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Abstract
The urban climate is a modified boundary layer climate that is directly and indirectly influenced by anthropo-
genic activity and characterized by phenomena such as urban warming, reduced evapotranspiration, and
increased emission of pollutants. As more than half of the global population is urban and the impacts
of climate change will increase pressure on cities, a thorough understanding of the urban climate-related
processes and phenomena is of vital importance. The present contribution gives a contemporary overview
of the characteristics and phenomena of the urban climate addressed to non-specialists in the field. Starting
with an analysis of the general differences between large cities and their surrounding environments, important
aspects such as the radiation, energy and water balance as well as the temperature distribution in cities are
presented in detail. Additionally, the situation of urban air quality and human–biometeorological aspects are
described and the impact of climate change are addressed. Finally effective local adaptation and mitigation
measures to reduce urban warming and flooding due to heavy rainfall are discussed.

Keywords: Urban climate, urban meteorology, urban ecosystem, global climate change

1 Introduction

Urban climatology is a subject of the research field ‘Ap-
plied Climatology and Environmental Meteorology’ and
deals with the energetic, dynamic and material interac-
tions between the near-surface atmosphere and the urban
environment on the micro- and mesoscale. Cities show
characteristic thermal, hydrological and airflow modifi-
cations in comparison to their surroundings depending
on their morphology, the allocation and mixture of nat-
ural and built-up areas, the degree of sealing, the emis-
sion of heat, water, air pollutants and greenhouse gases
as well as the prevailing weather type. The geographical
location and the socio-economic conditions of a country
also directly or indirectly influence the cities’ climate.

Urban climatology deals with the spatio-temporal
analysis and prediction of the local climate and air qual-
ity as well as the influence on urban inhabitants, e.g.,
by analysing the human–biometeorological impact. Ur-
ban climate effects appear worldwide to very different
degrees and are influenced by and embedded in the re-
gional background climate. This justifies a distinction
between different types of urban climates, such as those
in coastal, mountainous or lowland locations. To take
this variation into account, the plural “urban climates” is
sometimes used instead of speaking of “urban climate”
in general terms (e.g., Oke et al., 2017).
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This paper presents a contemporary overview of the
characteristics and phenomena of the urban climate ad-
dressed to non-specialists in the field. Given the grand
challenges of worldwide urbanisation and the increas-
ing pressure on cities due to climate change, many ap-
plied working fields such as urban planning and urban
mobility will benefit from a better knowledge of urban
climate effects. This may help to better take into ac-
count certain trade-offs between aspects in their own
working fields and urban climate related effects. An in-
depth overview of the methodological aspects of urban
climate data acquisition such as field (stationary and mo-
bile) observations (e.g. Foken, 2021), physical (wind
tunnel) modelling (e.g. Cermak et al., 1995) and numer-
ical modelling (e.g. Gross and Etling, 2003, Masson
et al., 2020a, b; Sharma et al., 2021) will not be explic-
itly given. Nevertheless, their results are vital for the
qualitative and quantitative description of urban climate
conditions. The majority of observation results of urban
climate effects may not be from large networks spanning
entire urban areas (e.g., Rotach et al., 2005; Scherer
et al., 2019) but from single or multiple sites that are in-
stalled for project-specific research purposes. Although
results from these single-point observations are not gen-
erally transferable to other cities/sites they very often de-
pict processes and patterns that are valid in other cities
under similar conditions, e.g., site characteristics.

Urban meteorology is to be distinguished from ur-
ban climatology. The former is used when, for example,
studies look into short-term physical, chemical, and bi-
ological processes or forecast urban weather or air qual-
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Table 1: Structural and climatic differences between sealed urban and flat, natural surrounding areas (generalized data for an example central
European city).

Parameter Typical modifications compared to the surrounding area

Surface “3D” city versus “2D” hinterland; thus increase of urban surface; in addition, strong horizontal and vertical sealing

Material/subsoil High material density, thermal conductivity and heat capacity (“storage capacity”); due to sealing: altered water
balance (runoff increase, evaporation restriction), lower cooling due to reduced latent heat flux, loss of natural
cold-air formation areas

Radiation Impairment of all radiation balance elements depending on the respective reflectance and emissivity; influence of
the geometry of the street canyons (house heights/street width ratio) on radiation transport (including
UV-radiation); increased long-wave radiation L↑ due to higher surface temperatures, lower effective radiation in
narrow streets

Energy balance Sensible turbulent heat flux QH higher than latent heat flux QE , thus higher air temperature; additional emission of
“anthropogenic heat” QF by industry, commerce, building air conditioning, motor vehicles, human metabolism

Temperature Higher surface temperature during the day and at night as well as higher air temperature with formation of
corresponding heat islands (UHI) especially at night

Air humidity Lower due to reduced rainwater infiltration and limited evapotranspiration; higher in individual cases, however,
depending on weather conditions (UME = urban moisture excess); lower number of foggy days

Precipitation Case-by-case increase in rainfall downwind of cities; reduction in the number of snow days and the frequency and
quantity of dewfall

Wind Decrease in wind speed, thus reduced air exchange; increase in gustiness and turbulence intensity (direction and
speed) at or near building edges; jet effects in street canyons

Air pollutants Predominantly higher concentrations (solid, liquid, gaseous) due to emissions from motor vehicles, commerce,
industry, domestic heating; filtering and absorption function of gaseous and particulate air pollutants by vegetation;
emission of biogenic hydrocarbons (BVOC) from certain plants as ozone precursor gases; strong release of
greenhouse gases (H2Ogas, CO2, CH4, etc.)

Impact on humans Increased due to higher summer heat, day and night (e.g. heatwaves); generally higher noise pollution and poorer
air quality

ity. Both can differ significantly from the surrounding
area due to building development and the emission of
heat and air pollutants. As an early warning system, one
will want to rely on small-scale potential disaster fore-
casts, such as flooding as a result of a local heavy precip-
itation event, heavy fog, heat waves or air pollution that
exceeds threshold values (e.g., Baklanov et al., 2018;
Grimmond et al., 2015). In practice, conceptual distinc-
tions between urban climatology and urban meteorology
are often not drawn, but often used synonymously. The
focus of this paper will be less on addressing the prob-
lems of urban meteorology but on those of urban clima-
tology, the latter discipline being dedicated to the statis-
tics of the measured variables and their quantitative de-
scription.

2 Characteristics of the urban climate

In this paper, characteristic differences in climate and
air quality between a city and its rural environment are
explained, mainly using examples of large cities in the
mid-latitudes. Unless otherwise specified, the surround-
ing area is taken to be the area around a city that, for
comparative purposes, reflects the regional background

climate of the region. Generally, urban areas may be dis-
tinguished from their surrounding by urban overheating,
i.e. by higher surface and air temperatures (cf. Table 1).

The mean urban wind speed is significantly reduced
by the urban fabric and its roughness objects, resulting
in a reduction of air mass exchange within the city as
well as with the surrounding countryside. As a result, the
nocturnal cooling and a removal of airborne pollutants
are usually limited. However, wind gusts characterized
by considerable fluctuation of wind direction and speed
can be caused by the urban fabric, especially at building
edges (corners, roofs, etc.).

With some exceptions, absolute humidity in cities
generally has lower values than in the rural area. This oc-
curs mainly due to the fact that, in the case of heavy seal-
ing, the precipitation water is not only drained quickly,
but usually also protected against evaporation in canal
systems running underground. The much higher number
of foggy days per year observed decades ago, especially
in industrial regions, has greatly decreased due to the
improvement of air quality and also as a result of the
increase in urban overheating (Vautard et al., 2009).

