70 0.00 0.03 0.02 0.04 0.19 0.41 0.26

Buch 0.39 35.30 19.50 0.01 0.12 0.25 0.32 0.23 0.00 0.02

Kigaramler 0.64 14.80 6.60 0.00 0.04 0.02 0.17 0.70 0.07 0.00

Kaniswall 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Lindenberg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Rothenburg 0.44 17.10 9.10 0.00 0.08 0.20 0.31 0.39 0.01 0.00

Charlottenburg 0.81 21.50 17.50 0.00 0.01 0.04 0.09 0.36 0.50 0.00
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Fig. 13 Climate diagram for the Berlin-Alexanderplatz site for the period 1981–2010 (blue line and bars) and
the year 2018 (red line and bars); lines: mean daily 2-m air temperature; bars: monthly sum of precipitation

Appendix 3: Measurement of Radiative and Turbulent Heat Flux at the
Charlottenburg Site

At the Charlottenburg site, total downwards shortwave and longwave radiation data are mea-
sured by a CNR4 net radiometer (Kipp & Zonen, Delft, The Netherlands) with integrated
ventilation, and the diffuse downwards shortwave radiation is measured by a SPN1 sunshine
pyranometer (Delta-T Devices, Cambridge, UK), at 1-min resolution. Shortwave radiation
data at Charlottenburg is quality controlled by removing data during precipitation events,
correcting for the night-time offset, and removing negative daytime values as well as values
> 1230 W m−2. Diffuse downwards shortwave radiation data are omitted if values are larger
than the total downwards shortwave radiation. Longwave radiation data outside the range
[150 W m−2, 500 W m−2] are excluded. After quality control, all radiation data at Charlot-
tenburg are aggregated to hourly mean values.

Data quality control and processing of turbulent heat flux data with EddyPro include the
elimination of spikes, filtering values based on physical thresholds, and statistical screening
based on the method developed by Vickers and Mahrt (1997). We apply double coordi-
nate rotation, correction of sonic temperature for humidity, high- and low-frequency spectral
corrections (Moncrieff et al. 1997), and corrections for air density (Webb et al. 1980). Fur-
thermore, instrument diagnostic flags not equal to zero and data with signal strength < 0.8
are withheld. Any data at 30-min resolution with quality flag of 2 are excluded (Foken 2016;
Mauder and Foken 2011) as well as if precipitation is observed (Laser precipitation monitor,
Thies CLIMA) at Charlottenburg within the respective interval. Additionally, data within the
wind directions of 17◦ to 35◦ are excluded because this sector is influenced by flow distortion
due to the instrument and mounting set-up (Foken 2016).

Appendix4: Evaluationof ShortwaveandLongwaveRadiationatObser-
vational Sites

The simulation performance of shortwave (SW ) and longwave (LW ) radiation is evaluated
using the maximum absolute deviation which describes the maximum difference of two
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Fig. 14 Averaged diurnal cycle of radiative fluxes (SW and LW ) at the Charlottenburg site (Cb) for the
simulation periods. The panels a, c denote the winter period (15 February 2018 0000 UTC to 10 March 2018
2300 UTC) and the panels b, d denote the denotes the summer period (25 July 2018 0000 UTC to 17 August
2018 2300 UTC). Bold points refer to measurements (OBS). Dotted and solid lines refer to the DCEP and
DCEP–BEM simulations, respectively. Vertical grey dashed lines indicate the range of sunrise and sunset
times. Additionally, measurements of SW from the DWD sites Tegel (Tg) and Tempelhof (Th) are used as
reference in (a) and (b). All simulated fluxes are averaged over a whole grid cell, i.e., including urban and
vegetation part

datasetes by
s = max{|X1,..,n − Y1,...,n|}, (12)

where X , Y are two different datasets, and n is the number of samples, and the mean deviation
describing the mean difference of two datasets is

d = 1

n

n∑
i=1

(Xi − Yi ), (13)

Figure 14a,b displays the averaged diurnal cycle of shortwave radiation at different sites.
In addition to the Charlottenburg site, hourly shortwave radiation data from two additional
measurement sites nearby (Tegel3 and Tempelhof4) by the German Meteorological Service
(DWD)5 are also used.

3 52.56◦N,13.31◦E.
4 52.47◦N,13.40◦E.
5 Source of data: Climate Data Center OpenData operated by DWD (https://opendata.dwd.de/
climate_environment/CDC/).
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Table 6 Maximum absolute deviation (MAD) (first number) and mean deviation MD (second number) of
shortwave (SW ) and longwave radiation (LW ) in W m−2 based on the winter (WIN) and summer (SUM)
periods. Columns labelled “Difference in measurements” describe the difference among three sites. Columns
labelled “Improvement by DCEP–BEM” show the difference between the DCEP–BEM and DCEP approaches.
Positive values within “Improvement by DCEP–BEM” indicate an improvement compared with the DCEP
approach. Negative values indicate a deterioration in performance. The table provides a summary of Fig. 14a,b

Difference in measurement MAD / MD Improvement by DCEP–BEM MAD / MBE

Observations Simulations

Cb-Tg Cb-Th Tg-Th Cb Tg Th

SW -WIN 59/14 56/15 12/1 -3/0 4/1 -3/1

SW -SUM 74/16 69/23 48/7 2/-1 0/-1 2/-1

LW -WIN – – – 4/4 – –

LW -SUM – – – -3/-2 – –

During the winter period (Fig. 14a), the observed shortwave radiation at the DWD sites
Tegel and Tempelhof are similar (d = 1 W m−2, see Table 6) and smaller than that observed
at Charlottenburg (blue bold points in Fig. 14a). The deviation of the observations between
Charlottenburg and the two DWD sites increases from the morning transition until 1200 UTC
with a maximum absolute deviation s = 59 W m−2 and then decreases. In summer (Fig. 14b),
the difference in the observations is more evident among three sites. The maximum absoblute
deviation between the Charlottenburg and Tegel sites occurs at 1400 UTC (s = 74 W m−2).
Again, the difference in the observations between Charlottenburg and the two DWD sites
(d = 16 W m−2 with Tegel and d = 23 W m−2 with Tempelhof, see Table 6) is still larger
than the difference between the two DWD sites (d = 7 W m−2). This contrast may result
from different sensors of diverse networks and alternated cloud cover at different locations. A
further analysis of diffuse shortwave radiation (not shown) confirms the ability of the model
to simulate diffuse shortwave radiation and implies that more direct shortwave radiation is
measured at Charlottenburg than the other two sites.

In winter, the DCEP and DCEP–BEM derived shortwave radiation show a good agreement
with the observations at the two DWD sites but a large underestimation at Charlottenburg.
More specifically, the MBE by the DCEP approach at Tegel, Tempelhof and Charlottenburg is
2 W m−2, 3 W m−2, and −12 W m−2, respectively (see Table 6). The DCEP–BEM approach
shows a similar performance of the shortwave radiation with regard to the r.m.s.e and the
MBE. In summer at Tegel and Tempelhof, in contrast to the good fit in the winter case,
an underestimation with an average of up to −19 W m−2 is produced. A possible reason is
that during summer CCLM overestimates the scattering and absorption of radiation in the
overlaying atmosphere, leading to higher values of diffuse radiation and lower values for
direct radiation. Similar to winter, the DCEP and DCEP–BEM derived shortwave radiation
at the Charlottenburg site again show larger differences from observations than at the other
sites in summer. The mean absolute deviation and MBE at Charlottenburg are around twice
as large as at the sites Tegel and Tempelhof (see Table 6).

The observed downwards longwave radiation at Charlottenburg fluctuates at around
250 W m−2 in winter with a weak diurnal pattern (see Fig. 14c), but shows a more clear
diurnal pattern in summer with a maximum of 398 W m−2 at 1500 UTC and a minimum
of 360 W m−2 at 0500 UTC (see Fig. 14d). In winter, the DCEP approach underestimates
the longwave radiation with a negative MBE, m = −14 W m−2 (not shown). The DCEP–
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BEM approach improves the estimate of the longwave radiation by reducing the MBE by
4 W m−2. In summer, both the DCEP and DCEP–BEM derived longwave radiation are close
to the observations, with m = 1 W m−2 and 3 W m−2, respectively (not shown).

To conclude, both the DCEP and DCEP–BEM approaches estimate both the shortwave
and longwave radiation well, because the calculation of radiative fluxes in CCLM is barely
influenced by building structures.
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Abstract: This study investigates the effect of anthropogenic heat emissions from air conditioning
systems (AC) on air temperature and AC energy consumption in Berlin, Germany. We conduct
simulations applying the model system CCLM/DCEP-BEM, a coupled system of the mesoscale
climate model COSMO-CLM (CCLM) and the urban Double Canyon Effect Parameterization scheme
with a building energy model (DCEP-BEM), for a summer period of 2018. The DCEP-BEM model
is designed to explicitly compute the anthropogenic heat emissions from urban buildings and the heat
flux transfer between buildings and the atmosphere. We investigate two locations where the AC
outdoor units are installed: either on the wall of a building (VerAC) or on the rooftop of a building
(HorAC). AC waste heat emissions considerably increase the near-surface air temperature. Compared
to a reference scenario without AC systems, the VerAC scenario with a target indoor temperature
of 22 ◦C results in a temperature increase of up to 0.6K. The increase is more pronounced during
the night and for urban areas. The effect of HorAC on air temperature is overall smaller than
in VerAC. With the target indoor temperature of 22 ◦C, an urban site’s daily average AC energy
consumption per floor area of a room is 9.1Wm−2, which is 35% more than that of a suburban
site. This energy-saving results from the urban heat island effect and different building parameters
between both sits. The maximum AC energy consumption occurs in the afternoon. When the target
indoor temperature rises, the AC energy consumption decreases at a rate of about 16% per 2K
change in indoor temperature. The nighttime near-surface temperature in VerAC scenarios shows
a declining trend (0.06K per 2K change) with increasing target indoor temperature. This feature
is not obvious in HorAC scenarios which further confirms that HorAC has a smaller impact on
near-surface air temperature.

Keywords: air conditioning systems; anthropogenic heat; COSMO-CLM; building energy model;
urban heat island

1. Introduction

The United Nations anticipate that 68% of the world’s population will live in cities by 2050,
compared to today’s statistics of 55% [1]. Projections show that the expansion of urban areas and urban
activities will increase the indoor energy consumption, and hence increase urban air pollution
and climate emissions [2]. These changes have an immediate impact on urban residents’ health and
well-being. Previous studies report that heat waves and the subsequently increased concentration of
air pollutants are a major threat to human health in metropolitan areas [3–6]. In fact, the anthropogenic
heat emissions from residential and commercial buildings contribute to the urban heat island

Int. J. Environ. Res. Public Health 2020, 17, 4645; doi:10.3390/ijerph17134645 www.mdpi.com/journal/ijerph



Int. J. Environ. Res. Public Health 2020, 17, 4645 2 of 21

(UHI) phenomenon [7–11], intensify pollutant concentration over urban areas [12] and impact local
atmospheric conditions [13].

In summer, air conditioning (AC) load represents the main source of the anthropogenic heat
emissions [14]. Since AC energy demand depends on the outdoor air temperature, AC affects
the intensity of UHI and vise versa, as confirmed in several studies for many cities [15–19]. Some studies
reported that cooling energy demand for AC is increased by urban expansion and increasing
UHI [20,21]. The AC energy demand varies among cities. For instance, 0.5Wm−2 to 2.7Wm−2

is calculated by Salamanca et al. [21] for the city of Phoenix with different AC setups. In Asian cities
with denser and higher buildings, the AC electricity consumption is often higher. Kikegawa et al. [22]
estimated the AC energy consumption during daytime in summer in Tokyo to be 220Wm−2 and
Xu et al. [23] reported a value up to 146Wm−2 in Beijing. The anthropogenic heat emission from
AC affects the thermal stratification of the boundary layer by increasing vertical mixing during the
night in urban areas [20]. It also increases the instability of the urban boundary layer in the morning
and evening [24]. Although the release of waste heat due to AC is greatest at noon in summer, the effect
on air temperatures is more pronounced during the night [20,24–26].

Numerical models are often utilized to quantitatively assess the impact of AC systems on urban
meteorology. For instance, Kikegawa et al. [27] presented the building energy analysis model
(Kikegawa-BEM) which explicitly calculates the cooling load inside the buildings and accounts for the
response of the waste heat from the AC systems to the urban atmosphere. This model has been coupled
with various meteorological models in many studies. For example, Ohashi et al. [28] coupled BEM
with a canopy meteorological model (CM-BEM) and employed it for Tokyo (Japan) and showed that
the air temperature was increased by 1K to 2K due to AC on weekdays within commercial buildings.
Kikegawa et al. [22] implemented the coupled CM-BEM model in the mesoscale weather research
and forecasting model (WRF) and derived a rate of temperature increase of up to 1K per 100Wm−2

emitted anthropogenic heat for downtown areas in Japan.
Similarly, Salamanca et al. [29] developed a building energy model integrated in a multi-layer

building effect parametrization (BEP-BEM) which is able to dynamically calculate the exchange of
energy between the buildings and the outdoor environment as well as the effect of the AC systems.
Salamanca et al. [20] and Salamanca et al. [21] applied a coupled system of BEP-BEM and WRF.
They report an increase in mean 2 m temperature by up to 1.75K due to AC in a semi-arid area
(Phoenix, United States) in summer. Similarly for Madrid (Spain) in summer, air temperature is
increased by AC up to 1.5K to 2K [25,30]. Another attempt regarding resolving the urban energy
mechanism is the town energy budget (TEB) [31] which also calculates heat fluxes from buildings by
dynamically solving the energy budget equation. Tremeac et al. [32] and De Munck et al. [26] utilized
the TEB model with the mesoscale meteorological model MESO-NH [33] to analyze the influence of
the AC management in Paris (France). Results showed that AC systems increase air temperatures from
0.5K to 2K for Paris in summer depending on the types of AC.

This study focuses on analyzing the interactions between anthropogenic heat emissions from
the AC systems and the outdoor thermal environment in Berlin (Germany) during a dry and hot
summer period for different scenarios. To this end, we show multiple simulations using the mesoscale
non-hydrostatic regional climate model COSMO-CLM (CCLM, COnsortium for Small-scale MOdeling
in CLimate Mode) [34] coupled with the multi-layer Double Canyon Effect Parametrization scheme
([DCEP]) [35] integrated with a building energy model ([DCEP-BEM]) [36]. The model system
CCLM/DCEP-BEM is described in details in Jin et al. [36].

This paper is structured as follows: Section 2 describes the model and its set-up including the two
different kinds of AC systems. Section 3 presents the results of the different CCLM/DCEP-BEM
simulations which are discussed in Section 4.
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2. Model Description and Set-Up

2.1. Model System CCLM/DCEP-BEM

The CCLM [34] is the climate mode of the numerical weather forecast model COSMO
which originates from the operational weather forecast Local Model (LM) developed by the
German Meteorological Service (DWD) [37]. The CCLM has been jointly developed by the
European Consortium COSMO and organizations within the Regional Climate Research community
CLM-community (http://www.clm-community.eu)). In this sense, the CCLM is a uniform model
system for both numerical weather forecasting and regional climate modeling. Simulations with CCLM
have time spans up to centuries and spatial grid spacings from 0.25 km to 50 km.

The Double-Canyon Effect Parametrization scheme (DCEP; Schubert et al. [35]) is a multi-layer
urban parametrization scheme which computes the momentum, the sensible heat fluxes and
the radiation budget of urban surfaces by utilizing incoming radiation and various meteorological
variables from a mesoscale climate model. DCEP is used to represent urban areas and describes
the urban structure as quasi two-dimensional street canyons consisting of a ground surface and
a row of buildings with two walls. When coupled with the CCLM, CCLM/DCEP provides a realistic
representation for the typical characteristics of the urban boundary layer [38].

The DCEP has been further developed by integrating a building energy model (BEM) (DCEP-BEM;
Jin et al. [36]) which is based on the BEM presented by Salamanca et al. [29]. DCEP-BEM calculates
the anthropogenic heat effect of urban buildings and considers the interaction between the building
interior and the outdoor atmosphere which is accomplished by the radiation transfer through
the windows, the heat diffusion through the building structures or the natural ventilation and the
indoor heating or cooling systems. DCEP-BEM has been coupled with CCLM [36] and it is shown that
the performance of the coupled system CCLM/DCEP-BEM in representing urban heat island effects
is improved compared to CCLM/DCEP.

In the following we only present the implementation of AC systems into DCEP-BEM. Please refer
to Jin et al. [36] for a full model description.

2.2. Air Conditioning Configurations

DCEP-BEM computes the indoor temperature (Tin) as a function of the total indoor sensible heat
fluxes which stem from the wall conduction, anthropogenic heat from humans and devices within
the building as well as ventilation. Tin can be controlled when enabling the AC systems in DCEP-BEM,
i.e., when setting a target indoor temperature and humidity. The sensible and latent heat flux required
for maintaining the target environment are provided by the AC systems. The AC energy consumption
is subsequently estimated. In addition, AC systems directly reject extra waste heat through outdoor
units to the atmosphere and consequently affect outdoor air temperature. The waste heat consists
of the heat removed from the interior of an occupied space and the consumed energy of the AC
systems themselves.

In order to study the impact of the location of AC outdoor units on air temperature, two types of
outdoor units are considered in DCEP-BEM. In the VerAC scenario, the units are located on the vertical
walls (Figure 1a) with each floor having its own outdoor unit, emitting their waste heat vertically into
the atmosphere. In the HorAC scenario, the unit is located on the rooftop of each building (Figure 1b),
controlling the indoor environment for the whole building and releasing its total waste heat into
the atmosphere from the rooftop. In addition to these realistic settings, an idealized scenario AC_noout
(cf. Section 1) is also applied.
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(a) Vertical AC outdoor unit (VerAC) (b) Horizontal AC outdoor unit (HorAC)

Figure 1. Illustration of the air conditioning (AC) outdoor units in Double Canyon Effect
Parameterization scheme with a building energy model (DCEP-BEM). Each floor is divided into
two sub-rooms (shown in dashed line). The boxes on the walls and the rooftop denote the AC outdoor
units for (a) VerAC and (b) HorAC configurations, respectively. Each unit in VerAC case is responsible
for each sub-room. The unit of the HorAC case ejects the waste heat of the whole building block.

2.3. Simulation Setup

We apply the version COSMO5.0-CLM9 in this study. The model domain consists of two nested
sub-domains with a horizontal grid spacing of 7 km and 1 km (Figure 2). The larger domain
(CCLM-7 km) covers central Europe with a domain size of 250 × 250 grid points. The inner domain
(CCLM-1 km) covers the area of Berlin with 195 × 195 grid points. The vertical resolution of
CCLM-1 km is composed of 52 levels stretching up to 22,000 m, the lowest of which is 5m above
the ground.

Figure 2. Nested domains of a two-step one-way dynamical downscaling driven by the gloabal
reanalysis dataset ERA5 with a spatial resolution of 31 km. The outer domain (central Europe) and the
inner study area (city of Berlin, Germany) have grid spacing of 7 km and 1 km, respectively. The map
uses a cylindrical equidistant projection.

The physical parameterizations employed in the CCLM runs are listed in Table 1. The timestep
of CCLM-7 km and CCLM-1 km is 40 s and 10 s, respectively. In addition, a multi-layer soil model
with a vegetation parametrization is applied in both resolutions. Regarding the microphysics scheme,
CCLM-7 km includes cloud ice in representing precipitation formation in water, mixed phase and ice
clouds. CCLM-1 km additionally involves graupel phase to the hydrological cycle [39].
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Table 1. Physical parameterizations of COSMO-CLM (CCLM) simulations.

Time integration Wicker and Skamarock [40]
Planetary boundary layer scheme Mellor and Yamada [41] and Raschendorfer et al. [42]
Lateral boundary conditions Davies [43]
Radiation scheme Ritter and Geleyn [44]

Convection
Tiedtke [45] scheme for CCLM-7 km;
a shallow convection scheme for CCLM-1 km

Microphysics scheme Kessler [46]
Spectral nudging Rockel et al. [47]

The global reanalysis dataset ERA5 [48] provides the initial and lateral boundary conditions for
the coarser simulation CCLM-7 km. External parameters (e.g., monthly vegetation and soil parameters)
for the preprocessor of the coarser simulation are obtained with the EXTPAR software system
WebPEP (https://www.clm-community.eu/) (External Parameter for Numerical Weather Prediction
and Climate Application) [49]. The urban scheme DCEP-BEM is applied to the finest resolution run
CCLM-1 km. While for CCLM without urban schemes, the above-mentioned external parameters
represent the whole grid cell, with DCEP-BEM, a grid cell is divided into a vegetated part with
vegetation-related parameters and an urban part without those parameters. To get a realistic mean
value for the vegetated part of the finer domain of Berlin, the values from the surroundings of Berlin
are adopted. A leaf area index of 3.5m2 m−2, a plant cover fraction of 0.88, a root depth of 1.5m and
a roughness length of 0.13m are used.

The derivation of the urban structure and the canopy parameters (UCPs) of DCEP-BEM
for Berlin is based on a dataset with over 460,000 3-D buildings and is explained in
Schubert and Grossman-Clarke [50]. In this approach, the urban fraction parameter of a grid cell
is equal to the fraction of impervious surfaces in reality (Figure 3). Building width parameters are
chosen such that the fraction of buildings in the model corresponds to that in reality. Four street
directions (−45◦, 0◦, 45◦, 90◦ from north) are considered with spatially resolved UCPs. The height
of each floor of the buildings is set to 5m. The emissivity ε and thermal diffusivity k of the urban
surfaces, i.e., roof (R), wall (W) and ground (G), are based on Martilli et al. [51]: εR = εW = 0.90,
εG = 0.95, kR = 0.67× 10−6 m s−2 and kG = 0.29× 10−6 m s−2. For consideration of the insulation
of the exterior wall in DCEP-BEM, we set kW = 0.67× 10−6 m s−2 for all layers of the wall but
the innermost layer (0.01× 10−6 m s−2). The heat capacity c is adopted from Roberts et al. [52]:
cR = 1.769× 106 Jm−1 K−3, cW = 2.250× 106 Jm−3 K−1 and cG = 1.940× 106 Jm−3 K−1. The values
of albedo (α) follow Roessner et al. [53] and Schubert and Grossman-Clarke [50]: αW = 0.162 and
αR = αG = 0.163.

The thickness of the external wall, internal wall, roof of the building and the ground of the street
canyon is 0.32m, 0.20m, 0.16m and 0.54m, respectively. The area fraction of windows in the external
wall is set to 0.16. The temperatures of the urban surfaces are initialized with 22.85 ◦C. The density
of persons in the buildings is set to 0.026 person m−2 [54]. A sensible heat production of individuals
of 160W for the daily activities was suggested by Salamanca and Martilli [55], and about 70W was
proposed for the resting period [56]. Assuming the ratio of activity and resting is 2:1, we obtain a daily
average sensible heat production of 130W per person. The metabolic latent heat production and
sensible heat generation due to equipment (except for heating or cooling devices) are set to 22.7W per
person, and 7.4Wm−2, respectively, following Salamanca and Martilli [55].

We conduct 12 simulations with CCLM/DCEP-BEM from 20 July 2018 0000UTC to 4 August
2018 2300 UTC. The first 3 days are considered as spin-up period for each simulation. The remaining
13 days (from 23 July 2018 0000 UTC to 4 August 2018 2300 UTC) are denoted as “analysis period”.
The 12 simulations consist of: (1) one standard reference run (NoAC), where Tin is not fixed. The NoAC
scenario represents the current situation in Germany where AC systems are usually not deployed in
residential buildings [57]. (2) One reference run (AC_noout22), where Tin is set to 22 ◦C as the target
temperature for the AC systems but the heat emissions from AC are not released to the atmosphere
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(cf. similar studies [20,21,30]). In fact, AC_noout could be interpreted as storing the waste heat
in the ground. (3) Five scenarios with different target temperatures (18 ◦C, 20 ◦C, 22 ◦C, 24 ◦C and
26 ◦C), using vertical AC outdoor units (VerAC18, VerAC20, VerAC22, VerAC24, VerAC26) and
(4) five scenarios with the same target temperatures as in 3 but applying horizontal AC outdoor unit
(HorAC18, HorAC20, HorAC22, HorAC24, HorAC26). The main analysis of the different cases with
AC systems is done for a target indoor temperature of 22 ◦C.

For the scenario NoAC, the natural ventilation rate is set to 0.25, i.e., 25% total volume of
the indoor air is exchanged with the outdoor air per hour, considering that dwellers may open
the window and vent a room regularly during the day. The natural ventilation is not applicable for
the AC enabled scenarios. The NoAC scenario with the present set-up for Berlin was extensively
evaluated in Jin et al. [36] against the observations—CCLM/DCEP-BEM shows a good performance
for atmospheric radiation, surface energy fluxes and air temperature and is able to capture the urban
heat island phenomenon. By comparing with the rural reference site Lindenberg (close to Berlin),
the mean-bias error (MBE) and root-mean-square error (RMSE) of the urban island intensity at an urban
site (Alexanderplatz) in Berlin during a summer are −0.7K and 1.8K, respectively. The values of MBE
and RMSE for a suburban site (Buch) are 0.0K and 2.2K, respectively.

2.4. Geographical and Meteorological Background

The study area is the city of Berlin, the largest city in Germany, which is situated in northeastern
Germany between 52.3◦ N to 52.7◦ N and 13◦ E to 13.8◦ E. Human settlement (including buildings
and streets) covers 70.5% of the areas in Berlin. Berlin holds around 3.7 million inhabitants (2018) [58].
Berlin has a relatively flat terrain with many lakes and rivers and its climate is denoted as
temperate-oceanic (Köppen-Geiger: Cfb) [59].

In order to study different types of urban environments in Berlin, two sites with distinct urban
topologies are selected as representative urban and suburban sites (cf. Figure 3). The first site,
Alexanderplatz, is located in the densely built-up city center (52.5208◦ N, 13.4094◦ E) surrounded by
small scattered vegetation. The mean building height for the grid cell of this site is 25m. Based on
the World Urban Database and Access Portal Tools (WUDAPT) [60,61] and the Local Climate Zones
classification (LCZ) [62], the site Alexanderplatz is classified as LCZ2 (compact mid-rise) according to
the WUDAPT–LCZ approach [63]. Therefore, the site Alexanderplatz is denoted as an “urban site”
in this work. The second site, Buch, is located on the northeastern outskirt of Berlin (52.6309◦ N,
13.5022◦ E), and is classified as LCZ6 (open low-rise) [63]. The district of Buch has dominant low-rise
residential buildings (with mean building height of 15m) and low population density. Hence, the site
Buch is considered as a “suburban site”.

f

Figure 3. Urban fraction ( furb) of the city area of Berlin. Triangles indicate the observational sites.
The city border of Berlin is depicted with the grey line. The map uses a cylindrical equidistant projection.
The grid spacing is about 1 km.
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During the analysis period (23 July 2018 0000 UTC to 4 August 2018 2300 UTC), a high-pressure
system dominated northwestern Europe and led to rather stable atmospheric conditions across Berlin
with record-breaking temperatures and drought. The urban site Alexanderplatz experienced higher
air temperatures than that at the suburban site Buch (Figure 4). The maximum daily temperature for
Alexanderplatz and Buch were recorded as 36.3 ◦C and 34.7 ◦C, respectively. A daily mean temperature
of 26.8 ◦C was reported at Alexanderplatz and 24.9 ◦C at site Berlin-Buch whereas the average
temperatures in July from 1981 to 2010 were 20.2 ◦C and 19.2 ◦C, respectively.

T

Figure 4. Observed 2 m air temperature at the urban site Alexanderplatz and the suburban site Buch
during the analysis period (23 July 2018 0000 UTC to 4 August 2018 2300 UTC). Data stem from
measurement sites maintained by the German Meteorological Service (DWD).

3. Results

In the following, we present results of the above-mentioned 12 simulations with different AC
configurations. We assess the AC scenarios HorAC22 and VerAC22 against the reference scenarios
NoAC and AC_noout22 in terms of surface sensible heat flux (Section 3.1), outdoor air temperature
(Sections 3.2–3.4), indoor air temperature (Section 3.5) and energy consumption (Section 3.6). Sensitivity
studies using other target indoor temperatures are carried out in Section 3.7.

3.1. Sensible Heat Flux at the Surface

The total surface sensible heat flux (QH) is defined as the sum of the heat exchange between
the land-and-urban surfaces and the air including the anthropogenic heat from buildings and AC
systems. Here, a positive value of QH indicates an energy transport from the surface towards the
atmosphere, implying that the temperature of the surface is higher than the air temperature so that the
atmosphere is warmed by the surface.

QH shows a similar diurnal cycle at both investigation sites (Figure 5), with its maximum occurring
at 1200 UTC and the minimum happening during the night. QH at the urban site Alexanderplatz,
which is modeled with the standard reference scenario NoAC, ranges from 6Wm−2 to 258Wm−2

(Figure 5a). A considerable increase of QH is simulated in both AC scenarios (HorAC22 and VerAC22)
due to the extra waste heat released from the AC into the atmosphere. Compared to the standard
reference run NoAC, the maximum increase of QH occurs at noon (by 42Wm−2 at 1300 UTC).
This is caused by the higher energy consumption of AC due to higher insolation and air temperature
at noon and the resulting larger amount of waste heat emissions. Despite the different vertical
distribution of QH between HorAC22 and VerAC22, the total surface sensible heat flux, however,
is similar in both cases. All simulations except AC_noout22 feature a positive QH throughout the night.
The scenario AC22_noout has lower QH than NoAC because the indoor temperatures are maintained
at 22 ◦C and, thus, lower than in the NoAC case, which results in lower urban surface temperatures.
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Since the waste heat is not considered in AC22_noout, this finding is reasonable but can nonetheless
be considered as an artefact.

The suburban site Buch has an overall lower QH (Figure 5b) than the urban site Alexanderplatz
due to less impervious surface and more vegetation in the surroundings (cf. Table 2). At night from
1900 UTC to 0400 UTC, negative QH values are observed in all scenarios, indicating an energy transport
from the air to the relatively colder surface. QH by NoAC is located in the range of −26Wm−2

and 212Wm−2. In contrast to Alexanderplatz, only small differences are depicted among all four
scenarios. The largest increase of QH by VerAC22 and HorAC22 occurs at noon by around 22Wm−2.

Q
H

(a)

Q
H

(b)
Figure 5. Mean diurnal cycle of the total sensible heat flux including the anthropogenic heat from
buildings at (a) the urban site Alexanderplatz and (b) the suburban site Buch. Values are averaged over
the entire 13-day analysis period.

Table 2. Parameters of selected urban model grid cells. furb: urban fraction. W: average street width
(m). B: average building width (m). γi: building height distribution.