The urban climatic characteristics are particularly
pronounced during so-called “autochthonous” weather
conditions. This is characterized by strong daytime inso-
lation, weak winds and stable atmospheric stratification



Meteorol. Z. (Contrib. Atm. Sci.)
Early Access Article, 2023

W. Kuttler & S. Weber: Urban climate phenomena 3

during the night. In winter such conditions are occasion-
ally accompanied by surface fog or elevated fog.

2.1 Characteristics of the urban morphology

The three-dimensional urban fabric significantly influ-
ences aerodynamic, thermal, hydrological as well as air-
pollution conditions. To characterize the morphological
properties of the urban area, different parameters are
considered. These include urban cover, length scales and
urban structures. Details of the most commonly used
metrics are given in Fig. 1 and Table 2.

In addition to the canyon aspect ratio, λs, the sky
view factor (ψsky) is used. The latter index represents
a measure of the proportion of the restriction to the
maximum possible unobstructed sky view. Thus, with

ψsky = 0 (
∧
= 0 % unobstructed view) and with ψsky = 1.0

(
∧
= 100 % unobstructed view), appropriate constraints

are set. Finally, the increase and arrangement of build-
ings (2D→ 3D) in combination with the different ther-
mal behaviour of urban compared to natural materials
(cf. Chapter 5) modifies the climatic conditions in urban
areas.

To analyse the climate of a city, representative land-
use and urban structure types were defined. For such
a classification, the term “climatope” (VDI RL 3787
Part 9) was first used in Germany, later also in Japan. A
climatope is defined as an “area with similar microcli-
matic characteristics”, which is given by aerodynamic
surface roughness, the topographical setting as well as
the type of land-use (VDI RL 3787 Part 1, p. 4).

The climatope classification is based on land-use
type boundaries and the analysis of some represen-
tative measurements, hence giving a qualifying rather
than quantifying definition. On an international level
the latter is done by using land-use types (“land-
scape series”), which are determined by corresponding
structural-physical indicators and thus represent a more
precise means of area delimitation.

Appropriately employed properties include, ψsky, λi,
mean flow obstacle height (z), surface albedo (αd), heat
transfer coefficient of surface materials (α), and anthro-
pogenic heat flux (QF). Stewart and Oke (2012) use a
selection of these properties to objectify their classifica-
tion as so-called “local climate zones” (LCZs). The LCZ
classification distinguishes 10 types of built-up areas
(from “compact highrise” to “open midrise” to “heavy
industry”) and seven undeveloped surface cover types
(from “dense trees” to “low plants” to “water”). The
LCZs have been used in a wide range of urban climate
studies, including urban heat island analysis, and are
characterized by extensive applicability in cities of dif-
ferent geographic contexts.

For example, the WUDAPT initiative (Worlds Urban
Database and Access Portal Tools) uses the LCZ for the
standardised description of urban morphology to sup-
port a unified urban geodata platform that can be used
in urban climate model studies and analyses worldwide
(Demuzere et al., 2021).

To capture and quantitatively describe the city, in
addition to the micro-scale structural parameters men-
tioned in Figure 1 and Table 1, urban shape (“city size”),
fractal dimension, which determines the compactness of
a city, and anisometry are also used. The latter provides
information about the extent of a city based on the cal-
culation of the eccentricity (major to minor axis of an
ellipse; Zhou et al., 2017). Generally, there is a growing
need for high-resolution information on urban structure
and morphology, e.g. for implementation in numerical
models. A recent discussion on that topic is provided by
Masson et al. (2020b).

2.2 Empirical estimation of urban climatic
parameters

Urban climate and air pollution parameters measured in
cities are basically to be understood as composite val-
ues (W), which consist of at least three individual com-
ponents (H, T, U) (Lowry, 1977). These are a global
climatic component determined by the large-scale ge-
ographic location and referred to as the background
value (H), a regional component determined by topogra-
phy and defined by surface form and land use (topogra-
phy value T), and the influence attributable to the degree
of urbanization (urbanization value U).

In Eq. (2.1) these terms are summarised:

Witx = Hitx + Titx + Uitx (2.1)

with i = weather type, t = time of measurement, and
x = location of the measurement site in the urban area.

In order to prove that the influence exclusively occurs
due to urbanization, it would be necessary to compare
current climate and air quality data with pre-urban ob-
servations for comparable weather conditions (so-called
“before/after comparison”). However, such a procedure
is hardly possible, since measurement data going back to
the time before a city was founded and collected at the
same location are usually not available. A well-known
exception is probably the measurement series of the city
of Columbia, Maryland, USA, for which continuous cli-
mate data recording already exists from the time before
the city was founded. Since the data accompanied the
city growth over years, a time- and thus size-dependent
change of different urban climate parameters could be
proven (Landsberg, 1979). Apart from such very rare
exceptions, it is usually necessary to determine urban in-
fluences by other means. The following approaches are
used:

• comparative measurements (pre-urban/urban) using
urban models such as wind tunnel or numerical sim-
ulation,

• regression analysis for individual climate quantities
as a function of the temporal development of the size
of an urban area or, alternatively, of its number of
inhabitants, or
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Figure 1: Parameters used to describe urban cover, length scales and urban structure (source: Oke et al., 2017).

Table 2: Explanation of the parameters of Fig. 1.

Urban cover Length scales Urban structure

a)
λb =

Ab
AT

λb = plan area fractions of buildings

Ab = plan area of buildings

AT = plan area of total surfaces

d)
H = building height

L = building length

g)
λfloor =

Afloor
AT

λfloor = floor space ratio

Afloor = floor space

AT = plan area of total surfaces

b)
λv =

Av
AT

λv = plan area fractions of vegetation

Av = plan area of vegetation

AT = plan area of total surfaces

e)
D = distance between building

centroids

h)
λc =

Ac
AT

λc = complete aspect ratio

Ac = complete surface area

AT = plan area of total surfaces

c)
λi =

Ai
AT

λi = plan area fractions of impervious
ground

Ai = plan area of impervious ground

AT = plan area of total surfaces

f)
λs = H

W

λs = canyon aspect ratio

H = building height

W = canyon width

i)
λf =

Af
AT

λf = frontal area aspect ratio

Af = frontal area

AT = plan area of total surfaces
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• stationary/mobile measurements in urban and rural
areas, where the comparison of the data is used to
draw conclusions about the urban climate influence.
Here, the correct placement of measuring stations
both within the city and in the surrounding area is im-
portant, since the urban climate effect to be demon-
strated depends to a considerable extent on the loca-
tion of the measuring devices and the subsurface con-
ditions (details on this, e.g., in Kuttler et al., 2015;
VDI RL 3785, Part 1, 2; VDI RL 3787, Part 2, 9),

• measurements during “upwind-downwind situa-
tions” or to determine “weekday-weekend differ-
ences” (e.g., Oke et al., 2017). These approaches are
mainly used in urban air quality studies.

3 Historical aspects

The consideration of climate and air quality of the urban
environment reaches back relatively far in history. Thus,
about 2000 years ago, it was probably the Indians and
Romans who first addressed the problem of overheat-
ing and air pollution in their burgeoning urban settle-
ments (see, e.g., Neumann, 1979; Yoshino, 1990/91).
The work of the Roman architect and civil engineer Mar-
cus Vitruvius (75 B.C.–26 B.C.) compiled in “De Ar-
chitectura libri decem” (“Ten Books on Architecture”)
summarizes the knowledge of the time about the design
and structure of buildings and cities, with references to
local climate and air quality. He gave the first indica-
tions of early urban planning, which was groundbreak-
ing for the time (Fensterbusch, 1991). Significant at-
tention to urban climatic and especially air-quality prob-
lems was given to the growing cities of the Middle Ages
and modern times. London, for example, can be consid-
ered a prime example of a city with severe air pollution
and resulting serious health problems among the pop-
ulation (Evelyn, 1661). Furthermore, a detailed study
of the climate of London was carried out by Howard
(1818).