γi

Site furb W /m B/m 0 m 5 m 10 m 15 m 20 m 25 m 30 m 35 m 40 m 45 m

Alexanderplatz 0.69 29.80 14.70 0.00 0.03 0.02 0.04 0.19 0.41 0.26 0.02 0.00 0.04
Buch 0.39 35.30 19.50 0.01 0.12 0.25 0.32 0.23 0.00 0.02 0.05 0.00 0.00

3.2. AC Contribution to Near-Surface Air Temperature

In the following, the air temperature of the lowest model level (T2.5m) is investigated. At site
Alexanderplatz, T2.5m in scenario NoAC ranges from 23.0 ◦C (0400 UTC) to 31.5 ◦C (1500 UTC),
as shown in Figure 6a. The scenario VerAC22 produces the highest temperatures especially during the
night, which is consistent with QH in Figure 5a. The maximum temperature increase by VerAC22 occurs
at 0100 UTC by 0.4 ◦C at site Alexanderplatz. The scenario HorAC22 shows a smaller temperature
increase (maximum at 0000 UTC by 0.2 ◦C) compared to the VerAC22 simulation, indicating that
VerAC22 has a stronger effect on the air temperature of the lowest model level. In general, AC_noout22
shows the lowest T2.5m among all four scenarios as the low interior temperature of 22 ◦C constantly
cools the atmosphere. At site Alexanderplatz, T2.5m is on average 0.34K lower with AC_noout22 than
with NoAC.

The suburban site Buch shows generally lower T2.5m than Alexanderplatz, particularly during
nighttime (Figure 6b). NoAC produces T2.5m from 21.2 ◦C to 30.1 ◦C. Due to the lower urban fraction
at site Buch, compared to the scenario NoAC, the increase of T2.5m simulated with VerAC22 (0.10K)
and HorAC22 (0.05K) is much smaller than that at site Alexanderplatz. Similarly, T2.5m with
AC_noout22 is lower than that with other setups, but the decrease is also very small (−0.03K compared
to NoAC).
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T

(a)

T

(b)
Figure 6. Mean diurnal cycle of near-surface air temperature at the lowest model level at (a) the
urban site Alexanderplatz and (b) the suburban site Buch. Values are averaged over the entire 13-day
analysis period.

3.3. Evaluation of AC Contribution within the Boundary Layer

In addition to the the near-surface temperature, we further investigate the air temperatures
at different heights and the effect of AC systems on the urban boundary layer.

Figure 7 shows the diurnal cycle of the planetary boundary layer (PBL). PBL at Alexanderplatz
varies from 234m to 2075m with a maximum value at 1300 UTC and relatively constant values
during the night. The difference among the four scenarios is distinct. Compared to NoAC, the PBL
at Alexanderplatz is increased by 36m and 40m on average in the HorAC22 and VerAC22 scenarios,
respectively. This increase is more pronounced when comparing to AC_noout22, resulting in values of
96m and 100m, respectively. PBL at Buch is generally lower than at Alexanderplatz, ranging from
194m to 1896m. Only a small difference is observed among different scenarios.

Furthermore, we study the typical nighttime (0100 UTC) and daytime (1300 UTC) vertical
profiles of potential temperature θ at both investigation sites. At the urban site Alexanderplatz
at 0100 UTC, the values of θ in four scenarios are distinct from the ground surface to around 200m
above the ground (Figure 8a). Among all scenarios, AC_noout22 shows the lowest θ. At the lowest
model level, θ by AC_noout22, NoAC, HorAC22 and VerAC22 is 22.4 ◦C, 22.9 ◦C, 23.1 ◦C and 23.3 ◦C,
respectively. Below 73m at Alexanderplatz, AC_noout22 shows a slightly increasing θ and NoAC
shows a small decreasing trend of θ, indicating that the near-surface atmosphere is lightly stable in
scenario AC_noout22 and marginally unstable in NoAC. A slightly unstable atmosphere is observed
in HorAC22 up to 35m. VerAC22 shows a slightly stable one at the same level. From 35m to 122m,
both HorAC22 and VerAC22 result in a rather neutral atmosphere.

At the suburban site Buch at 0100 UTC (Figure 8b), the difference of θ among different scenarios
is less distinctive. θ ranges from 21.3 ◦C to 21.5 ◦C at the lowest model level. From the ground to 36m,
θ increases with height in all scenarios, which implies a stable atmosphere. Here, AC_noout22 features
the largest stability while VerAC22 shows the least one.

The daytime profiles of θ are similar for the two sites (Figure 9). The highest θ occur near
the surface and decrease up to 500m. The near-surface atmosphere is unstable in all scenarios.
At Alexanderplatz during the day, while AC_noout22 shows the lowest value of θ within the PBL,
the profiles of HorAC22 and VerAC22 do not differ much but show larger values than AC_noout22
and NoAC.
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(a) (b)
Figure 7. Simulated height of planetary boundary layer (PBL) at (a) the urban site Alexanderplatz
and (b) the suburban site Buch. Values are averaged over the entire 13-day analysis period.
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(b)
Figure 8. Simulated mean vertical profiles of potential temperature at 0100 UTC at (a) the urban site
Alexanderplatz and (b) the suburban site Buch. Horizontal grey dashed lines indicates the top of
the urban height level of the grid cell. The horizontal dashed line indicates the mean PBL height. Values
are averaged over the entire 13-day analysis period.
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Figure 9. Same as Figure 8, but at 1300 UTC.
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3.4. Spatial Distribution of Air Temperature

Figure 10a,b compare the scenario VerAC22 with the reference run NoAC regarding T2.5m

averaged over daytime (from 0400 to 1900 UTC) and nighttime (from 2000 UTC to 0300 UTC),
respectively. We find that T2.5m in the urban areas is increased in VerAC by up to 0.5K during
the day and 0.6K during the night. Similarly, Figure 10c,d display the difference of T2.5m between
two scenarios VerAC22 and HorAC22. The effect of VerAC22 on T2.5m is considerably stronger than
HorAC22, notably in the center areas where higher buildings are dominant.

T

(a)

T

(b)

T

(c)

T

(d)
Figure 10. Mean spatial distribution of difference of T2.5m between scenarios. (a,b) The temperature
difference between VerAC and NoAC during the daytime (0400 UTC to 1900 UTC) and nighttime
(2000 UTC to 0300 UTC), respectively. (c,d) The temperature difference between VerAC and HorAC.
The city border of Berlin is outlined with the black line. The locations of urban site Alexanderplatz
(triangle), suburban site Buch (square) are also depicted. The maps use a cylindrical equidistant
projection. The grid spacing is about 1 km.

3.5. Indoor Temperature with NoAC

At site Alexanderplatz, the mean indoor temperature simulated with the reference scenario
NoAC ranges from 30.5 ◦C to 32.0 ◦C with the lowest temperature at around 0600 UTC and the highest
at around 1800 UTC. The modeled indoor temperature at site Buch shares a similar diurnal cycle
with Alexanderplatz but is about 0.3K lower. This difference results from the different outdoor air
temperature and different building configurations at both sites (cf. Figure 6). In addition, a delayed
response of about three hours is observed between the indoor temperature and the outdoor temperature
as can be seen from Figures 6 and 11.
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Figure 11. Mean indoor temperature simulated with the reference run NoAC at the urban site
Alexanderplatz and the suburban site Buch. Values are averaged over the entire 13-day analysis period.

3.6. Evaluation of AC Energy Consumption

Figure 12 depicts the spatial distribution of the AC energy consumption (EC) of the urban area
in Berlin. Each pixel value represents the EC averaged for a grid cell, including the urban part and
the vegetated part. During daytime (from 0400 to 1900 UTC), the mean EC in the VerAC22 scenarios is
up to 18Wm−2 at the city center (Figure 12a). For the nighttime hours (from 2000 UTC to 0300 UTC),
the maximum mean EC is reduced to 14Wm−2 (Figure 12b), which is 22% less than that over the
day. The averaged EC over the whole area of Berlin during daytime and nighttime is 5.3Wm−2 and
3.9Wm−2, respectively. To calculate this spatially-averaged EC, the grid cells with small furb (<0.1 )
are excluded, as we mainly focus on areas with considerable urban influence. Figure 12c,d show
the EC difference between the scenarios VerAC22 and HorAC22. Compared to HorAC22, VerAC22
shows a slight increase in EC particularly in the central area (up to 0.5Wm−2).

The main influencing factor of the grid cell average EC is the urban fraction. In order to make
the energy consumption more comparable between grid cells of different urban fractions, we consider
in the following only the urban part of a grid cell and calculate the AC energy consumption per floor
area of a room ECfloor (unit Wm−2) by dividing the total AC energy consumption of an entire
building ECtotal by the building plan area and the number of the floors of the building:

ECfloor =
ECtotal

B · D · Nfloor
=

ECtotal/D
B · Nfloor

(1)

with ECtotal (unit W) being the total energy consumption of a building, B being the building width, D
being the canyon length and Nfloor being the number of the floors of a building. Note that Etotal/D
is the output quantity of DCEP-BEM because of the limit D → ∞ applied in the model [36].

EC

(a)

EC

(b)
Figure 12. Cont.
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EC

(c)

EC

(d)
Figure 12. Mean spatial distribution of AC energy consumption (EC) between scenarios. (a,b) show the
mean EC by VerAC22 during daytime (0400 UTC to 1900 UTC) and nighttime (2000 UTC to 0300 UTC),
respectively. (c,d) show the EC difference between VerAC22 and HorAC22 scenarios. The city border
of Berlin is outlined with the black line. The locations of urban site Alexanderplatz (triangle) and
suburban site Buch (square) are also depicted. Each pixel value represents the EC averaged for the
selected hours of the grid cell. The maps use a cylindrical equidistant projection. The grid spacing is
about 1 km.

Figure 13 shows the mean diurnal cycle. At the urban site Alexanderplatz, ECfloor ranges from
6.7Wm−2 to 11.7Wm−2 with the minimum occurring at 0500 UTC and the maximum occurring at
1700 UTC, hours later than the minimum and maximum of the air temperature (Figure 6), as a result of
a delayed response of the indoor temperature to the outdoor temperature due to the thermal inertia
of the buildings. Compared to the urban site, ECfloor at the suburban site Buch is reduced by 35%
on average. The daily mean ECfloor at site Alexanderplatz and Buch are 9.1Wm−2 and 7.4Wm−2,
respectively. ECfloor simulated with HorAC22 and VerAC22 are almost identical, as the total energy to
be released from the whole building is the same. The small difference between both simulation results
from the slight difference of the outdoor air temperature (Figure 6).

E
C

Figure 13. Mean diurnal cycle of ECfloor at the urban site Alexanderplatz and the suburban site Buch
by scenario HorAC22 and VerAC22.

3.7. Sensitivity to the Target Indoor Temperature

In this section, we explore the effect of different target indoor temperatures varying from
18 ◦C to 26 ◦C (Figure 14) at Alexanderplatz. When applying a target indoor temperature of 22 ◦C,
the average full-day ECfloor are 9.1Wm−2 in the HorAC and VerAC scenarios. When increasing
the target indoor temperature to 24 ◦C, ECfloor is reduced by 16%, simulated with both HorAC and
VerAC. When the target indoor temperature is set to 26 ◦C, 32% ECfloor is saved by both types of AC.
When the target indoor temperature is decreased to 20 ◦C, an additional AC energy consumption of
16% is required compared to the simulations with the indoor temperature of 22 ◦C. When decreasing
the target indoor temperature to 18 ◦C, we observe an increase in AC energy consumption of 31%
and 32% in the HorAC and VerAC scenarios, respectively. The standard deviation of ECfloor for each
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scenario during the analysis period is 0.8Wm−2 on average. By applying a paired t-test on the daily
values, we find a significant difference at significance level of 1% between ECfloor of each VerAC
and between each HorAC scenario.

E
C
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(b)
Figure 14. Comparison of simulations with different target indoor temperatures at Alexanderplatz
regarding (a) mean full-day ECfloor and (b) mean difference of nighttime T2.5m between AC and NoAC.
Values are averaged over the entire 13-day analysis period.

Furthermore, we focus on the effect of different indoor target temperatures on the outdoor
near-surface air temperature during nighttime (from 2000 UTC to 0300 UTC) since the daytime
temperature is not distinctly changed due to the AC systems (Section 3.2). The nighttime T2.5m

simulated with VerAC shows an obvious decrease with increasing target indoor temperatures
(Figure 14b). For the target indoor temperature of 18 ◦C, VerAC computes 0.4 ◦C higher T2.5m compared
to NoAC. This value decreases with about 0.06K per 2K higher target indoor temperature reaching
a value of about 0.13K at a target temperature of 26 ◦C. The change in nighttime T2.5m simulated
with HorAC compared to NoAC is small and fluctuates around 0.05K. Within the analysis period,
the average standard deviation of the temperature increase for the VerAC scenarios and the HorAC
scenarios are 0.17K and 0.10K, respectively. We find a significant difference at a significance level of
1% between the average temperature increase of each VerAC scenario comparing to any other VerAC
scenario using a paired t-test on the daily values. The temperature increases of the HorAC scenarios
are not significantly different.

4. Discussion

Compared to the suburban site Buch, the urban site Alexanderplatz is covered by a larger fraction
of impervious surfaces including a larger building fraction, resulting in an overall higher sensible heat
flux from surfaces. In the AC enabled scenarios, AC waste heat emissions are added as anthropogenic
heat which increases the difference in heat emissions between urban and suburban grid cells even
more [26,30]. This leads to an increased difference of near-surface temperature between Alexanderplatz
and Buch (Figure 15). While the total, vertically summed-up sensible and anthropogenic heat flux
is approximately equal in the VerAC22 and in the HorAC22 scenario, it is distributed vertically
differently in the two scenarios. In the case of VerAC22, more heat is emitted to the lower levels so that
the temperature of the lowest model level increases more than in the HorAC22 case. Since only 5% of
the buildings at Alexanderplatz (Table 2) have their rooftops located within the lowest model level
(5m), the amount of the heat release from the rooftop of the 5m-buildings is very small. Consequently,
the respective temperature difference between Alexanderplatz and Buch is larger in the VerAC22 case
than in any other scenario.
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T
T

Figure 15. Mean near-surface air temperature difference between Alexanderplatz and Buch. Values
are averaged over the entire 13-day analysis period.

The scenario AC_noout represents an idealized case which keeps the indoor temperature at
a certain temperature but without waste heat ejected into the atmosphere. With help of AC_noout,
the impact of AC waste heat can be evaluated explicitly [20,21,30]. When compared to AC_noout22,
the extra AC waste heat increases the air temperature at Alexanderplatz by 0.9K (VerAC22) and 0.7K
(HorAC22) on average during the night (2000-0300 UTC). Here, it has to be noted that air temperature in
the NoAC scenario is higher than in the AC_noout22 scenario especially during nighttime (up to 0.7K)
due the cooler indoor environment. Comparable values are reported in [26,30]. In general, the increase
in air temperature due to AC is more pronounced during the night despite that the largest heat flux
increase occurs around noon. Martilli et al. [30] argue that the lower PBL height and the relatively
larger proportion of the AC waste heat to the total heat emission during the night are reasons for that.

At Alexanderplatz at 0100 UTC, a mixed layer (ML) is formed from the ground up to 100m in the
scenarios AC_noout22 and NoAC (Figure 8a). This weakly-convective nocturnal ML results from the
upward sensible heat flux (Figure 5a) by urban structures [64]. The height of the ML as simulated
with HorAC22 and VerAC22 is increased to around 150m due to the extra AC waste heat emissions.
The atmospheric instability increases the thermal turbulence and promotes air mixing. Compared
to HorAC22, VerAC22 shows a more unstable atmosphere near the ground at site Alexanderplatz,
implying that the air pollutants emitted near the surface may be spread vertically faster in the VerAC22
scenario. At the suburban site Buch at night, the ML is absent, as the mean nighttime sensible heat flux
is not upward, but from the atmosphere towards the surface (Figure 8b). Instead, a nocturnal stable
layer (NSL) is modeled from the ground to around 50m. The atmosphere within the NSL simulated
with AC_noout22 is most stable while with VerAC22 is almost neutral. In summary, the AC waste
heat at night weakens the stability of the atmosphere. During daytime at 1300 UTC, both sites show
typical daytime profiles with a pronounced ML (Figure 9). Stronger mixing processes occur over
Alexanderplatz compared to Buch due to stronger AC waste heat release in the city.

A limitation of this study becomes apparent from Figures 8 and 9. While VerAC22 predicts
a warmer air temperature than HorAC22 throughout the PBL, we expect warmer air temperatures
in the HorAC22 scenario at the heights where the roofs are dominant. This inconsistency is likely
due to different vertical transport and advection within both simulations. In the DCEP-BEM scheme,
the volume of air within a model level is reduced by the volume of the buildings at each level [51].
The reduction in air volume due to the building volume at that level increases the effect of the sensible
heat flux on the air temperature at that specific level. Since the fraction of buildings is larger in
lower model levels than in higher model levels (cf. Table 2), the effect of the volume reduction
is more pronounced in lower model levels. However, CCLM does not consider a reduction of volume
through buildings when advection and vertical diffusion are computed. This leads to overestimated
vertical transport due to an overestimation of the involved air volume, which consequently probably
leads to overestimated the air temperature at the rooftop level in the VerAC22 scenario compared
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to the ground level. In order to investigate this phenomenon, we carry out two test simulations of
HorAC22 and VerAC22 considering the full atmospheric layers without removing the volume of
buildings in DCEP-BEM scheme (V1 in the following). This removes the overestimation of the effect
of the vertical transport but does underestimate the temperature change due to sensible heat flux
at each level. Figure 16 compares the difference between VerAC22 and HorAC22 for this new
simulation and the default setting. As already noted, at Alexanderplatz, we find that standard HorAC22
shows lower temperatures than standard VerAC22 around the level of 36m where the majority of
rooftops of buildings of this grid cell is located which actually is an artefact. In contrast to this,
in the V1 simulations, and as expected, HorAC22 is warmer than VerAC22 above 36m. However,
the near-surface temperatures of V1 simulations are too low; NoAC_V1 is about 0.3 ◦C cooler during
nighttime due to the larger air volume in the DCEP-BEM scheme than standard NoAC which leads
to an underestimation of the urban heat island intensity by NoAC_V1 (cf. the detailed evaluation of
NoAC in Jin et al. [36]).

T T

Figure 16. Vertical mean temperature difference between VerAC22 and HorAC22; “Standard” refers to
the simulation carried out in this study. “V1” indicates the test simulations with the full atmospheric
layers without removing the volume of the buildings. Values are averaged over the entire 13-day
analysis period.

For the area of Berlin, the modeled AC energy consumption (EC) during the daytime hours
amounts up to 4.6Wm−2, which is 39% more than the mean EC during the night. In the central areas
where the urban surface and higher buildings are dominant, higher EC values are observed than
the surroundings (Figure 12).

In this study, the AC consumption shows a clear diurnal cycle with the minimum after the morning
transition and the maximum in the late afternoon (Figure 13). Similar findings have been reported
in Salamanca et al. [20] and Salamanca et al. [21]. The mean AC consumption (Figure 13) amounts
to 7.5Wm−2 and 9Wm−2 per floor area of room (ECfloor) for Alexanderplatz and Buch, respectively,
implying a positive difference of 19% at Alexanderplatz compared to Buch. This increase is partly
due to the UHI but also due to the different building parameters, in particular the building and street
widths. Therefore, in order to study the influence of the setting of the sites only, we conduct additional
simulations in which the building widths and the street widths of all grid cells are set to 17m and
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25m, respectively, and all four street directions are evenly distributed. In these simulations (Figure 17),
ECfloor behaves qualitatively similarly to our previous findings (Figure 13). The mean ECfloor is about
7.8Wm−2 and 7.5Wm−2 at Alexanderplatz and Buch, respectively, in the VerAC22 case and each
about 0.1Wm−2 lower in the HorAC22 than in the VerAC22 cases. Thus, we find a difference of about
4% when comparing urban and suburban setting only.

E
C

Figure 17. Mean diurnal cycle of ECfloor at the urban site Alexanderplatz and the suburban site Buch
with the same building parameters for all grid cells.

Various studies have estimated the AC energy consumption and analyzed the increase of
the cooling load caused by UHI. [20,21] report the AC consumption for Phoenix of up to 3Wm−2.
This value is less than in our study because the buildings in Phoenix are 1 to 2 floors and are with very
low density. The UHI impact on building energy performance has a broad spectrum based on previous
studies. Santamouris [65] derived an average increase of 13% due to UHI in general. Cui et al. [66]
concluded a similar rate of 11% for Beijing. Based on Xu et al. [23], an increase of 31% and 20%
is observed in Beijing for an urban office building and an urban residential building, respectively,
from suburban simulations. Concerning residential buildings, the sensible cooling load is increased by
UHI intensity by 18% to 28% in Barcelona [19]. Compared to the rural case, 41% of the cooling load
is increased for a non-insulated building in Milan [18]. All of these values fall in the same order of
magnitude and are comparable with the results for Berlin reported here.

5. Conclusions

This study investigates the effect of AC systems on the urban environment in Berlin (Germany)
during a summer period using the urbanized regional climate model CCLM/DCEP-BEM. We consider
two different configurations of the AC systems: with vertical AC outdoor units (VerAC), the waste
heat emission of each floor is released into the outdoor air of corresponding height. Horizontal AC
outdoor units (HorAC) release the total waste heat of a whole building at the height of its rooftop.

The AC systems considerably increase the total surface sensible heat flux (QH) by ejecting waste
heat into the atmosphere. For the scenarios with the target indoor temperature of 22K, compared
to the reference simulation without AC, both VerAC and HorAC increases QH by about 30Wm−2

at the urban site Alexanderplatz and around 10Wm−2 at the suburban site Buch. The waste heat
generated by VerAC and HorAC are very similar, as the amount of the energy to be extracted is the same
but only vertically distributed in different ways.

The effect of VerAC and HorAC on air temperatures are explored temporally and spatially. During
nighttime, the increase of air temperature due to AC is more pronounced. In the urban area of Berlin,
the near-surface air temperature is increased by up to 0.6K during the nighttime and up to 0.5K during
the daytime in the VerAC scenario and a target indoor temperature of 22 ◦C. On the vertical scale,
VerAC produces a noticeable increase in air temperature. At Alexanderplatz, the effect of HorAC
is overall smaller than VerAC and increases from the bottom level until the maximum building height.
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VerAC increases the atmospheric instability near the ground and consequently promotes the vertical
mixing of air pollutants.

The maximum values of AC energy consumption with about 18Wm−2 are observed in the
central areas of Berlin with denser and higher buildings. While during the day, the mean AC energy
consumption for Berlin is 4.6Wm−2 on average, during nighttime about 35% of the energy is saved.
With the target indoor temperature of 22 ◦C, the AC energy consumption per floor area of a room
at the urban site Alexanderplatz ranges from 6.7Wm−2 to 11.7Wm−2, 23% more than at the suburban
site Buch. This difference results from the urban heat island as well as different building parameters
at the two sites. With equal building parameters, we find a difference of 4% between the urban
and suburban site.

Both the AC energy consumption and the near-surface temperature increase depend on the target
indoor temperature. In the range of 18 ◦C to 26 ◦C, the AC energy consumption decreases by about
15% per 2K target indoor temperature, and is significantly different between scenarios. The nighttime
near-surface temperature increases in the VerAC scenario by about −0.05K per 2K. A significant
difference at a 1% significance level is shown between VerAC scenarios on the temperature increase.
The change of the near-surface temperature in the HorAC scenario is small, indicating that the HorAC
has little impact on the near-surface temperature. The temperature increase in the HorAC scenarios
are not significantly different.

This study presents an attempt to compare the effects of different AC cooling systems on urban
climate in a modeling approach that could be beneficial for urban planning in terms of energy savings
and UHI mitigation. Each additional degree of AC cooling raises the UHI effects and increases
the energy demand, which adversely affects both outdoor climate adaptation and energy savings.
Moreover, for the future urban planning, in order to mitigate the increasing UHI, horizontal AC
is preferred over vertical AC since the latter have a large impact on near-surface air temperature
and UHI while this impact is much smaller for horizontal AC. It is worth noting that when applying
horizontal AC on rooftops, with the same building volume, it is better to have few very tall buildings
instead of setting-up densely quarters with low-rise buildings of only some floors as it is unfortunately
preferred in contemporary building construction activities in Berlin. Future studies could be addressed
in more realistic applications and scenarios with more specific types of AC, and with a link to related
research questions in the field of air quality.
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Abstract
During daylight hours, the mean radiant temperature Tmrt is one of the most important meteorological
parameters to analyse heat stress for humans. This study conducts a spatio-temporal analysis of Tmrt for a
summer period in 2018 for the city of Berlin, Germany. To this end, the mesoscale climate model COSMO-
CLM (CCLM) is coupled with the urban Double Canyon Effect Parameterization scheme with a building
energy model (DCEP–BEM) to derive Tmrt. This coupled model system CCLM/DCEP–BEM enables a
dynamic calculation of Tmrt for the microscale urban street canyons using a mesoscale model. To bring
a more accurate comparison, a two-step approach is applied to assess the radiative fluxes and Tmrt from
CCLM/DCEP–BEM. The radiation model SOLWEIG is first validated against measurement and then used to
evaluate the DCEP–BEM model. Overall good agreement in Tmrt is found between CCLM/DCEP–BEM
and SOLWEIG (R2 = 0.96). Nighttime Tmrt simulated with CCLM/DCEP–BEM is higher than that
with SOLWEIG (MBE = 2.9 K), yet closer to measurements. Tmrt during the afternoon hours modeled
with CCLM/DCEP–BEM is underestimated compared to SOLWEIG (MBE = −3.1 K). Further, excluding
vegetation, higher values for nighttime Tmrt are found in the densely built-up city center than in the suburbs
with more open structures, while the city center has lower values for Tmrt during midday. This study provides
a reliable representation of Tmrt in a mesoscale model and would be beneficial for future implementation of
human-biometeorological variables such as the Universal Thermal Climate Index or Physiological Equivalent
Temperature. These quantities are calculated using Tmrt.

Keywords: mean radiant temperature, mesoscale atmospheric model, COSMO-CLM, SOLWEIG

1 Introduction

With the rapidly increasing expansion of cities (United
Nations, 2018) and in the course of climate change
(Grimmond, 2007), urban modifications of local climate
are becoming both more serious and more important to
deal with for planning authorities due to public health
issues (Scherer et al., 2019b). In recent years, inter-
est has been placed on thermal comfort which relates
to the impact of the thermal environment on humans
(ASHRAE, 2001; Antonini et al., 2020; Langer et al.,
2021; Unger et al., 2020; Yoshida et al., 2021).

One of the most important and essential meteoro-
logical variables that explains the human thermal com-
fort during daytime (Thorsson et al., 2007; Lee et al.,
2013) is the mean radiant temperature (Tmrt), defined

∗Corresponding author: Luxi Jin, Geography Department, Humboldt-
Universität zu Berlin, Unter den Linden 6, 10099 Berlin, Germany, e-mail:
luxi.jin@geo.hu-berlin.de

as the “uniform temperature of an imaginary enclo-
sure in which the radiant heat transfer from the hu-
man body equals the radiant heat transfer in the actual
nonuniform enclosure” (ASHRAE, 2001). It describes
the energy balance of the human body determined by
shortwave and longwave radiation from the surround-
ings (Höppe, 1999; Mayer, 1993). A variety of studies
have temporally-spatially analysed Tmrt within urban ar-
eas. While during the day Tmrt is generally lower in cen-
tral areas than in rural areas due to shading from dense
urban structures, at night Tmrt is higher in urban cen-
ters due to increased longwave radiation from buildings
(Kwok et al., 2019; Schoetter et al., 2013).

Tmrt can be calculated either via measuring the
integral radiation from six directions (Höppe, 1992;
Mayer et al., 2008; Spagnolo and de Dear, 2003)
or via so-called globe thermometers (de Dear, 1988;
Kuehn et al., 1970; Nikolopoulou et al., 1999; Ver-
non, 1932). These calculated values of Tmrt are often
referred to as measured or observed Tmrt (Lindberg

© 2021 The authors
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et al., 2008; Lindberg and Grimmond, 2011). In the
following we use the term “observed Tmrt” to describe
Tmrt derived from measurements. Tmrt can also be mod-
eled at different scales. Since Tmrt is a complex vari-
able that varies with the received solar irradiance and
the ambient surface temperature (Lee et al., 2014), the
focus of modeling Tmrt is placed on building-resolving
resolution to account for the instantaneous variation of
all radiation fluxes. For this purpose, models such as
the micro-climate model ENVI-met (Bruse and Fleer,
1998; Huttner, 2012; Simon, 2016), the RayMan soft-
ware package (Lee and Mayer, 2016; Matzarakis
et al., 2007), the 3-D radiation model SOLWEIG (Lind-
berg et al., 2008; Lindberg and Grimmond, 2011),
the urban micro-climate model PALM-4U (Maronga
et al., 2020), and the modular open source radiation
model SURM (Fischereit, 2021) have been developed.
Numerous studies have thoroughly validated the SOL-
WEIG model with respect to Tmrt and have confirmed its
good performance in the simulation of Tmrt (Chen et al.,
2014; Lindberg et al., 2008; Lindberg and Grimmond,
2011).

Besides, mesoscale weather and climate models
are widely used to perform city-wide analyses when
coupled with urban-canopy models (Ching, 2013;
Martilli et al., 2002; Masson, 2000; Salamanca
et al., 2010; Schubert et al., 2012; Schubert and
Grossman-Clarke, 2013; Schubert and Grossman-
Clarke, 2014). To conduct the analysis of Tmrt, radi-
ation models have been applied using meteorological
variables from measurements or numerical models as in-
put (Jänicke et al., 2016). Another approach to derive
Tmrt within mesoscale models is to couple an urban-
canopy parametrization with a mesoscale atmospheric
model (e.g. Kwok et al., 2019).

The main research question of this study is: Can
we use a coarse model to estimate the average condi-
tions of Tmrt at the microscale? To assist in answer-
ing this research question, the objective of this study is
to conduct a thematic analysis for Tmrt using a meso-
scale climate model. The DCEP–BEM model (Jin et al.,
2021) is a building energy model integrated in the multi-
layer Double Canyon Effect Parametrization scheme
(DCEP, Schubert et al., 2012) which describes the ur-
ban structure as quasi two-dimensional street canyons
with buildings and computes the heat fluxes includ-
ing anthropogenic heat, momentum, and radiation bud-
get of urban surfaces. The DCEP–BEM model is cou-
pled with the mesoscale non-hydrostatic regional cli-
mate model COSMO-CLM (CCLM, COnsortium for
Small-scale MOdelling in CLimate Mode) (Rockel
et al., 2008b). This coupled system CCLM/DCEP–BEM
has been evaluated in terms of air temperature and radia-
tive fluxes for several sites in Berlin (Jin et al., 2021;
Jin et al., 2020). By representing urban structures via
canyons, CCLM/DCEP–BEM is capable of computing
heat fluxes from surfaces within the street canyon. This
allows for further development regarding Tmrt in street
canyons. It has been shown that the coupled system

CCLM/DCEP–BEM is able to represent urban heat is-
land effects (Jin et al., 2020; Jin et al., 2021).