In Paris, it was Emilien Renou (1815–1902) who
took up the problem of reduced evening cooling of the
urban fabric for which the term “Urban Heat Island”
(UHI) was introduced later (obviously by Balchin and
Pye, 1947).

Similar to the analysis of the urban climate, pioneer-
ing studies on the chemistry of the urban atmosphere
were conducted as early as the end of the 19th century. In
his 600-pages book “Air and Rain – The Beginnings of
a Chemical Climatology”, Robert Angus Smith (Smith,
1872) published detailed results of chemical analyses of
urban air and precipitation quality (Smith is also known
as the “Father of the Acid Rain”).

A further development was the systematic research
of partial aspects of the urban climate, which was ini-
tiated at the end of the 19th century mainly by Ger-
man and Austrian scientists, such as Gustav Hellmann,
August Schmauss and Julius Hann (e.g., Hann, 1885).
The interest for an overall climatic synoptic analysis of

Figure 2: Results of an evening air temperature measurement in the
Karlsruhe city area on 23 July 1929 (19:30–21:00, source: Peppler,
1930).

cities increased at that time. First works on this subject
were presented on Berlin (Behre, 1908) and Stuttgart
(Knauss, 1901).

In addition to the purely scientific interest in ur-
ban climatology, applied-oriented urban planning ex-
perienced a strong upswing at the beginning of the
20th century, as impressively demonstrated by the pub-
lication of Karl Kassner with his paper “Die meteorolo-
gischen Grundlagen des Städtebaus” (Kassner, 1910),
which was groundbreaking for the time.

An absolute innovation with regard to the inventory
of methods used was represented by mobile measure-
ments by means of motor vehicles first carried out by
Wilhelm Schmidt in Vienna in 1927 (Schmidt, 1930)
and by Albert Peppler in Karlsruhe in 1929 (Peppler,
1930). Both recorded the horizontal distribution of air
temperature inside and outside a city (Fig. 2). This was
the step from single point to spatially distributed mea-
surements and also a first step towards horizontal urban
air temperature distributions.

The multitude of international publications gradually
prepared the ground for a first monograph on urban cli-
mate, presented as a dissertation by the German Bene-
dictine priest Albert Kratzer in 1937. In the second edi-
tion of his book, he devoted himself to the problem of air
quality in cities, in addition to changes in meteorological
quantities (Kratzer, 1956).

Bioclimate research related to humans, nowadays
called human-biometeorology, was systematically ad-
vanced in the middle of the 20th century. Among oth-
ers, Weickmann et al. (1952) as well as F. Steinhauser,
O. Eckel and F. Sauberer (e.g., Steinhauser et al.,
1955, 1957, 1959) were involved. Decades later, an
exemplary first “applied-oriented climatography” (“cli-
mate atlas”) was prepared for the city of Vienna (Auer
et al., 1989). The Metropolitan Meteorological Exper-
iment (METROMEX) conducted in St. Louis, Mis-
souri, USA, between 1971 and 1975 represents a ma-
jor advance in the understanding of urban influences on
precipitation patterns. As a result, both precipitation-
increasing and thunderstorm-frequency-enhancing ur-
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Table 3: Progress of urban climate research in the 20th/21st century (sources: Yoshino, 1990/91; Oke et al., 2017; supplemented and
modified).

Early to mid-20th century

Predominantly descriptive climatographies of individual cities mid to late 20th century (e.g., Hupfer and Chmielewski, 1990 for Berlin)

Stormy development of urban climatology documented in numerous bibliographies, e.g., first annotated bibliographies on urban
climatology (e.g., Brooks, 1952; Chandler, 1970; Oke, 1974, 1979)

Refinement and improvement of measuring instruments allowed better methodological differentiation of and stronger analytical approach
to urban climate studies

Three-dimensional recording of climatic and air-hygienic parameters in the urban boundary layer

Increased use of remote sensing methods, numerical simulations and wind tunnel analysis

Preparation of urban climate maps, introduction of the term “climatope” (in Germany); emergence of urban climate atlases
(Ren et al., 2011)

Analysis of urban precipitation

Qualitative and quantitative analysis of anthropogenic heat (industry, building heating, motor vehicle traffic, metabolic heat)

Classification of urban heat islands (subsurface, surface, atmospheric)

Increased implementation of urban climate analyses also in developing countries

Emergence of various bilingual guidelines of the Association of German Engineers (VDI RL) in the field of “environmental meteorology”

Process-oriented work on urban exchange processes (flux density measurements of meteorological quantities and air pollutants using the
eddy covariance method)

Expansion of human-biometeorological research; creation of indicators for the thermal impact (e.g. PET, pt, UTCI); definition of limit
values for the air-hygienic impact complex

Late 20th century / early 21st century

Urban climate and global climate change: mitigation and adaptation strategies for cities

Increased emergence of spatially high-resolution numerical models for urban meteorological forecasts (e.g., URBMET = Urban
Meteorology, Bornstein, 1975; TEB = Town Energy Balance model, Masson et al., 2002; ENVIMET = Environmental Meteorology,
Bruse, 1998; and the Parallelized LES Model PALM for urban application (PALM-4U; Raasch and Schröter, 2001; Scherer et al.,
2019) based on the Large Eddy Simulation LES). For a brief recent overview on urban microscale and mesoscale models the reader is
referred to Masson et al. (2020a) and Hamdi et al. (2020).

ban effects were identified (Changnon, 1981). In the
tropics/subtropics (Malaysia), Sani Sham in the 1970s
(Sham, 1979, 1990), Ernesto Jauregui in Mexico (Jau-
regui, 1973), and the research group led by Matsumoto
Moriyama of Japan (Moriyama, 1988) were among
those who have explicitly addressed urban climate. For
example, Moriyama introduced the urban climate plan-
ning aspect (“Climate Atlases for Cities”) in Japan, fol-
lowing the German methodology. Nearly three decades
after Albert Kratzer’s dissertation, Helmut Landsberg’s
“The Urban Climate” in the 1980s presented another
monograph on the subject in line with the state of knowl-
edge at the time (Landsberg, 1981). In many places, the
urban planning factor played an increasingly important
role in application-oriented urban climate research, as
evidenced by corresponding publications such as “Air
Quality and Climate – A Handbook for Urban and
Regional Planning” (Schirmer et al., 1993) and “Ur-
ban Climate and Air Pollution Control” (Helbig et al.,
1999).

Against the background of the increased occurrence
of smog episodes in some industrial areas of Central
Europe (and also North America), especially since the

mid-20th century the aspect of the “London Smog” and
later the photochemical smog (“Los Angeles Type”), re-
ceived more attention in the “air pollution climatology”
(Kuttler, 1979a, b).

In particular, the work of Timothy R. Oke and the
research he initiated in the second half of the 20th cen-
tury pioneered the knowledge of urban climatology. The
wealth of individual publications formed the basis for
an outstanding textbook on urban climates written with
other colleagues in the field (Oke et al., 2017). Individ-
ual projects, such as the one on “Urban Climate Bavaria”
(Mayer, 1988), the Basel Urban Boundary Layer Ex-
periment (BUBBLE, Rotach et al., 2005), CAPITOUL
in Toulouse (Masson et al., 2008), URBAN 2003 (All-
wine et al., 2004), and 3-DO in Berlin (Scherer et al.,
2019) led to a better understanding, especially of the
three-dimensional complex processes occurring within
the urban atmosphere (see also Table 3).