In this study, we implement the computation of Tmrt
in DCEP–BEM and present an application for Berlin
(Germany) during a summer period in 2018. We evalu-
ate to what extent this mesoscale model is able to repro-
duce the microscale distribution of Tmrt within a highly
urbanized area. The SOLWEIG model is selected for the
evaluation process considering its rather simple and fast
with similarly good or better performance compared to
ENVI-met or Rayman. (e.g. Jänicke et al., 2016; Kán-
tor et al., 2018). Since the grid spacing of a mesoscale
model is relatively coarse and DCEP–BEM does not
necessarily reproduce the weather situation perfectly,
for better evaluation against measurements, a two-step
method is applied: First, we validate SOLWEIG against
measurements to study its capabilities and shortcom-
ings. This step not only aims to validate SOLWEIG it-
self, but also provides a bridge between the measure-
ments and DCEP-BEM. Second, in order to maximize
comparability between SOLWEIG and DCEP–BEM, we
force SOLWEIG with DCEP–BEM output and compare
its results with the Tmrt as calculated by DCEP–BEM.
Finally, Tmrt of the urban part of the grid cells of the
whole city is analysed.

2 Data and methods

2.1 Study area and period

This study focuses on the city of Berlin, located be-
tween 52.3° N and 52.7° N and 13° E and 13.8° E in
northeastern Germany with 3.7 million inhabitants in
2018 (Statistisches Bundesamt, 2018). The climate
is characterized as temperate oceanic (Kottek et al.,
2006, ).

We investigate the period from 23 July 2018 to
30 July 2018. This period was dominated by a high-
pressure system over northwestern Europe and charac-
terized by clear skies on most days. At the measurement
site (sec. 2.2), the average daily air temperature during
this period was 26.4 °C with a maximum of 33.5 °C oc-
curring on 30 July 2018. No precipitation was observed
during the study period. Additionally, we chose one day
(23 July 2018) as an exemplary weather situation be-
cause it is a mostly cloud-free day.

2.2 Field measurements and data processing

The field measurements were conducted during a mea-
surement campaign in July 2018 as part of the [UC]2

project (Urban Climate Under Change, Scherer et al.,
2019b; Scherer et al., 2019a). The measurement site
“BIOMET” (Figure 1b) was located at 52.51057° N and
13.31949° E in a square courtyard, oriented nearly in a
north-south direction (−5° from north) and surrounded
by four-floor buildings (Figure 1b). The buildings in the
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(a) Building-height (above ground level) distribution of the domain
for SOLWEIG simulations. The locations of the BIOMET site
(circle) and the tumainroof site (triangle) are depicted. White color
indicates areas with building height below 1 m, i.e., streets and
courtyards. Large buildings and plazas (blue areas) were excluded
for the evaluation in sec. 3.3.

(b) Bird’s eye view of the courtyard where the measurements were
conducted. The dark-red point indicates the location of the me-
teorological station (BIOMET site, 52.51057° N, 13.31949° E). The
green dots represent the six small trees. © 2021 GeoBasis-DE/BKG,
GeoContent, Maxar Technologies, altered.

(c) Fish-eye photograph for the BIOMET site. Sky view factor:
0.77 (derived with SOLWEIG-1D). Note that sides are reversed, i.e.,
east = left side of the picture, west = right side.

(d) BIOMET site within the courtyard and view towards east.

Figure 1: Location of the model domain for SOLWEIG simulation (a) and the field measurement site (b, c, d).

south and east of the square have openings on the first
two floors (Figure 1d). The width of the courtyard is ap-
proximately 40 m and the height of the buildings is ap-
proximately 15 m. Hedges (north and west of the BIO-
MET site) and six small trees (south) are located within
the courtyard (Figure 1d). The sky view factor for this

site is 0.77, calculated based on SOLWEIG-1D (Fig-
ure 1c). The surface of the building walls is made of
sand-coloured bricks with large windows on all floors.
The ground is made of light-coloured cobblestone. This
site was selected because the simple inner courtyard is
comparable with street canyons in DCEP–BEM.
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The measurement devices were mounted on a tripod,
positioned in the center of the courtyard. In order to
quantify Tmrt from observations (OBS), shortwave and
longwave radiative fluxes were measured from the six
cardinal directions (top-bottom, north-south, east-west)
using three ventilated net radiometers (CNR4, Kipp &
Zonen, < 10 % uncertainty in daily totals), installed at
1.1 m above ground level. Additionally, air tempera-
ture and relative humidity were measured at the same
location at a height of 1 m above ground level with
a CS215 sensor (Campbell Scientific Inc., ±0.4 °Cfor
+5 °C to +40 °C and ±4 % for 0 to 100 %), mounted in
an actively-ventilated radiation shield. Tmrt derived from
observations was used for model validation. Air temper-
ature and relative humidity measurements are used as
inputs for SOLWEIG simulations (sec. 2.3).

Tmrt was derived from the integral radiation measure-
ments (denoted as “observed Tmrt”) using angular fac-
tors and Stefan-Boltzmann’s law (VDI, 1994; Thorsson
et al., 2007, equations (1) and (2)). We used standard val-
ues for the angular factors (0.22 for fluxes from the car-
dinal directions north, east, south, west; 0.06 for fluxes
from above and below), for the absorption coefficient for
shortwave radiation (ξh = 0.7), and for the emissivity
for longwave radiation of the human body (εh = 0.97).
Ground surface temperatures at the BIOMET site were
measured at two spots next to the tripod. The sensors
(EU-325 rugged surface temperature probes, Driesen +
Kern GmbH, up to 80 °C, connected to DK390-DM-4M
HandyLog sensors, Driesen + Kern GmbH) were glued
to the ground with thermally conductive paste.

In addition to measurements at the BIOMET site,
measurements above roof level were taken and used
as input for SOLWEIG simulations (sec. 2.3). These
measurements were taken about 600 m in east-north-
east direction from the BIOMET site at site “tumain-
roof” (52.51233° N, 13.32788° N), maintained by the
Chair of Climatology at Technische Universität Berlin
(Figure 1a). Measurements of turbulent heat and radia-
tive fluxes at this site have previously been used in the
evaluation of DCEP–BEM (Jin et al., 2021). Measure-
ments of direct and diffuse solar radiation were taken
by an SPN1 sunshine pyranometer (Delta-T Devices,
<10 % uncertainty in daily totals). The sensor is set up at
10 m above roof level, i.e., 56 m above ground level. All
measurements were taken at one-minute temporal res-
olution. Radiation measurements from the site tumain-
roof, and air temperature and relative humidity mea-
surements were quality-controlled as described in (Jin
et al., 2021). Afterwards, direct normal irradiance was
calculated from direct solar radiation measurements to
be used as input for SOLWEIG.

2.3 SOLWEIG model

The SOlar and LongWave ronmental Irradiance Ge-
ometry (SOLWEIG, Lindberg et al., 2018; Lindberg
and Grimmond, 2019) model is a 3-D radiation model

that estimates radiative fluxes and mean radiant tem-
perature Tmrt in urban areas. The SOLWEIG model re-
quires data from a digital surface model representing
soil, buildings, and vegetation. Buildings can be repre-
sented either by a digital elevation model that derives
building pixels by linking them to the digital surface
model, or by a land cover grid. SOLWEIG also requires
meteorological data (i.e., air temperature, relative hu-
midity, incoming shortwave radiation) as forcing input
data. To derive Tmrt, environmental and human exposure
parameters are mandatory to perform a simulation.

SOLWEIG version v2021a, as implemented in the
Urban Multi-scale Environmental Predictor tool (UMEP,
Lindberg et al., 2018), is applied in this study for the
period from 23 July 2018 to 30 July 2018. The model do-
main for SOLWEIG simulations is centered at 52.5° N
and 13.3° E and comprises 240×240 grid boxes at a spa-
tial resolution of 5 m. This domain is selected as it ap-
proximately covers the same geographical area as the
corresponding grid cell in the DCEP–BEM simulations
(sec. 2.4.2). A digital surface model (Environmental
Atlas Berlin, 2014) is applied to identify buildings
(Figure 1a). More than 60 % of the domain are iden-
tified as streets or courtyards (building height of 0 m).
In addition, about 17 % of the domain are characterized
by a building height between 20 m and 25 m. Within
the domain, 0.12 %, 0.26 % and 15.44 % of the area are
covered by grassland (height ≤ 1 m), low vegetation
(1 m < height ≤ 3 m), and trees (height > 3 m), respec-
tively. A grid of the sky view factor is calculated by the
UMEP pre-processor using the building height data as
input prior to simulations of Tmrt.

Two SOLWEIG simulations are performed in this
study. The first simulation (SOLWEIG_O) uses the mea-
surement data at sites BIOMET (air temperature, rela-
tive humidity) and tumainroof (direct normal irradiance,
diffuse shortwave radiation) as the meteorological forc-
ing data. The second model application (SOLWEIG_D)
uses meteorological data (air temperature, relative hu-
midity, direct normal irradiance, diffuse shortwave radi-
ation) from the output of the DCEP–BEM model as forc-
ing data, as described in the next section. Static forcing
data remains the same in both simulations. The vegeta-
tion and landcover schemes are inactive for the simula-
tions, meaning that no vegetation is included in the sim-
ulations and that all ground surfaces have the same val-
ues for properties such as albedo. This ensures that the
simulations are maximally comparable to DCEP-BEM.
SOLWEIG simulations are carried out at a temporal res-
olution of one minute (SOLWEIG_O) and 10 minutes
(SOLWEIG_D).

The human body is considered as a cuboid shape
in both simulations. For a standing person, the angu-
lar factors for the radiative fluxes from above or below
and from the four cardinal directions are 0.06 and 0.22
(Fanger, 1970), respectively. The diffuse shortwave ra-
diation is represented by an isotropic sky. Exposure and
environmental parameters used in the simulations are
provided in Table 1. For SOLWEIG_O simulation, the
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Table 1: Human exposure and environmental parameters applied in
the SOLWEIG simulations. SOLWEIG_O and SOLWEIG_D repre-
sent the simulations driven by the observed and the DCEP-derived
meteorological inputs, respectively.

SOLWEIG_O SOLWEIG_D

Absorption, shortwave radiation 0.7
Emissivity, longwave radiation 0.97
Posture of human body Standing
Albedo of walls 0.32 0.16
Albedo of ground 0.32 0.16
Emissivity of walls 0.9
Emissivity of ground 0.95

albedo values are derived from the shortwave radiation
measurements at the BIOMET site during the study pe-
riod from 0900 UTC to 1400 UTC (Table 1). The albedo
values of grounds (αground) and walls (αwall) in SOL-
WEIG_D simulation are set to the same values as ap-
plied in DCEP–BEM, which are based on average values
of hyperspectral measurements (Roessner et al., 2011):
αground = 0.162; αwall = 0.162. These albedo values
were applied in Jin et al. (2020); Jin et al. (2021); Schu-
bert and Grossman-Clarke (2013) to represent the
average albedo for Berlin.

2.4 CCLM/DCEP–BEM model system

The mesoscale model CCLM is the climate mode
of the three-dimensional, fully compressible, and
non-hydrostatic numerical weather forecast model
COSMO (Rockel et al., 2008b). It has been devel-
oped jointly by the organizations within the regional cli-
mate research community (CLM-community1). Simu-
lations with CCLM have spatial grid spacings ranging
from 0.25 km to 50 km.

The building energy model DCEP–BEM (Jin et al.,
2020) is developed on the basis of the urban-canopy
model DCEP (Double-Canyon Effect Parametrization
scheme; Schubert et al. (2012, )). It describes the ur-
ban structure as quasi-two-dimensional street canyons
with buildings and computes the heat fluxes including
anthropogenic heat, momentum, and the radiation bud-
get of urban surfaces. Coupled with the CCLM, the
model system CCLM/DCEP–BEM is capable of realis-
tically representing the typical characteristics of the ur-
ban boundary layer and the urban heat island effect (Jin
et al., 2021; Jin et al., 2020).

2.4.1 Mean radiant temperature in DCEP–BEM

Urban areas are represented as infinitely long street
canyons consisting of a ground surface and two neigh-
bouring series of buildings within DCEP–BEM. The
wall surfaces of each building are divided into several
wall elements (Jin et al., 2021). For the calculation of
Tmrt within the street canyon, we assume a human body

1https://www.clm-community.eu/

Table 2: Physical parameterizations of the CCLM simulation.

Time integration Wicker and Skamarock
(2002)

Planetary boundary layer scheme Mellor and Yamada (1982)
Raschendorfer et al. (2003)

Lateral boundary conditions Davies (1976)
Radiation scheme Ritter and Geleyn (1992)
Convection shallow convection
Microphysics scheme Kessler (1969)
Spectral nudging Rockel et al. (2008a)

uprightly standing in a street. The human body is treated
as a cuboid shape with a square base of side w and a
height h. The reason for choosing the cuboid shape is
that it is maximally comparable with the cuboid-shape
human posture in SOLWEIG. It is positioned parallel to
the buildings. We assume that the human cuboid stands
on the ground surface so five surfaces of the human
cuboid are fully exposed to radiation. Tmrt then reflects
the sum of shortwave and longwave radiation fluxes ab-
sorbed by all the five human surfaces. Details of the cal-
culation in DCEP–BEM are given in Appendix 1.

2.4.2 Simulation setup of CCLM/DCEP–BEM

CCLM/DCEP–BEM simulations are performed for a
period from 0000 UTC 20 July 2018 to 2300 UTC
30 July 2018, with the first three days being the spin-
up time. The COSMO5.0-CLM9 version is used in a
one-way nesting approach driven by the global reanaly-
sis dataset ERA5 (Copernicus Climate Change Ser-
vice, 2017) and downscaled to a horizontal grid spacing
of 1 km. The model domain covers the area of Berlin
with 195×195 grid points. The vertical resolution in-
cludes 52 levels, extending up to 22 000 m with the low-
est level 5 m above ground. The full description of the
downscaling approach is described in more detail in Jin
et al. (2021).

The physical parameterizations applied in the CCLM
runs are given in Table 2. For the CCLM preprocessor,
external parameters such as orography, monthly vegeta-
tion, and soil parameters are created by the EXTPAR
software system (Smiatek et al., 2008, ) representing
the vegetated part in a grid cell. More precisely, for
the simulation period, a leaf area index of 3.5 m2 m−2;
a plant cover fraction of 0.88; a root depth of 1.5 m, and
a roughness length of 0.13 m are used.

In CCLM/DCEP–BEM, a tile approach (e.g. Mas-
son (2000); Kusaka et al. (2001); Best et al. (2006);
Hamdi and Schayes (2007)) is applied to each grid
cell, i.e., it is divided into a vegetated part and an ur-
ban part (Schubert et al., 2012). For the urban part of
a grid cell, the urban structure and canopy parameters
are based on a dataset of over 460,000 three-dimensional
buildings in the City Geography Markup Language level
of detail 2 format (CityGML LOD2) (Schubert and
Grossman-Clarke, 2013) in which buildings are mod-
elled as polygons. The spatially resolved urban structure
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Table 3: Street and building parameters used in DCEP_CTL and DCEP_STD of the grid cell where the BIOMET site is located. furb: fraction
of urban part in a grid; γi: building height distribution. Mean building height is calculated based on γi.

Street direction Simulation NW–SE N–S NE–SW E–W

Fraction of street direction DCEP_CTL 0.16 0.33 0.16 0.36
DCEP_STD

Building width (m) DCEP_CTL 19.5 14.6 21.1 17.6
DCEP_STD

Mean building height (m) DCEP_CTL 15 15 15 15

DCEP_STD 20.6 21.8 20.4 21.9

Street width (m) DCEP_CTL 40 40 40 40

DCEP_STD 24.0 18.0 26.0 21.6

Mean aspect ratio DCEP_CTL 0.375 0.375 0.375 0.375

DCEP_STD 0.858 1.211 0.785 1.014

furb γi

0 m 5 m 10 m 15 m 20 m 25 m 30 m

0.81 DCEP_CTL 0.00 0.00 0.00 1.00 0.00 0.00 0.00

DCEP_STD 0.00 0.01 0.04 0.09 0.36 0.50 0.00

and canopy parameters are applied to four street direc-
tions: NW–SE, N–S, NE–SW, E–W. The absorption co-
efficient for shortwave radiation (ξh) and the emissiv-
ity for longwave radiation (εh) of the human body are
0.7 and 0.97, respectively, as in the SOLWEIG simula-
tions. The human body has a width of 0.5 m and a height
of 1.83 m, based on the angular factor in SOLWEIG
(cf. sec. 4.2). Since shadowing by buildings affects in-
coming shortwave radiation on the human body and Tmrt
calculated from it, a fine resolution for the simulation of
Tmrt within street canyons is therefore helpful to capture
the shadowing cases accurately. Thus, Tmrt is calculated
for each 1 m in the street canyon in DCEP–BEM in this
study.

The modeled values of Tmrt from CCLM/DCEP–
BEM are not directly comparable with observations, be-
cause the mesoscale climate model CCLM is not capa-
ble of perfectly reproducing the meteorology at the mea-
surement site and the direct validation of CCLM/DCEP–
BEM with observed Tmrt would involve inaccurate me-
teorological conditions. Hence, the evaluation of Tmrt
from the DCEP–BEM model is carried out in two steps.
In the first step, the SOLWEIG model is validated with
measurements by applying the observed data as forc-
ing data (sec. 3.1). In the second step, the DCEP-BEM
model is evaluated with the SOLWEIG model forced
with the DCEP outputs (sec. 3.2). In this sense, the two-
step evaluation facilitates the study of DCEP-BEM inde-
pendently of CCLM by forcing SOLWEIG with CCLM
outputs.

To be more comparable with SOLWEIG, two DCEP–
BEM simulations are carried out: One simulation uses
the standard street parameters derived from the 3-D
building dataset (cf. Table 3) (DCEP_STD). The sec-
ond simulation modifies the street parameters in such

a way that these are comparable with the BIOMET site
(DCEP_CTL). The street width and building height in
the second simulation are set to 40 m and 15 m, respec-
tively. The temporal resolution of both simulations is
10 minutes.

3 Results

3.1 Validation of SOLWEIG against
observations

In this section, SOLWEIG as forced by observed radi-
ation fluxes above the canopy as well as air tempera-
ture and relative humidity (SOLWEIG_O) is evaluated
for 23 July 2018, a mostly cloud-free day, and a regres-
sion analysis is conducted for the entire simulation pe-
riod (23 July to 30 July 2018).

The modelled values of incoming shortwave radia-
tion K from six directions match the observations well
(Figure 2, Table 4). In the early morning at around
0445 UTC, all observed shortwave fluxes show a rapid
increase, especially the Keast component which shows a
spike up to 329 W m−2. Yet this feature is not captured
by SOLWEIG_O, the modelled curve is rather smooth
during the time, indicating that the site suddenly re-
ceived direct shortwave radiation, probably through an
opening in the building on the eastern side of the site.
Similarly in the afternoon at around 1600 UTC, the Keast
component shows small spikes, which could result from
the reflection of windows. Reflection by windows also
leads to the small morning peak in Kwest. These spikes
also occur on the other days of the simulation period (not
shown). The SOLWEIG_O simulation does not capture
these features because buildings in SOLWEIG cannot
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Table 4: Mean bias error (MBE), root-mean-square error (RMSE), systematic root-mean-square error (RMSEs), unsystematic root-mean-
square error (RMSEu), and Willmott’s index of agreement (md) of the SOLWEIG_O-derived and observed shortwave and longwave
radiation components, and mean radiant temperature Tmrt for 23 July 2018. The “sun-exposed hours” and the “shaded hours” indicate
the time from 0756 UTC to 1549 UTC and the remaining periods, respectively.

MBE RMSE RMSEs RMSEu md

Kdown 3 43 4 42 0.98
Kup 0 18 5 17 0.96
Keast -8 71 14 69 0.93
Kwest -1 27 4 27 0.97
Knorth -1 14 3 14 0.95
Ksouth 3 31 3 31 0.98

sun-exposed
hours

shaded
hours

sun-exposed
hours

shaded
hours

sun-exposed
hours

shaded
hours

sun-exposed
hours

shaded
hours

sun-exposed
hours

shaded
hours

Ldown 19 3 19 11 19 4 2 11 0.33 0.59
Lup 15 −29 16 29 16 29 4 4 0.72 0.43
Least 6 −29 12 29 11 29 3 4 0.78 0.44
Lwest −5 −27 6 27 5 27 3 2 0.80 0.35
Lnorth 5 −28 8 28 6 28 5 2 0.82 0.39
Lsouth 2 −27 5 27 4 27 2 2 0.87 0.38
Tmrt 0.0 −4.9 1.3 5.0 0.1 4.9 1.3 1.3 0.78 0.47
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Figure 2: Observed (OBS) and simulated (SOLWEIG_O) diurnal
cycle of the shortwave radiation K striking the human surface on
23 July 2018 at the BIOMET site. Sub-figures refer to the compo-
nents of K from the four cardinal points and from the upper and
lower hemisphere. Vertical grey dashed lines indicate sunrise and
sunset times.

have openings and do not include single reflective sur-
faces such as windows. In combination with the Will-
mott’s index (md) shown in Table 4, the components
Kdown and Ksouth show the best agreement, followed by
Kwest, Kup, Knorth and Keast.

The period that the BIOMET site is directly ex-
posed to the sun (indicated by the steep rise at around
0800 UTC and the steep fall at 1600 UTC), is well

captured by the SOLWEIG_O simulation. Yet there is
a small shift between OBS and SOLWEIG_O as the
transition in SOLWEIG_O occurs 16 min earlier than in
OBS. The reason for this could be the slightly different
shading situation. Hence, for the following validation,
the shifted periods (0739 UTC to 0755 UTC and 1550
to 0606 UTC) are excluded. We define the time between
0756 UTC and 1549 UTC as “sun-exposed hours” and
the remaining hours as “shaded hours” at the BIOMET
site on 23 July 2018.

The longwave radiation is underestimated by SOL-
WEIG_O during nighttime for all components except
for Ldown (Figure 3, Table 4). This nighttime underesti-
mation is due to the underestimation of the surface tem-
perature (further discussed in sec. 4.1). In the morning,
modelled L increases rapidly in almost all components
because of the rising surface temperatures, except the
sky-facing Ldown. The latter increases only slowly. At
midday, almost all longwave components except Lwest
show an overestimation by up to 33 W m−2. The over-
and underestimation of the longwave radiation results
mainly from the surface temperature, which is discussed
in more detail in the sec. 4.1.

Tmrt shows a distinct diurnal variation with the
maximum value occurring between 1300 UTC and
1400 UTC (Figure 4). Observed Tmrt varies from 16.8 °C
to 67.1 °C, while SOLWEIG_O simulated Tmrt rang-
ing from 12.2 °C to 67.5 °C. Compared to OBS, SOL-
WEIG_O simulates Tmrt well during the “sun-exposed
hours” (MBE = 0.0 K, RMSE = 1.3 K). However, as a
consequence of the underestimation of longwave radi-
ation, it underestimates Tmrt during the “shaded hours”
(MBE = −4.9 K, RMSE = 5.0 K). Shortly after sun-
rise, a spike occurs in the observed Tmrt for about 10 min
from 0443 UTC to 0451 UTC, reflecting the sudden in-
crease in Keast at that time due to the opening in the
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Figure 3: Observed (OBS) and simulated (SOLWEIG_O) diurnal
cycle of the longwave radiation L striking the human surface on
23 July 2018 at the BIOMET site. Sub-figures refer to the compo-
nents of L from the four cardinal points and from the upper and lower
hemisphere. Vertical grey dashed lines indicate sunrise and sunset
times.
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Figure 4: Observed (OBS) and simulated (SOLWEIG_O) diurnal
cycle of mean radiant temperature Tmrt on 23 July 2018 at the
BIOMET site. Vertical grey dashed lines indicate sunrise and sunset
times.

building. This feature is also observed on the other days
(not shown) but not simulated by SOLWEIG_O (Fig-
ure 4), as discussed above. In addition, SOLWEIG_O
simulates a local minimum at 1100 UTC, which follows
from the fact that around noon a smaller fraction of the
human body is exposed to direct sunlight, resulting in a
reduced amount of absorbed shortwave radiation (Kán-
tor et al., 2014; Thorsson et al., 2007).

Overall, SOLWEIG shows good agreement with the
observed shortwave radiation in terms of Willmott’s In-
dex of Agreement (md). Its performance regarding L and

Tmrt is worse especially for the Ldown component and
for “shaded hours”. The errors are mainly unsystematic
(Table 4). To obtain a more comprehensive analysis for
the whole simulation period, a regression analysis for
the whole simulation period (23 July to 30 July 2018)
is performed between observed and modelled Tmrt, the
upward, downward, and total sideward radiative fluxes
(Figure 5). The SOLWEIG model fits well with the mea-
surements of Tmrt with a coefficient of determination R2

of 0.94. The components of K also have high R2 values
(0.9, 0.91 and 0.9 for Kup, Kdown and Kside, respectively).
The largest scattering found in Tmrt and K components
results from the shifted shadow pattern between OBS
and the SOLWEIG model. The values of R2 are also
high for the longwave components, except for Ldown,
as it is constantly overestimated by SOLWEIG during
daytime, but relatively well reproduced at night (cf. Fig-
ure 3).

3.2 Evaluation of DCEP–BEM against
SOLWEIG

In this section, the output of DCEP–BEM is evaluated
against the output of SOLWEIG. As DCEP–BEM com-
putes Tmrt only for street canyons, the grid boxes in the
SOLWEIG model that describe buildings or large plazas
(indicated in Figure 1a) are removed. This leaves a to-
tal of 174,000 grid boxes representing streets and court-
yards.

The evaluation of the DCEP_CTL simulation for the
BIOMET site is presented in sec. 3.2.1. Since the street
width in the DCEP_CTL simulation is 40 m and Tmrt
is calculated every 1 m across the street canyon, there
are a total of 39 values of Tmrt values distributed in
the street. Here, the 22nd value, which is 22 m away
from the west wall of the N-S street, is chosen to best
correspond to the location of the BIOMET within the
courtyard. Section 3.2.2 uses the standard DCEP setup
DCEP_STD to evaluate the entire grid cell.

3.2.1 Evaluation for the BIOMET site

Since the DCEP–BEM model does not explicitly calcu-
late radiative components from six directions, the eval-
uation of radiative fluxes in this section is limited to the
total amount of K and L incorporated with the respective
angular factors (cf. sec. 2.3).

The simulated total shortwave radiation K of both
models (Figure 6) are in good agreement (MBE =

−2 W m− 2, RMSE = 25 W m− 2). The largest difference
between the two models occurs in the afternoon between
1530 UTC and 1600 UTC due to the change of the loca-
tion from sun-exposed to shaded. Since the temporal res-
olution here is 10 min, we set the “sun-exposed hours” as
from 0750 UTC to 1600 UTC and the remaining hours
as “shaded hours”.

The total longwave radiation L reaching the hu-
man surface is shown in Figure 6. The simulation
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Figure 5: Regression analysis of the mean radiant temperature Tmrt, shortwave radiation K striking the human surface including direct and
diffuse components, and longwave radiation L from measurements and the SOLWEIG_O simulation during the simulation period (23 July
to 30 July 2018); Kside and Lside indicate the total fluxes of the sideward shortwave and longwave, respectively; sample size each is 11,518
values. R2 represents the coefficient of determination.

DCEP_CTL shows higher nighttime L and lower day-
time L values compared to the SOLWEIG_D simula-
tion. The values of DCEP_CTL and SOLWEIG_D range
from 432 W m−2 to 461 W m−2 and from 429 W m−2

to 492 W m−2, respectively. A shift of the peak value
is evident: while the peak value of DCEP_CTL occurs
at around 1200 UTC, the SOLWEIG_D-derived L val-
ues reach the maximum two hours later at 1400 UTC.

The MBE values of L in DCEP_CTL simulations are
14 W m−2 during the “shaded hours” and −18 W m−2

during the “sun-exposed hours”.
Figure 7 shows the diurnal variation of Tmrt simu-

lated with DCEP_CTL and SOLWEIG_D. Both curves
show a similar daily pattern with the highest values dur-
ing the day including a local minimum shortly before
1200 UTC. Tmrt simulated with SOLWEIG_D varies
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Table 5: Mean bias error (MBE), root-mean-square error (RMSE), systematic root-mean-square error (RMSEs), unsystematic root-mean-
square error (RMSEu), and Willmott’s index of agreement (md) of the DCEP_CTL and SOLWEIG_D-derived shortwave and longwave
radiation components, and mean radiant temperature Tmrt for 23 July 2018. The “sun-exposed hours” and the “shaded hours” indicate the
time from 0750 UTC to 1600 UTC and the remaining periods, respectively.

MBE RMSE RMSEs RMSEu md

K −2 25 5 25 0.97

sun-exposed
hours

shaded
hours

sun-exposed
hours

shaded
hours

sun-exposed
hours

shaded
hours

sun-exposed
hours

shaded
hours

sun-exposed
hours

shaded
hours

L −18 14 23 17 23 16 3 5 0.46 0.47
Tmrt −3.1 2.9 5.3 3.5 3.2 2.9 4.2 2.0 0.44 0.60
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Figure 6: Simulated diurnal cycle of the total shortwave radiation K
and longwave radiation L striking the human surface on 23 July
2018 at the BIOMET site. The simulation DCEP_CTL indicates the
DCEP simulation with modified street parameters for the BIOMET
site. The building height and street width are set to 15 m and 40 m,
respectively. The DCEP_CTL curve only shows the street in N–S
direction. Vertical grey dashed lines indicate sunrise and sunset
times.
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Figure 7: As in Figure 6 but for mean radiant temperature Tmrt.

from 15.0 °C to 60.2 °C, with the peak occurring at
1320 UTC. The DCEP_CTL-derived Tmrt ranges be-
tween 17.7 °C and 56.2 °C with a peak at 1310 UTC.
Yet, the peak in the DCEP_CTL simulation is less pro-
nounced than that in the SOLWEIG_D simulation. The

DCEP_CTL derived Tmrt values from 0900 UTC to
1500 UTC remain at the same level except for a local
minimum around 11 UTC. We obtain values for MBE
of DCEP_CTL (compared with SOLWEIG_D) of 2.9 K
(cf. Table. 5) during the “shaded hours” and −3.1 K
during the day. The values of RMSE are similar dur-
ing the “shaded hours” (3.5 K) and “sun-exposed hours”
(5.3 K). Further statistical measures are provided in Ta-
ble. 5. Similar to the results presented in sec. 3.1, the
values of md of L and Tmrt are much lower than that of
K, suggesting that a greater deviation is detected in L
and Tmrt than in K. While the errors in component K are
mainly unsystematic errors, the ones in L are primarily
systematic errors. Tmrt shows slightly more unsystem-
atic errors (4.2) than systematic errors (3.2) during “sun-
exposed hours”, and less unsystematic errors (2.0) than
systematic errors (2.9) during “shaded hours”.