Since the 1970/80s, human-biometeorological re-
search has significantly progressed. This is because pre-
viously existing, less meaningful indicators based purely
on physical principles have been replaced by much more
suitable standards of effectiveness that not only take
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into account the physiological processes of the human
body as a function of different stress conditions but can
also vary different levels of clothing (e.g., Jendritzky
et al., 1979; Mayer and Höppe, 1987). In light of the
widespread use of increasingly sophisticated station-
ary [e.g., crowdsourcing (Chapman et al., 2016, Meier
et al., 2017, Droste et al., 2020)] and mobile measure-
ment technologies [e.g., drones, UAV (Naughton and
McDonald, 2019; Smith et al., 2021)], the advance-
ment of numerical-mathematical and physical modelling
(wind tunnel), and the improvement of satellite measure-
ments, applied urban climatology as a practice-oriented
subdiscipline increasingly emerged. In Germany, for ex-
ample, applied-oriented results have not only been re-
flected in a multitude of publications, but also find their
way into German legal regulations as well as into var-
ious practice-oriented, bilingually published guidelines
of the Association of German Engineers (VDI), in par-
ticular in the guidelines on environmental meteorology
(e.g., VDI 3785, 3787, 3789, each with numerous parts).

Especially in times of global climate change, not only
the fundamental research, but particularly the applied ur-
ban climate research is of vital importance. However, it
is still under debate in how far results from scientific
studies (mainly in English) address the needs of munic-
ipal/local authorities. Practice even shows that the hur-
dle to using and understanding non-native scientific texts
may still be rather high for institutions in applied urban
planning.

4 Structure of the urban atmosphere

The complexity of the urban fabric, given by the three-
dimensional structure of the built-up area, leads to char-
acteristic effects on the vertical structure of the lower at-
mosphere, defined as the urban boundary layer (UBL).
Under the condition of cloudless, dry (autochthonous)
weather, this layer can reach a height of 1 km to 2 km
and is separated from the troposphere by a capping in-
version. The vertical structure of the UBL can be subdi-
vided as follows:

There are two main layers, the upper one (mixing
layer), which is characterized by thermal turbulence
(around 90 % of the total urban boundary layer) and the
lower section (surface layer), which is more strongly in-
fluenced by mechanical turbulence (surface roughness)
and only takes up about 10 % of the total thickness
(Christen, 2019; Fig. 3).

In the surface layer, the flux densities of momen-
tum, heat and humidity are considered quasi-constant
with height. Here, mechanical turbulence predominates
due to friction. Depending on the building structure, the
surface layer can be subdivided into an urban canopy
layer (UCL) extending from the Earth’s surface to the
average building height followed by the urban rough-
ness sublayer (URS) and the inertial sublayer. While the
flow conditions in the UCL are influenced by individ-
ual buildings and the structure of street canyons, for the

Figure 3: Modification of the planetary boundary layer by a city
(strongly generalised; source: Oke, 1997, cited in Kuttler, 2013,
modified).

URS the influence of entire groups of buildings or city
quarters is decisive. In the inertial sublayer the flow is
in equilibrium with the urban roughness so that turbu-
lence is ‘quasi-homogeneous’. Depending on the wind
direction, the airflow in both layers is determined by ad-
vection and varying degrees of mechanical and thermal
turbulence (gustiness), the causes of which can be seen
in the position, size and distance of individual buildings
from each other as well as their thermal properties, e.g.
as expressed by ψsky (cf. Section 2.1).

The vertical structure of the urban atmosphere is
modified by the prevailing wind direction and speed. By
this, their height in the wind direction depends on the
roughness differences between the surrounding area and
the city, depending on the strength of the interactions
with the underlying layer.

Ideally, UBL height reaches a maximum above the
city and adjusts to the rural surface conditions beyond
the urban boundaries. However, above the rural bound-
ary layer, the urban plume can persist for several kilome-
ters under appropriate wind conditions and, depending
on turbulence, reach the ground before it finally dissi-
pates. In some cases, this may impact rural air quality
downwind of urban areas due to the transport of urban
air pollutants.

The urban atmospheric stratification is characterized
by (slightly) unstable conditions during the day, but
by rather neutral or slightly stable conditions at night
(Christen and Vogt, 2004; Weber and Kordowski,
2010).

These results show that the UBL, especially during
the day, but also at night, often has a larger mixing vol-
ume than the rural boundary layer. Hence, air pollutants
can be more strongly dispersed within an urban area.
The maximum height of the mixing layer depends not
only on the intensity of solar radiation, but also on soil
moisture (because of its influence on heat transport) and,
of course, on the time of year (Fig. 4, Marley et al.,
2021).
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Figure 4: Diurnal variation of mixing layer heights in sum-
mer and winter over Vienna (calculated from ceilometer data
07/2013–06/2014; source: Lotteraner and Piringer, 2016; modi-
fied).

The atmospheric exchange in the city is reduced
compared to the surrounding area due to the usually sig-
nificantly lower wind speed within the urban roughness
layer, which can favour the accumulation of airborne
pollutants and heat. However, individual roughness el-
ements can promote directional and velocity gustiness
as well as increased turbulence intensity due to the for-
mation of edge and wake vortices. Although locally this
leads to a more effective mixing of the air, it can also
cause high wind speeds, which are associated with re-
duced wind comfort (e.g., VDL RL 3787, Part 4).

Because cities are warmer than their surrounding ar-
eas (see Section 5.1), thermal circulations can develop
between the city and the surrounding area during clear
and calm weather conditions. Because of its thermal ori-
gin, the flow is known as Urban Heat Island Circulation
(UHIC). This microscale, ground-level, converging flow
occurs intermittently with low wind speeds (< 2 m/s)
and penetrates from the surrounding area into an ur-
ban body – but only under optimal conditions. In ur-
ban areas, the wind speed can be occasionally higher
(Dütemeyer, 2000). However, the penetration depth of
this weak flow is not only dependent on meteorological
conditions, but also in particular on the design of cor-
responding low roughness airflow paths, which, among
other characteristics, should have only very low rough-
ness lengths (zo) and displacement-layer heights (do)
(Mayer et al., 1994, Grunwald et al., 2019). In the up-
per part of the UBL, a correspondingly divergent flow
from the city to the surrounding area exists. The hor-
izontal extent of this wind system can be much larger
than the city diameter (Hidalgo et al., 2008). Often
clouds are generated by this wind system over the city
(Theeuwes et al., 2022). The concept is outlined in
Fig. 5.

5 Urban radiation and energy balance

The urban energy balance is influenced by the geograph-
ical location of a city on the macro-scale, by their size,

structure and emission of pollutants on the meso-scale
as well as by material and surface properties on the
micro-scale. Furthermore, the prevailing weather condi-
tions have a major influence. For example, urban climate
phenomena can be particularly pronounced during clear
and calm weather.

5.1 Radiation balance

The simplified radiation balance (Q∗) for the ground
surface (with no storage capacity) and not affected by
advection is as follows (Eq. (5.1)):

Q∗ = (K↓ + L↓) − (K↑ + L↑) (all in W m− 2) (5.1)

with K↓ = shortwave downward radiation flux density
(direct and diffuse components) and L↓ = long-wave
downward radiation, and the output terms: K↑ = short-
wave upward and L↑ = long-wave upward. According to
the sign convention, flux densities towards the surface
are defined as positive and those directed into the atmo-
sphere as negative.

The shortwave downward flux density (K↓ for wave-
lengths λ ≤ 3, 000 nm), which can be reduced in cities
depending on the degree of atmospheric pollution, also
subsumes UV radiation (295 nm ≤ λ ≤ 385 nm),
which is responsible for the production of vitamin D
in humans. However, exposure to high UV doses may
result in health problems (i.e., sunburn, skin cancer).
The strength of UV radiation is not only dependent on
the zenith angle of the sun and the degree of atmo-
spheric pollution but is also influenced by the orienta-
tion of urban street canyons and ψsky (Wright et al.,
2020). Hence, urban UV radiation can be reduced by up
to 60 %, also due to the limited surface reflection of UV
(Seckmeyer and Schrempf, 2018).

The albedo (αd) differs on average only slightly be-
tween a city and its surrounding area. A lower urban
αd,urb value, however, can occur in winter, when snow
and ice thaw more quickly in the warmer urban fabric.

The long-wave radiation flux densities (L↓, L↑) are
determined by the temperature of the atmosphere (de-
pending on the concentration of greenhouse gases) and
the surface and the corresponding emissivities (ε).

The longwave upward radiation flux density L↑ is de-
termined by the surface temperature Ts, the surface ε
as well as by ψsky. Due to variation of the three-
dimensional urban surface and the reflection of atmo-
spheric long-wave radiation from building walls, the in-
fluence on the long-wave radiation must be extended to
L↑ = εσT 4 + (1 − ε)L↓. For example, narrow street
canyons (e.g. ψsky = 0.3) result in a significant increase
in night-time L↓ (Fig. 6; here about 75 W m−2) and thus
in a reduction of effective radiation (L∗), whereas in the
case of wide canyons (e.g. ψsky = 0.9) this value may
drop to only 10 W m−2.

Artificial building materials in cities can have very
different ε-values, which have a decisive influence on
L↑ and thus L∗. For example, most metal have very low
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Figure 5: Schematic of the urban heat island circulation (UHIC). Left: Idealized 2D air pressure distribution. Thick lines are the resulting
circulation. Right: Highly simplified view of the 3D circulation pattern, neglecting the Coriolis force (source: Oke et al., 2017).

ΔL↓urb–rur

Figure 6: Dependence of the nocturnal increase in long-wave down-
ward radiation compared to the surrounding area value (ΔL↓urb−rur)
on the sky view factor (ψsky) during cloudless weather (data basis:
eight nocturnal measurement runs, Krefeld, summer 2003; source:
Blankenstein and Kuttler (2004, modified).

Table 4: Mean radiation budget components for urban and ru-
ral sites in Essen (06/2012–05/2013; radiation totals for the day
in MJ m−2 d−1, source: Kuttler et al., 2015).

Radiation component Urban Rural

K↓ 9.3 9.8
K↑ 1.1 1.6
L↓ 28.3 28.9
L↑ 32.7 31.7
Q∗ 3.8 5.4

emissivity values < 0.1 compared to building materials
that almost reach black body values with ε = 0.98 (see,
among others, Zmarsly et al., 2007). This means, for
example, that the heating or cooling of materials can
occur very differently.

Annual mean values of the radiation balance

The annual mean values of the urban radiation balance
of a (sealed) inner city and a non-sealed surrounding
area show the following differences (Table 4):

The mean αd,urb is about 5 % lower than in the sur-
rounding area. This difference is probably caused by
multiple or total reflections occurring in street canyons.

Furthermore, K↓ might be slightly reduced (5 %)
due to air pollution. L↓ is slightly increased in the
surrounding area, which can possibly be attributed to

the higher water vapour content of the rural boundary
layer. In the city, however, L↑ (L↑urb = 32.7 MJ m−2 d−1

resp. = 378 W m−2) is higher than in the rural area
(L↑rur = 31.7 MJ m−2 d−1 resp. = 367 W m−2), as urban
areas are usually warmer than their surroundings.

While the short-wave radiation balances (K∗) hardly
differ between the city and the surrounding area, larger
differences can be seen for the long-wave radiation bal-
ance (L∗), which in the city reaches about 1.5 times
the rural value. With regard to the total radiation bal-

ance, that of the urban site (Q∗urb = 3.8 MJ m−2 d−1 ∧=

45 W m−2) is significantly lower compared to that of the

surrounding site (Q∗rur = 5.4 MJ m−2 d−1 ∧= 61 W m−2).
Thus, on an annual average, less energy is released

at the city site with Q∗urb = 1, 387 MJ m−2 a−1 ∧
=

385 kWh m−2 a−1 than is the case in the surrounding

area (Q∗rur = 1, 971 MJ m−2 a−1 ∧
= 548 kWh m−2 −1).

However, this must not be a general feature at urban
sites. Christen and Vogt (2004) report that although
all terms of the radiation balance show some urban mod-
ification at their site, the resulting radiation balance Q∗

at the top of the UCL shows little urban-rural difference.

5.2 Energy balance

The energy balance for the surface/atmosphere inter-
face in the urban built-up area, which is considered to
be without storage capacity, is shown here for weather
without rain and wind, as follows (Eq. (5.2)):

Q∗ + QF = QH + QE + ΔQS (in W m− 2) (5.2)

with Q∗ = radiation balance, QH , QE = turbulent sen-
sible and latent heat flux densities, ΔQS = storage heat
flux density of underground, buildings, and air volume
between buildings, QF = anthropogenic heat flux density
(emissions from motor vehicles, commerce, building air
conditioning, industry, human metabolism).

The signs of the fluxes are positive when directed into
the atmosphere, whereas they are negative when directed
towards the surface.

Sensible and latent heat flux densities (QH and QE)

The turbulent sensible and latent heat fluxes can be
related as Bowen ratio (β = QH/QE). Dry and sealed
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Figure 7: Daily average summer and winter turbulent heat flux densities in Oberhausen, Germany (06/2012–05/2013; source: Kuttler,
2013; modified).

Table 5: Mean energy budget components for urban and rural sites
in Essen (06/2012–05/2013; energy totals for the day in MJ m−2 d−1,
source: Kuttler et al., 2015)

Urban Rural

QH 2.5 1.0
QE 1.4 4.4
β 1.8 0.2

surfaces that release energy predominantly via QH are
characterized by β-values > 1. For moist soil surfaces
or vegetation stands that are sufficiently supplied with
water β is usually < 1. The specification of β thus allows
a simple classification of different land use with regard
to the prevailing heat exchange.

In order to reduce or avoid urban overheating, sur-
faces should have β-values < 1. This would ensure that
turbulent energy is mainly exchanged via evapotranspi-
ration (ET) and is therefore not available for heating the
air.

Annual mean of the urban energy balance

An overview of the annual mean values of the energy
balance QH and QE terms for an inner city and surround-
ing location are given in Table 5. As the storage term
(ΔQS ), which will be discussed later, balances out over
a longer period of time, it is set to zero here. The mean
urban Bowen ratio is βurb = 1.8 due to the dominant in-
fluence of QH urb. In the rural area, however, βrur reaches
a value of 0.2 due to the predominant latent heat flux
density (QE rur). On average, about 200 mm a−1 of wa-
ter could be evaporated in the city, in comparison to
> 625 mm a−1 in the rural area.

Mean diurnal cycles in summer and winter

The diurnal evolution of turbulent heat fluxes (QH , QE)
is shown for a mean summer and winter day in Fig. 7.

In summer, the mean rural QE – with sufficient wa-
ter supply to the soil – represents the highest value
of the heat fluxes of both sites during midday with
QE rur > 200 W m−2. Thus, it is about three times com-
pared to the urban value. In contrast, the sensible heat
flux (QH rur < 80 W m−2) reaches a lower maximum
value. The lower rural values are due to the fact that suf-
ficient water for evaporation is usually available, e.g. so-
called “blue-green” areas. These are vegetated areas that
ideally have sufficient water supply at all times (details
in Antoszewski et al., 2020). At the urban site, the mid-
day maximum for QE urb is only < 80 W m−2 and thus
roughly corresponds to QH rur of the surrounding area,
whereas more than 120 W m−2 are emitted to the atmo-
sphere via QH urb.