Although the relatively coarse spatial resolution of
the mesoscale model (horizontal grid spacing 1 km)
makes it impossible to accurately represent the condi-
tions of a particular site in the model, the results still
show that the choice of BIOMET site provides a valid
assessment.

A regression analysis (Figure 8) between the simu-
lations DCEP_CTL and SOLWEIG_D is performed for
Tmrt, K, and L. Two clusters of points are found in Fig-
ure 8a and 8b. The cluster at the lower end of the re-
gression line represents the “shaded hours” and the one
at the upper end represents the “sun-exposed hours’.
Both models match well in Tmrt and K with R2 of 0.96
and 0.95. For L, a lower R2 (0.87) is obtained (Fig-
ure 8c). Moreover, the slope of the regression line of L
is higher and the intercept is larger than those of Tmrt
and K, indicating that DCEP_CTL shows higher val-
ues for high L and lower values for low L than SOL-
WEIG_D.

3.2.2 Evaluation for the whole DCEP–BEM grid
cell of the BIOMET site

Figure 9 shows the distribution of Tmrt of SOLWEIG_D
and the standard DCEP–BEM simulation DCEP_STD
for the whole grid cell of the BIOMET site (Figure 1a).
Here only values at full hours are shown. DCEP_STD
shows higher values during nighttime and early morning
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Figure 8: Regression analysis of the mean radiant temperature Tmrt, shortwave radiation K including the direct and the diffuse components,
and longwave radiation L of the simulations DCEP_CTL and SOLWEIG_D during the simulation period (23 July to 30 July 2018); sample
size each is 1,152 values. R2 represents the coefficient of determination.

(1900 UTC – 0600 UTC) due to higher longwave radi-
ation. During this period SOLWEIG_D produces sev-
eral abnormally large values originating from the rela-
tively high nighttime longwave radiation in the court-
yards, since these are narrower than most streets (not
shown). The spread of the SOLWEIG_D values is larger
than that of DCEP_STD because it considers many more
details of the building configurations. At 1300 UTC the
value of SOLWEIG_D-derived Tmrt reaches the daily
maximum with the median close to the 3rd quartile, in-

dicating that most points in the SOLWEIG grid are in
the sunlit region. From 1400 UTC to 1600 UTC, both
DCEP_STD and SOLWEIG_D-modeled Tmrt decreases
with median values close to the 1st quartiles, indicating
that most of the grid points are in shaded areas. From
1700 UTC to 1800 UTC, the grids are in the transi-
tion from sunlit to shaded, resulting in many single out-
lier values. Starting from 1900 UTC, the DCEP_STD-
derived Tmrt values are again higher than SOLWEIG_D,
as the longwave radiation becomes dominant.
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Figure 9: Hourly distribution of the simulated diurnal cycle of the
mean radiant temperature Tmrt between 23 July 2018 and 30 July
2018 for the whole grid cell of the BIOMET site. Values at full hours
are shown. The simulation DCEP_STD represents the DCEP simu-
lation with the standard street parameters with four street directions
within a grid cell. Tmrt are considered between the buildings of a
canyon every 1 m (cf. Figure 12) totalling to 687 data points per hour.
The values for the SOLWEIG_D simulation refer to those grid points
within the DCEP grid cell (Figure 1a) and include 139,200 points
for each hour. Boxes range from 1st to 3rd quartile indicating the in-
terquartile range (IQR). The median is shown with a horizontal line.
Depending on the presence of the data, the whiskers extend from the
1st quartile minus 1.5× IQR or the minimum of the data as well as
from the 3rd quartile plus 1.5× IQR or the maximum of the data.
Data outside of this range (outliers) are shown as points.

3.3 Spatial variability of Tmrt for the whole
city of Berlin

The mean spatial and temporal variability of Tmrt from
DCEP_STD is shown for the whole area of Berlin (Fig-
ure 10). Here the Tmrt values only reflect the urban part,
i.e., without the vegetation. The minimum of Tmrt oc-
curs at 0300 UTC and the maximum Tmrt is found at
1200 UTC. The range of Tmrt is up to 19.5 K during the
transition hours because of the distinguished shadowing
situation among different street directions. At night (Fig-
ure 10a), Tmrt is up to 10 K higher in the city than in the
surrounding areas and at midday vice versa (up to 18 K,
Figure 10b). The reason is that the city center is charac-
terized by narrower streets and higher buildings than the
surroundings, resulting in greater L during the night and
larger fraction of shadowing in street canyons at mid-
day. An important limitation in interpreting the spatial
distribution is that the DCEP–BEM model does not yet
include vegetation for the grid cell. Tmrt, as shown in
Figure 10, represents only the case without urban green
spaces. Hence, differences between central and rural ar-
eas may be overestimated at midday.
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Figure 10: Spatial distribution of mean radiant temperature Tmrt at
(a) night (0300 UTC) and (b) midday (1200 UTC) simulated with
DCEP_STD for the whole area of Berlin. Values are averaged for
the whole simulation period between 23 July 2018 and 30 July 2018.
The values of Tmrt represent only those in the urban parts of each
grid cell.

4 Discussion

4.1 General aspects of modelled and
observed Tmrt

Compared to the observations, the SOLWEIG model
simulates well Tmrt and radiative fluxes with gener-
ally low deviations, except for night-time. The per-
formance of SOLWEIG has been evaluated in various
cities and regions, e.g., the high-latitude city of Gothen-
burg, Sweden (Lindberg et al., 2008; Lindberg and
Grimmond, 2011; Wallenberg et al., 2020), the mid-
latitude cities of Freiburg, Germany (Chen et al., 2014),
Berlin (Jänicke et al., 2016), and Szeged, Hungary
(Kántor et al., 2018; Gál and Kántor, 2020), and
the sub-tropical city of Hong Kong, China (Lau et al.,
2016). Similar to the values of R2 reported by Lind-
berg et al. (2008); Lindberg and Grimmond (2011),
a high correspondence is found here between observa-
tions and the SOLWEIG model in Tmrt (R2 = 0.94)
and K (R2 = 0.9 on average) received by the human
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(c) Difference (Tdiff) between observed ground-surface temperature
and air temperature on 23 July 2018. Vertical grey dashed lines
indicate sunrise and sunset times.

Figure 11: Surface temperature from different simulations on 23 July 2018 at the BIOMET site.

body (Figure 5). Compared to the high R2 value of the
Lup and Lside components, R2 with respect to the Ldown

component is relatively low (R2 = 0.74) with a signifi-
cant overestimation during daytime (cf. Figure 3). This
issue was also found in Lindberg et al. (2008). The rea-
son could be that Ldown is additionally influenced by the
sky emissivity which could be affected by clouds during
the day.

Weather conditions, especially during the day, deter-
mine which components of the radiation balance con-
tribute how much to Tmrt. Whereas on a sunny and
cloudless day the direct shortwave radiation is the most
relevant, on a cloudy day it is the diffuse shortwave or
longwave radiation. In this study, we try to solve the
problem of analysing only a limited number of days
by evaluating the components of Tmrt separately. Also,
sunny conditions are of principal importance and inter-
est for the investigation of Tmrt because of their potential
effect on human health.

Applying similar street parameters, the DCEP–BEM
model shows a good agreement with the SOLWEIG

model in terms of Tmrt but with notably higher values
during the “shaded hours” and lower values in the after-
noon (Figure 7). Since the two models show similar per-
formance in K (Figure 6), the difference in Tmrt mainly
results from differences in L (Figure 6) caused by differ-
ences in surface temperature parametrization.

Compared to the observed values, SOLWEIG_O
shows a larger diurnal variation of ground-surface
temperature Tg (Figure 11a). While the maximum
value of observed Tg occurs at around 1300 UTC, the
SOLWEIG_O-simulated Tg reaches the maximum one
hour later. The reason is that Tg in SOLWEIG is derived
using air temperature. Since air temperature reaches its
maximum later in the afternoon (not shown), the maxi-
mum value of Tg also occurs later. In the afternoon, the
decrease of simulated Tg in SOLWEIG_O is steeper than
the simulated one, which is due to the simplified calcula-
tion of the surface temperature in the SOLWEIG model.

Figure 11b compares the surface temperatures be-
tween the two models. In DCEP-BEM, surface tem-
perature refers to the temperature of the outermost
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layer of the urban surfaces (walls, streets or build-
ings), and its calculation takes into account the com-
plete energy balance with radiation, sensible heat flux
and storage flux. The ground temperature simulated with
DCEP_CTL has nighttime values similar to those simu-
lated with SOLWEIG_D. Since in the SOLWEIG model
the wall temperature is equal to the ground tempera-
ture, Tg also represents the wall temperature in SOL-
WEIG_D. DCEP_CTL calculates higher values of the
nighttime wall surface temperature (Tw_east and Tw_west,
representing the surface temperature of the east wall and
the west wall) of about 2 K, since the buildings are con-
sidered as a heat source, i.e., heat is released from the
building interior to the outdoor atmosphere during the
night (Jin et al., 2020; Jin et al., 2021). This leads to
an increase in wall surface temperature, which leads to
higher Tmrt in DCEP_CTL compared to SOLWEIG_D
during night-time. During the day, the three surface tem-
peratures of DCEP_CTL show different peaks due to
the different direct sun exposure. Compared with SOL-
WEG_O, the Tg modeled with DCEP_CTL is evidently
lower, since the Tg derived from DCEP_CTL represents
the averaged value of the entire grid cell. This devia-
tion leads to an underestimation of the longwave radia-
tion derived from DCEP_CTL during the day, as shown
in Figure 6. Nevertheless, Tg of SOLWEIG is gener-
ally higher than the observations during midday (cf. Fig-
ure 11a), so that we expect that the SOLWEIG-modelled
Tg in Figure 11b is also too large. Still, DCEP-BEM
seems to underestimate the surface temperatures. During
daytime, DCEP-BEM still calculates Tmrt sufficiently
well due to the dominance of the solar radiation.

In SOLWEIG, the surface temperature at a sun-
exposed location is calculated according to simple linear
relations between the maximum solar elevation and the
maximum difference between air and surface tempera-
tures (Tdiffmax) (Lindberg et al., 2008; Lindberg and
Grimmond, 2011). In Figure 11a and Figure 11b, we
observe a later response of the SOLWEIG model in sim-
ulating Tg compared to the observed and DCEP–BEM
derived Tg. The reason is that in SOLWEIG Tdiffmax oc-
curs sometime (∼ 3 h) after the occurrence of maximum
solar elevation (1200 local time), based on the measure-
ments conducted in Gothenburg (Lindberg and Grim-
mond, 2011). However, the measurements taken at the
BIOMET site in Berlin shows that Tdiffmax occurs at
1300 UTC (Figure 11c), i.e., 2 hour later than the oc-
currence of maximum solar elevation (1100 UTC).

Combining the two-step evaluation, the DCEP–BEM
model better represents Tmrt during the “shaded hours”
than the SOLWEIG model and shows lower values
of Tmrt in the afternoon hours from 1200 UTC to
1500 UTC.

When looking at the spatial distribution of Tmrt for
whole Berlin, lower values are simulated for central
parts of the city during midday and higher values dur-
ing night-time (Figure 10). Central parts of Berlin are
characterized by Local Climate Zone LCZ 2 (compact
midrise), while the suburbs are mainly categorized as

LCZ 6 (open low-rise) (cf. Figure 2 in Fenner et al.
(2017)). More densely built-up urban areas are thus
linked to lower daytime Tmrt than more open neighbour-
hoods. A similar feature was also mentioned in other
studies, e.g., Tmrt in the afternoon is higher at loca-
tions with open areas than that in the city center with
dense urban structures (Schoetter et al., 2013; Kwok
et al., 2019). At night, higher values of Tmrt occur in
the densely built-up areas, which is due to the greater
longwave radiation caused by the presence of buildings
(Schoetter et al., 2013). Overall, the spatial distribu-
tion of simulated Tmrt agrees well with that obtained
by Jänicke et al. (2016), who applied SOLWEIG at 5 m
resolution to simulate the Tmrt distribution in the whole
city region of Berlin. Note though, that Jänicke et al.
(2016) included vegetation information in the SOL-
WEIG simulations, while in this study the vegetation is
not yet included in the calculation of Tmrt. This limita-
tion may reflect an unrealistic scenario, especially for ru-
ral areas with large green spaces. Another constraint of
this study is that only one site was used for the analysis.
A future perspective could be to implement vegetation in
DCEP–BEM canyons (cf. Mussetti et al. (2020)) and
perform the analysis for additional sites with different
urban structures and sky view factors.

4.2 Effect of human body specification on Tmrt

For the calculation of Tmrt in the SOLWEIG model, the
radiation received by the human body is weighted by
the angular factors (Höppe, 1992; VDI, 1994; Lindberg
et al., 2008). For a cuboid-shaped human, the angular
factors for the radiative fluxes from above or below,
and from the four cardinal directions are 0.06 and 0.22,
respectively (Fanger, 1970). The ratio of the height
and the bottom length of the box can be derived as
0.22/0.06 ≈ 3.67.

In the DCEP–BEM model, the above-mentioned an-
gular factors are not applied. Radiation is considered
from all surrounding surface elements of DCEP–BEM’s
street canyon using the corresponding view factors (see
Figure 12 in Appendix), which are calculated as a func-
tion of the canyon’s morphology and are therefore more
complex. The calculation of the view factors requires the
exact dimensions of the box-shaped human, since the
area of the human surfaces is essential for the calcula-
tion. In this study, the dimensions of the human body
in DCEP–BEM are chosen in such that they most ac-
curately resemble the box-shaped human in SOLWEIG.
The height and width of the human are 1.83 m and 0.5 m,
respectively. The ratio of height and width is 3.66, which
is close to the ratio in the SOLWEIG setting.

Nevertheless, despite that the dimensions of the two
models are comparable, the box shapes in DCEP–BEM
and SOLWEIG are different. In SOLWEIG, Tmrt is
calculated at a height of 1.1 m (or similar) above the
ground, so the box has six surfaces and the bottom sur-
face receives radiation as well. In DCEP–BEM, the hu-
man box is considered standing on the ground, so the
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bottom surface overlaps with the ground. There are only
five surfaces of the box that receive radiation. This dif-
ference leads to an unavoidable discrepancy in the cal-
culation of Tmrt because of the different area sizes. Fur-
ther, not considering the fluxes from below could be the
reason for the underestimation of Tmrt by DCEP–BEM
during the afternoon.

5 Conclusions

This study introduces an implementation of the mean
radiant temperature Tmrt within the coupled mesoscale
climate model CCLM/DCEP–BEM and evaluates that
with results from the radiation model SOLWEIG for an
eight-day summer period in Berlin.

Firstly, the modelled Tmrt of the SOLWEIG model
is validated against field observations with typical sum-
mer conditions in Berlin. The SOLWEIG model shows
a good agreement with the observed shortwave radia-
tion K and Tmrt during the “sun-exposed hours”, yet
the longwave radiation L is underestimated during the
“shaded hours”, resulting in an underestimation of Tmrt.
During the “sun-exposed hours”, the SOLWEIG model
slightly overestimates L resulting in only a small over-
estimation of Tmrt. Secondly, Tmrt simulated with the
DCEP–BEM model is compared with the SOLWEIG
model at the same measurement site on the same day.
Similar to the validation of SOLWEIG, K simulated
with the two models match well with each other. Dur-
ing the “shaded hours”, the DCEP–BEM model pro-
duces higher values of L leading to an overestimation
of Tmrt compared to the SOLWEIG model. In the af-
ternoon hours, the DCEP–BEM model produces no-
ticeably smaller values of L compared with the SOL-
WEIG model, resulting in an underestimation of Tmrt.
With this two-step evaluation, we conclude that the
DCEP–BEM model simulates better L and Tmrt during
“shaded hours” compared to SOLWEIG and slightly un-
derestimates both quantities in the afternoon hours.