During night-time, the latent heat fluxes are still pos-
itive in the urban and rural areas, so that a small but
steady amount of water is evaporated into the noctur-
nal atmosphere. In contrast, the nocturnal sensible heat
fluxes in both the city (QH urb, to a lesser extent) and the
surrounding area (QH rur, to a greater extent) are nega-
tive and thus directed towards the surface. The higher
negative QH rur of the surrounding area are caused by
a stronger temperature gradient (inversion) between the
atmosphere and the much cooler surface than at the ur-
ban site. However, for a number of urban sites noctur-
nal QH values were reported to stay slightly positive
overnight due to release of heat from the urban fabric.

In winter, the absolute values at both locations are
lower than in summer due to the greater zenith dis-
tance of the sun. Thus, during the day a maximum of
about 40 W m−2 is observed for QH urb, whereas the cor-
responding QE urb value is 20 W m−2. At night, both val-
ues drop to zero or into the slightly negative range. In
the surrounding area, QE rur is the dominating factor –
although the absolute values are low. QH rur only reaches
slightly positive values here during the midday hours,
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Table 6: Thermal properties of artificial and natural materials (source: Zmarsly et al., 2007).

Material Density
ρ = kg ·m−3

Specific heat
c = J · kg−1 ·K−1

Heat capacity
ζ = J ·m−3 ·K−1

Thermal
conductivity

λ = W ·m−1 ·K−1

Thermal
diffusivity
a = m2 · s−1

Thermal
admittance

b = J ·m−2 · s−0.5 ·K−1

Asphalt 2.11 · 103 0.92 · 103 1.94 · 106 0.75 0.38 · 10−6 1,205
Concrete Porous –

Heavy
concrete

0.32 · 103

2.40 · 103
0.88 · 103

0.88 · 103
0.28 · 106

2.11 · 106
0.08
1.51

0.29 · 10−6

0.72 · 10−6
150

1,785

Brick 1.83 · 103 0.75 · 103 1.37 · 106 0.83 0.61 · 10−6 1,065
Steel 7.85 · 103 0.50 · 103 3.93 · 106 53.30 13.60 · 10−6 14,475
Glass 2.48 · 103 0.67 · 103 1.66 · 106 0.74 0.44 · 10−6 1,110
Clay soil
(40 % Pore-
volume)

dry
saturated

1.60 · 103

2.00 · 103
0.89 · 103

1.55 · 103
1.42 · 106

3.10 · 106
0.25
1.58

0.18 · 10−6

0.51 · 10−6
600

2,210

Water 4 °C still 1.00 · 103 4.18 · 103 4.18 · 106 0.57 00.14 · 10−6 1,545

while the other daytime hours are characterized by neg-
ative QH rur. As a result, sensitive heat from the warmer
atmosphere is supplied to the colder surface.

In summary, the urban site is characterised by higher
mean Bowen ratios in summer (βurb = 1.5) and winter
(βurb = 3.3), while the values in the surrounding area
range between βrur = 0.3 in summer and βrur = 0.8 in
winter, thus documenting the clear advantage for rural
evaporation. In the rural area the amount of QE may
exceed that of Q∗, which leads to the well-known “oasis
effect” (Q∗ < QE, Vivoni et al., 2020).

Storage heat flux density (ΔQS)

ΔQS subsumes the absorption and release of energy
from underground, buildings, and the air volume be-
tween buildings. Essentially, the strength of the flux den-
sity ΔQS is determined by the nature of the medium, in
cities in particular by the building materials and their
thermal properties, which can vary greatly (cf. Table 6).

Comparing the thermal admittance coefficients (b)
of the most commonly used urban building materials
being asphalt, concrete, brick, steel and glass, it is ev-
ident that most of the values, especially for steel, are
considerably higher than b = 1,000 J m−2 s−0.5 K−1. Nat-
ural, dry clay soil has a comparatively low value of
about 600 J m−2 s−0.5 K−1. High coefficients reduce Ts
and conduct more of the absorbed energy into the ma-
terial, thus delaying the occurrence of the maximum
temperature by stronger damping. If the material is also
characterised by high thermal conductivity and heat ca-
pacity (e.g. steel) a considerable amount of energy can
be “absorbed”.

Hourly distribution of the heat flux density terms

The question of how the net energy (Q∗) affects the
turbulent fluxes during the course of the day will be
examined focussing on QH, QE and QS as examples
(Fig. 8). Urban and suburban values show very different
but characteristic diurnal patterns.

Urban site: Between 30 % (21 h) and 70 % (8 h) of
the daytime radiation balance is dissipated via QH . The

Figure 8: Diurnal variation of the mean hourly energy partitioning
for an inner city and surrounding area site (near water bodies) in
Essen (06/2012–05/2013) (source: Kuttler et al., 2015; modified)
[Q∗ > 0 W m−2; ΔQS was determined residually from the energy
balance].

range of QS urb/Q∗urb is 0.45 (21 h) and 0.0 (8 h). While
about 45 % of net energy are stored in the urban fabric, it
has been reduced to zero at sunrise indicating that stored
energy has been released into the UBL overnight.

The smallest difference with low absolute values dur-
ing the course of day is the latent heat flux (0.2 <
QE urb/Q∗urb ≤ 0.35), which is partly due to limited wa-
ter availability. Only during the early morning hours
slightly higher QE urb/Q∗urb ratios are observed, which
may be due to evaporation of nocturnal dew.

Rural site: A rather vertically aligned diurnal se-
quence of energy distribution dominates. In contrast
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Table 7: Mean share (in %) of different anthropogenic heat emission (QF elec, QF fuel, QF veh, QF met) and summer/winter means (QΣF) in W m−2

(basis: 61 US-cities; source: Sailor et al., 2015).

Electricity
(QF elec in %)

Heating fuel
(QF fuel in %)

Vehicle
(QF veh in %)

Metabolism
(QF met in %)

Mean QΣF

(in W m−2)

Summer 41 10 46 3 ∼ 08
Winter 25 40 33 2 ∼ 12

to the urban location, QE rur reaches a relatively large
range (0.45 < QE rur/Q∗rur ≤ 1.15). The evening value
at 21 h exceeding 1 is compensated by QS rur, i.e. the
ground heat flux density. The direct heating of the atmo-
sphere by QH rur accounts for a maximum of only 20 %
(0.0 < QH rur/Q∗rur ≤ 0.2) over the entire course of the
day, so that the rural near-surface boundary layer (in this
case, however, near water bodies) remains cooler overall
than the urban atmosphere.

Anthropogenic heat flux density (QF)

QF subsumes the waste heat generated by chemical or
electrical technical processes of motor vehicles, power
plants, industry, commerce or building air conditioning.
This waste heat is emitted as radiant and turbulent heat.
Metabolic heat (QF met), which is based on human or
animal metabolism, is usually not included in the overall
estimation of anthropogenic heat flux density due to its
insignificance in relation to other compounds. However,
this will be briefly discussed below.

QF is primarily determined by energy consumption,
the urban structure and building type and the population
density as well as the geographical location and topo-
graphical conditions of cities. Furthermore, of course,
the prevailing climate type also influences energy con-
sumption (Wienert and Kuttler, 2005). It is prob-
lematic that the literature has so far hardly used uni-
form data collection methods to calculate the corre-
sponding data collectives, so that the comparability of
the respective data is limited. At this point, global (hor-
izontal resolution approx. 20 km2, Allen et al., 2011)
or local (horizontal resolution approx. 1 km2, Lindberg
et al., 2013) numerical QF-models can be used to im-
prove the methodological comparability of the contri-
butions of anthropogenic heat flux. The models usually
explicitly resolve the individual contributions from the
building sector, transport and metabolism. Table 7 con-
tains examples of mean QF values on a comparable ba-
sis for a larger collective of US cities. According to this,
the (comparatively low) average anthropogenic heat flux
density, averaged over the entire urban area, amounts to
about 8 W m−2 in summer and about 12 W m−2 in win-
ter. This evaluation includes roughly equal proportions
of cities characterized by both a winter and a summer
climate, so that it represents a balanced picture of the
QF situation for the cities of a western industrial nation.

The breakdown of anthropogenic heat fluxes shows
that the largest share of energy is caused by the opera-
tion of motor vehicles and electricity-generating power

plants in summer. In winter, heat emissions from the use
of fossil fuels for heating buildings and the operation of
motor vehicles dominate.

In both summer and winter, the share of QF at-
tributable to human metabolism is low at ≤ 3 %. It must
be taken into account that since people spend most of
their time indoors, most of the energy is released here,
which can have a lasting effect on the indoor energy bal-
ance.

The effect of QF on urban overheating, however,
should not be underestimated. According to studies in
American, Japanese and Russian cities, QF may in-
crease not only air temperature but modifies also the
pressure gradient and therefore wind speed (Flanner,
2009; Ginzburg and Dokukin, 2019). Furthermore,
model-based analyses for Beijing, China, predict that by
the year 2100 the anthropogenic urban heat emission is
expected to increase, as are the number and duration of
heat waves per year (Liu et al., 2021). This development
could lead to an increased use of electrical energy for
building cooling, which in turn could influence QF .

5.3 Temperature conditions in cities

As already explained, both surface and air temperatures
in cities deviate from those of the surrounding area. The
reasons for the occurrence and intensity of overheating
are discussed below.

Urban heat island

The difference in air and surface temperatures between
urban and rural areas is generally referred to as an “ur-
ban heat island” (UHI; ΔT = turb − trur). In a highly gen-
eralized way, this designates the fact of an island-like
urban overheating, usually with a positive sign, which
is surrounded by a (usually) cooler area. In this context,
it is also common to indicate a one-dimensional (hor-
izontal) temperature gradient between the city and the
surrounding area (ΔTm−1) = turb−rur/Δxurb−rur with x =
distance in metres or kilometres. The gradient approach
helps to identify heat cliffs (= spontaneously occurring
temperature differences) between the city and the rural
area. A more accurate description of the spatial occur-
rence of urban overheating, which is neither homoge-
neous in its intensity nor its spatial distribution, can usu-
ally be distinguished into several heat spots depending
on building density. This may be referred to as the “heat
archipelago”, although this term has not become estab-
lished in scientific literature.
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Figure 9: The UHI intensity for different cities plotted versus the temperature outside the city (TB). The values are drawn as small circles
while monthly means are given as red triangles together with the standard deviations (grey error bars) (data: Land Surface Temperatures,
LST, 2006–2011, from remote sensing data; validation with in situ measurements indicated an accuracy of < 1 K in most cases; source:
Zhou et al. 2013; modified).

The intensity of the UHI and its diurnal variation
is determined by extrinsic and intrinsic factors. Extrin-
sic factors include, for example, the latitude of a city
(Wienert and Kuttler, 2005), the proximity to large
water bodies (due to the land-sea-breeze effect), the geo-
morphological location (Ma et al., 2021) and the climate
zone (Zhou et al., 2017). Typical intrinsic dependencies
are population density (Ma et al., 2021), city structure
(ratio of ground plan/surface plan), city size and city
shape. The latter was already pointed out by Kratzer
(1937) in the context of his qualitative studies for the
city of Bremen. Zhou et al. (2017) analysed the quanti-
tative dependence of the surface air UHI intensity on the
urban form based on the influencing variables already
described in Section 2.1. The result shows that city size
has the strongest influence (strong positive correlation)
on UHI intensity, ahead of compactness (fractal dimen-
sion; positive correlation) and anisometry (negative cor-
relation). Consequently, the creation of large, compact
and circular cities should rather be avoided. This was
the aim of Kratzer (1937), who pointed out that “linear
cities”, i.e. cities with short distances to the surrounding
countryside and farmland, lead to a more pleasant ur-
ban climate for the population due to their “narrowness”.
Emissions from individual transport might be reduced

by sophisticated passenger transport systems. A current
example is the “Neom” project planned for the north-
west coast of Saudi Arabia, the realization of which is to
result in a 170 km long line city (“The Line”).

Especially for the planning of fast-growing cities in
developing countries, the mentioned findings are likely
to be advantageous in order to avoid subsequent negative
environmental impacts on the inhabitants.

Other intrinsic factors that affect the UHI include
building materials, degree of sealing, level of soil mois-
ture, contribution of anthropogenic heat flux (includ-
ing night-time lighting), population density (Ma et al.,
2021), annual precipitation sum, level of air tempera-
ture, and rural soil moisture (details in Manoli et al.,
2019, Hupfer and Kuttler, 2006).

As an example, the influence of the rural tempera-
ture on the urban boundary layer UHI will be briefly
discussed here. Fig. 9 contains examples of Paris, Mi-
lan, Madrid and Nicosia. For Paris and Milan, there is a
somewhat strong increase in UHI intensity with increas-
ing air temperature. In the case of Madrid and Nicosia,
on the other hand, the intensity tends to decrease, es-
pecially with very high values of air temperatures. This
points to the influence of the oasis effect (QE > Q∗),
whereby it is assumed that evaporation in the two cities
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Table 8: Characteristics of the most important properties of different UHI types to be spatially and temporally differentiated (source:
Henninger and Weber, 2020).

Properties UHISFC UHIUCL UHIUBL UHISUB

Considered quantity Surface Temperature Air temperature Air temperature Soil and groundwater
temperature

Time of maximum UHI

– Time of Year Summer Summer Summer Summer

– Time of Day Middle of day Middle of night Middle of night no or hardly any diurnal
fluctuations

Area-sharp
demarcation

Yes No No (downwind
of the city)

No

Typical intensity
ΔTurb−rur (K)

> 10–20 K 1–10 K 1–3 K 1–8 K

Typical identification
methods

Satellite, aircraft sensors Measurement at climate
stations, mobile
measurements

Vertical soundings,
ground-based remote
sensing

Stationary
measurements

Influencing factors Physical and thermal
properties of the
material, increased
absorption of short-wave
radiation, exposition

increased absorption of
short-wave radiation,
delayed heat release to
nocturnal boundary
layer, reduced net
longwave loss/reduced
effective radiation

turbulent transport
of QH from the UCL,
superimposed wind field
determines the thickness

Heat conduction of the
materials, thermal
properties of urban
construction in the
subsurface

provides cooling when urban green spaces are irrigated,
which does not occur in the dry surrounding countryside
where there is a lack of water. In this context, it is also in-
teresting to note the hysteresis effect that develops over
the course of the year. The example of Paris shows that
at the same ambient temperatures (trur ≈ 22 °C) the UHI
values for May (ΔT ≈ 3.3 K) and September (ΔT ≈ 1 K)
differ significantly. This seasonality is because a city
with heterogeneous development tends to follow the “as-
tronomical annual cycle” in May when the sun is high
in the sky and therefore becomes considerably warmer
than the surrounding area, which is characterized by its
natural regional climate. This is only the case to a lesser
extent in September when the sun is lower (Zhou et al.,
2013).

Basically, the following types of urban overheating
can be distinguished in different vertical layers (see
Table 8; an explanation of the layer designations is given
in Chapter 4): the surface heat island (UHI of surfaces),
the urban canopy layer heat island (UHI of UCL) and
the urban boundary layer heat island (UHI of UBL).