Thorsson et al. (2017) applied a threshold value
(60 °C, based on Lee et al. (2013)) of Tmrt for a Ger-
man city for severe heat events, which describes the hot
thermal conditions that may affect human health. Utiliz-
ing the same value to the grid cell where our study site
is located, while SOLWEIG shows maximum values of
Tmrt above the threshold for several hours around noon,
CCLM/DCEP–BEM tends to produce lower values and
is below the threshold.

Even though the spatial resolution of the mesoscale
model CCLM/DCEP–BEM is rather coarse compared to
microclimate models, CCLM/DCEP–BEM captures the
average behaviour of the Tmrt in highly urbanized areas
well while the spatial differences during daytime are not
fully reproduced. This is related to the fact the vege-
tation is not yet included in DCEP-BEM, which could
be the work of future model development. Nonethe-
less, the enhanced DCEP–BEM model is able to sim-
ulate Tmrt at the city scale, which offers future pathways

to dynamically compute human-biometeorological con-
ditions and corresponding indices such as the Physio-
logically Equivalent Temperature (Mayer and Höppe,
1987) for entire urban regions.
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Appendix 1 Mean radiant temperature
in DCEP–BEM

A1.1 Radiation budget on human surfaces

The total incoming shortwave (Kh) and longwave ra-
diation (Lh) on human surfaces (indicated by the sub-
script h) are given by

Kh = S k,↓
h + S k,⇓

h + Ek
h, (5.1)

Lh = S l,↓
h + Hl

h + El
h, (5.2)

with S k,↓
h , S k,⇓

h and S l,↓
h being the incoming diffuse, di-

rect shortwave, and longwave radiation from the sky
onto human surfaces, respectively. The subscript k and l
refer to shortwave and longwave radiation, respectively.
Ek

h and El
h denote the shortwave and longwave radiation

reflected by other urban surfaces within the canyon, and
Hl

h is the emitted longwave radiation from the urban sur-
faces. Here, the unit of radiation on human surfaces is W
to refer to the total amount of the respective radiation on
the combination of surfaces.

A1.1.1 Diffuse shortwave radiation

Figure 12 illustrates the distribution of diffuse radia-
tion from a single-canyon sky element Ss, a ground ele-
ment G, a western Wi and an eastern wall element E j,
and the open canyon sides to a human standing in a
street canyon. Here, the human surfaces consist of five
elements: the human top t, the western (w) and east-
ern (e) human body elements orienting parallel to the
buildings, and the human front and back elements (both
indicated as f) facing along the canyon orientation. Note
that similar to the specifications for the western and east-
ern sides, it follows the definition in (Schubert, 2013),
which represents the left and right sides of the human
body, respectively.
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(a) Radiation from a single-canyon sky element Ss to a human body
on the road surface. Five human surface elements (human top t, west
human body w, east human body e, and two human front elements
f) receive this radiation.

(b) Radiation from a ground element G to a human body on the road
surface. The human top element does not receive any radiation from
the ground.
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(c) Radiation from a western Wi and an eastern wall element E j to
a human body on the road surface. Each wall element only emits
radiation onto the human top t, the human front elements f, and the
human body on that side. Note that the human top only receive the
radiation from wall elements that are above its level.

(d) Radiation from the open canyon sides to a human body on
the road surface. The receiving way follows the wall element in
Figure 12c.

Figure 12: Distribution of diffuse radiation from urban surface elements onto a human body in the canyon. The shaded areas denote the
sending surface element and the lines with arrows indicate the direction of radiation.

It is worth mentioning that a surface does not receive
radiation from a surface outside its visible range. For
instance, the human top does not receive any radiation
from the ground (Figure 12b), also, it receives radiation
only from the wall elements above (Figure 12c).

A view factor Ψ̃ describes the portion of diffuse ra-
diation from a sending surface element that strikes a re-
ceiving surface element. The view factors are illustrated
as lines with arrows in Figure 12. The sending surface
element includes Ss, G, Wi and E j and the receiving el-
ement refers to the human surface elements involving
t, w, e and f. In Eq. (5.3) to Eq. (5.5), the sending sur-
face is indicated by the indices on the left-hand side of
the arrow in the subscript and the receiving surface is
expressed by the indices on the right-hand side of the
arrow.

The diffuse shortwave radiation striking human sur-
faces comprises of the incoming diffuse shortwave (S k,↓

h ,
Eq. (5.3)) and the reflected shortwave radiation from ur-
ban surfaces (Ek

h, Eq. (5.3)).

S k,↓
h = K↓(AeΨ̃Ss→e + AwΨ̃Ss→w + AtΨ̃Ss→t + 2AfΨ̃Ss→f)

+

n∑
j=1

cK↓(1 − Γ j)
(
AeΨ̃E j→e + AtΨ̃E j→t + 2AfΨ̃E j→f

+AwΨ̃W j→w + AtΨ̃W j→t + 2AfΨ̃W j→f

)
, (5.3)
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Ek
h = αGKG(AeΨ̃G→e + AwΨ̃G→w + 2AfΨ̃G→f)

+

n∑
j=1

αWΓ j

[
KE j(AeΨ̃E j→e + AtΨ̃E j→t + 2AfΨ̃E j→f)

+ KW j(AwΨ̃W j→w + AtΨ̃W j→t + 2AfΨ̃W j→f)
]
. (5.4)

K↓, KG, KE j and KW j are the energy flux of diffuse
downward shortwave radiation on the horizontal sur-
face, incoming shortwave on the urban ground, on the
jth eastern wall and western wall, respectively. The unit
of the radiative flux is W m−2. Here, the view factors are
multiplied by the area of the receiving surface A ([m2]),
which, when further multiplied by the radiation flux
in W m−2, gives the total amount of energy (W) with
respect to the surface. Γ j is the fraction of the wall ele-
ment j that describes the probability for the presence of
the wall element. The factor c ranges from 0 to 1 and en-
sures the conservation of energy within the urban canyon
(Schubert et al., 2012). αG and αW indicate the albedo
of the ground and wall elements, respectively.

The first term in Eq. (5.3) describes the incom-
ing diffuse shortwave radiation from the single-canyon
sky onto human surfaces. Note that the view factors
regarding the human front surface are multiplied by
two, since the human front and back sides are treated
equally due to the infinitely extending canyon. The sec-
ond term summarizes the total energy from the open
canyon side, where the wall elements are absent with
a fraction (1 − Γ j).

In Eq. (5.3), the first term gives the reflected dif-
fuse shortwave radiation from the ground element. The
human top, being parallel to the ground, is not visible
from the ground. Therefore, only the view factors from
the ground to the human body are valid. The second
term sums up diffuse shortwave radiation from the walls.
Note that while the human top and front receive radiative
fluxes from both the eastern and western walls, the east-
ern human body receives fluxes only from the east wall
elements, and the western human body receives those
from the western wall elements only.

A1.1.2 Diffuse longwave radiation

The longwave radiation from the sky S l,↓
h (Eq. (5.5)), the

reflected longwave radiation by other urban surfaces El
h

(Eq. (5.5)), and the emitted longwave radiation from the
urban surfaces Hl

h (Eq. (5.5)) are expressed as:

S l,↓
h = L↓(AeΨ̃Ss→e + AwΨ̃Ss→w + AtΨ̃Ss→t + 2AfΨ̃Ss→f)

+

n∑
j=1

cL↓(1 − Γ j)
(
AeΨ̃E j→e + AtΨ̃E j→t + 2AfΨ̃E j→f

+AwΨ̃W j→w + AtΨ̃W j→t + 2AfΨ̃W j→f

)
, (5.5)

El
h = (1 − εG)LG(AeΨ̃G→e + AwΨ̃G→w + 2AfΨ̃G→f)

+

n∑
j=1

(1 − εW)Γ j

[
LE j (AeΨ̃E j→e + AtΨ̃E j→t

+ 2AfΨ̃E j→f)

+ LW j(AwΨ̃W j→w + AtΨ̃W j→t + 2AfΨ̃W j→f)
]
, (5.6)

Hl
h = εGσT 4

G(AeΨ̃G→e + AwΨ̃G→w + 2AfΨ̃G→f)+

+

n∑
j=1

εWσΓ j

[
T 4

E j(AeΨ̃E j→e + AtΨ̃E j→t + 2AfΨ̃E j→f)

+ T 4
W j(AwΨ̃W j→w + AtΨ̃W j→t + 2AfΨ̃W j→f)

]
. (5.7)

L↓, LG, LE j and LW j are the energy fluxes of dif-
fuse longwave radiation on the horizontal surface, in-
coming longwave on the urban ground, and on jth east
wall and west wall, respectively. Based on the Lamber-
tian scatterer, the diffuse longwave radiation is treated in
the same way as the diffuse shortwave. The only differ-
ences are the longwave emissivities (εG for the ground
and εW for the wall) and the additional term Hl

h, which
describes the emitted longwave radiation due to sur-
face temperature with the Stefan-Boltzmann constant σ.
TG, TEj and TWj denote the ground and wall tempera-
tures.

A1.1.3 Direct shortwave radiation

This section introduces the detailed calculation of the
direct radiation falling on the human surfaces based on
the orientation of the surfaces. In Figure 13a, the de-
piction of the solar azimuth angle (ϕ) and the street an-
gle (ζ) are slightly modified from Figure 3.7 in Schu-
bert (2013). Both angles start from the north direction.
Following Schubert (2013), the angle between the sun
beam and the street direction is given by

χ1 = min[ϕ − ζ, 180 ° − (ϕ − ζ)]. (5.8)

Here, χ1 ≤ 90° because it is used to calculate the beam
projection on urban surfaces.

In DCEP–BEM, the human body is positioned paral-
lel to the buildings, the angle between the sun direction
and the human side denoted by the length of l is also χ1
(Figure 13b). Analogously, the angle between the sun
beam and the front side of the human body noted by the
human width w then follows:

χ2 = 90 ° − χ1. (5.9)

The incoming direct shortwave radiation S k,⇓
h is de-

fined in DCEP–BEM as the sum of the solar radiation
that reaches the human surfaces, which consist of a hu-
man top surface t, two human side surfaces e and w, and
two human front surfaces f.

The human side surfaces are parallel to the build-
ings, hence, the total incoming direct shortwave radia-
tion reaching the human sides (in W) is expressed as

Ke/w = Ae/wK⇓ |sin χ1| tan Z, (5.10)
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(a) Geometry of the the solar azimuth angle (ψ) and the street
angle (ζ).

(b) The sun beam area A and its projections on the human body
standing in the street canyon. A′ and A′′ denote the projected area
on the human body. w and l indicate the width and length of the
human body. χ1 and χ2 represent the angle between the sun beam
and the respective human side surfaces.

Figure 13: Calculation and influence of the angle between the street direction and sun beams.

with Z being the zenith angle of the sun and K⇓ being the
direct shortwave radiation relative to a horizontal sur-
face. Analogously, the incoming direct shortwave radia-
tion on the human front side is given by

Kf = AfK
⇓ |sin χ2| tan Z. (5.11)

As the human top is orientated horizontally, it receives
full radiation regardless of the zenith angle.

Kt = AtK
⇓. (5.12)

The above-mentioned shortwave components are
without shade. The shading is incorporated in the next
paragraph.

A1.2 Shadow calculation for human body

This section presents the detailed calculation of the
shadow casting on the human body in the canyon for
six cases (Figure 14). To determine the shadowing case,
the shade distance l which describes the shaded length
on the ground by the building is introduced:

l = zi+ 1
2
|sin χ1| tan Z, (5.13)

where zi+ 1
2

is the building height.

When the shaded area does not reach the human body
(Figure 14a), i.e., c < d1, the human top, one human side

and one front side are exposed to the sun. Thus, the total
direct shortwave on the human body is given by

S k,⇓
h,a = Kt + Ke/w + Kf. (5.14)

When a human stands totally in the shadow (Fig-
ure 14b), no direct solar radiation falls on the human
surfaces.

S k,⇓
h,b = 0. (5.15)

Figure 14c and Figure 14d demonstrate the case that
part of the human side and the total human front side are
exposed to the sun. The shaded distance on the human
side is denoted as a in both figures and is given by

a =
l − d1

tan Z
. (5.16)

However, the sunlit area As on the human front side
is different between Figure 14c and Figure 14d. In Fig-
ure 14c, the shaded area on the human front is a triangle,
thus,

Ac
s = hw − 1

2
a(l − d1), (5.17)

where h and w are the height and width of the human
body.
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(d) Part of the human side is sunlit and
the shaded area of the human front is a
trapezoid.

(e) Part of the human top is sunlit and the
sunlit area of the human front is a triangle.

(f) Part of the human top is sunlit and the
sunlit area of the human front is a trapezoid.

Figure 14: Shadow calculation of direct solar radiation in a single canyon. a and l are the helper variables denoting the shaded distance
on the human side and on the ground. b denotes the fraction of the sunlit distance on the human top. d1 denotes the distance between one
human side and the wall on the same side. The actual shaded area is depicted in grey. As indicates the sunlit area on a human body.

In Figure 14d, the shaded area on the human front
increases to a trapezoid.

Ad
s = hw − 1

2
w

(
l − d1 − w

tan Z
+ a

)
, (5.18)

Therefore, for cases (c) and (d) the total direct solar
radiation on the human surfaces is given by

S k,⇓
h,c/d = Kt +

h − a
h

Ke/w +
Ac/d

s

hw
Kf. (5.19)

When the sun only reaches part of the human top
(Figure 14e and Figure 14f), the human sides are in the
shade. The sunlit length b on the human top is given by

b = w − [(c − d1) tan Z − h
]

tan Z. (5.20)

The sunlit area at the human front in case (e) is ex-
pressed as

Ae
s =

1
2

b

(
h − l − d1 − w

tan Z

)
, (5.21)

and in case (f) is

Af
s =

1
2

h
[
b + (d1 + w − l)

]
. (5.22)

Consequently, the total direct solar radiation on the hu-
man surfaces is given by

S k,⇓
h,e/f =

b
w

Kt +
Ae/f

s

hw
Kf. (5.23)

A1.3 Mean radiant temperature

Mean radiant flux density (S str, unit W m−2) summarizes
the total shortwave and longwave radiation from all
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directions on the human surfaces and is given by

S str =
ξhKh + εhLh

Ah
, (5.24)

where ξh and εh are the absorption coefficient for short-
wave radiation and the emissivity for longwave radiation
of the human body, respectively. Ah is the total area of
the human surface in m2.

Furthermore, the Tmrt is given by

Tmrt =

(
S str

εhσ

)0.25

, (5.25)

with σ being the Stefan-Boltzmann constant (σ =

5.67 × 10−8 W m−2 K−4).

A1.4 Model configurations

Table 6: Summary of the model configurations of the four simula-
tions.

SOLWEIG_O SOLWEIG_D DCEP_CTL DCEP_STD

Domain size 240×240 240×240 195×195 195×195

Grid spacing 5 m 5 m 1 km 1 km

Calculation
timestep

1 minute 1 minute 10 seconds 10 seconds

Output
timestep

1 minute 10 minutes 10 minutes 10 minutes
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