The UHI of surfaces is driven by solar irradiance and
surface temperature. Since this type of heat island is con-
trolled by the distribution of built-up/non-built-up areas,
it can be obtained from aerial radiometer IR measure-
ments if the ε-values of the materials are known.

The UHI of the urban canopy layer, which refers to
the air temperature between the surface and mean roof
height (usually measured at 2 m a.g.l.), occurs due to en-
ergy release, thermal inertia of building structures, and

reduced net longwave radiation due to canyon walls.
This type of heat island is only quasi-uniform in its spa-
tial distribution with the built-up area. An example of an
extensively formed UHI of the UCL is shown in Fig. 10.
The range of mean air temperature differences amounts
to about 8 K. The areas with dense development, such
as downtown areas are clearly prominent. Cooler areas
are obvious in smaller valleys and near larger green ar-
eas. Also some “heat cliffs” are evidently characterised
by larger horizontal gradients of air temperature. Such
heat cliffs are mostly observed where surfaces with ther-
mally very different behaviour (sealed–unsealed) are lo-
cated next to each other. The temporal variation of the
UHI over the year is characterised by a distinct sum-
mer maximum occurring during night-time, when heat
is released from the urban fabric and net longwave radi-
ation is limited due to the three-dimensional structure of
the city (Fig. 11). On average, the UHI in a mid-sized
city might reach intensities of about 4 K during sum-
mer nights. During daytime hours a slightly cooler ur-
ban temperature might evolve (“urban cool island”) due
to shading of the site by adjacent buildings. However,
the strength of the “cool island” effect strongly depends
on the structure and exposition of the site surroundings.
A guidance on measuring, modelling and monitoring the
UHI is documented by Schlünzen et al. (2022).

The UHI of the urban boundary layer is mainly
formed due to turbulent heat transport from the UCL.
This type of heat island can vertically extend into the
atmosphere and is subjected to a downwind drift, i.e.
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Figure 10: Mean UCL-UHI in Essen, Germany, during nights with weak wind and no clouds (mean of mobile measurements on 23./24.7.,
30./31.8., 6./7.9. 2013); source: Kuttler et al., 2015; modified).
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Table 9: Water balance components of sealed surfaces in Berlin (measurement time: 04/1985 to 03/1986) (source: Wessolek, 2001)1.

Precipitation Discharge Infiltration Evaporation
mm % mm Qprec(%) mm Qprec (%) mm Qprec (%)

Artificial stone slabs with mosaic paving (sidewalk) 631 100 104 16 319 51 208 33
Composite concrete blocks 631 100 103 16 379 60 149 24
Grass pavers 631 100 32 5 318 50 282 45
Street (asphalt) 631 100 455 72 51 8 126 20

1) Qprec =
ΣdischargeΣin f iltration;Σevaporation

Σprecipitation
· 100 %

Figure 11: Annual variation of half-hourly average UCL-UHI in-
tensities (ΔTurb−rur) for Braunschweig, Germany (250,000 inhabi-
tants) covering the time-period 2012–2020. Observations are from
a north–south exposed urban street canyon in the centre of Braun-
schweig and a rural site in the west of the city, details on both sites
are given in Grunwald et al. (2019).

the urban plume, by the horizontal flow (urban plume,
Chapter 4).

6 Urban water balance

The urban water balance is not just influenced by water
input (precipitation) and its output (runoff, evaporation),
but also by the hydrological properties of urban surfaces.
The latter will be dealt first, before the urban water
balance is discussed in more detail.

6.1 Hydrological properties of urban surfaces

The hydrological properties of urban surfaces determine
evaporation, runoff, infiltration and capillary rise of soil
water. These properties are determined, among other
things, by the degree of sealing (λ) and the pore volume
of the soil. Surface runoff also depends on the slope
and the material-specific wetting capacity wc. The latter
is the amount of water adhering to a particle surface
that surrounds it before runoff begins. For example,
asphalt (depending on the season) reaches a value of
wc = 0.3 mm to wc = 0.8 mm (Wessolek and Facklam,
1997).

To allow water to percolate into the sealed sub-
soil layers, porous, permeable materials should be used.
If this is, however, clogged by clay-rich dust on the sur-
face, the infiltration rate is lower than for permeable

openings filled with sand. Exemplary values of the wa-
ter balance components for different urban surfaces are
given in Table 9.

Asphalt surfaces have the highest runoff with > 70 %
of the annual precipitation, whereas that of grass pavers
(e.g. typical for paved parking lots) is only 5 % on av-
erage. With infiltration, however, the ratios are reversed:
While only 8 % of the water infiltrates into asphalt sur-
faces, it is up to 60 % for other materials. With regard
to evaporation, only 20 % of the precipitation water is
evaporated over asphalt (essentially shortly after pre-
vious precipitation), whereas about 45 % is evaporated
over grass pavers.

Moreover, urban surfaces can play a prominent role
in groundwater recharge because of the heterogeneity
of the material. For example, sealing materials with a
high proportion of joints and evaporation barrier lay-
ers applied to soils (e.g. gravel) have higher ground-
water recharge rates (> 50 % of precipitation) than open
farmland or woodland. This is of interest, as infiltrat-
ing water is more strongly protected against evaporation
than uncovered natural surfaces due to the partial seal-
ing of surfaces. This shows that urban areas must be re-
garded as very differentiated in terms of their ground-
water recharge rate.

6.2 Urban water balance

Compared to the surrounding natural countryside, the
urban water balance is determined by the city-specific
hydrological surface characteristics. Furthermore, the
absence of vegetation cover contributes to the fact that
less water reaches the atmosphere by plant transpiration
and evaporation of interception water. The water cycle
is also influenced by the inflow and outflow of water for
utility purposes, which enters a city through both wa-
ter pipes and open canals. In addition, water vapour is
transported into the urban atmosphere by industrial pro-
cesses, cooling tower vapour and motor vehicle emis-
sions. The urban water balance can be written as (after
Helbig, 1987; Wessolek et al., 2009, modified):

P + QR + WFl − ET(ETun, Ev, E0) − ΔR(Qv,Qun,Qk)

− ΔS (Vv,Vun,ΔS o) + ΔA + I = 0

(all in mm (time unit)− 1) (6.1)
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With P the precipitation, QR the water release through
combustion processes, WFl the water supply from
rivers, canals or reservoirs, ET the evapotranspiration,
with ETun, the evapotranspiration of unsealed surfaces,
Ev and E0 the evaporation of sealed and water surfaces,
respectively, ΔR the net runoff, with Qv, Qun, Qk the sur-
face runoff from sealed, unsealed surfaces as well as the
surface runoff that is discharged into the sewer system,
ΔS the net water storage with Vv, Vun the infiltration of
sealed and unsealed surface parts, ΔS o the surface stor-
age, ΔA the net atmospheric moisture advection and fi-
nally I the interception (all in mm (time unit)−1).

From the individual parameters mentioned here,
QR is mainly directly influenced by humans, while ET,
ΔR and ΔS are rather indirectly anthropogenically con-
trolled via the proportion of sealed area or through sur-
face compaction. The source terms are P,QR and WFl,
whereas ET and I are sink terms. The terms ΔR, ΔS and
ΔA can assume both source and sink functions. In cities,
the share to be spent on irrigation of green may be sig-
nificant and acts as a source of evaporation.

The terms contained in Eq. (6.1) show that it is
difficult to precisely determine the area-related water
balance of an urban body, as a great deal of information
must be available not only about the use, but also about
the small-scale occurrence of the sealing materials (for
more information, see Wessolek et al., 2009).

6.2.1 Urban precipitation

Urban precipitation influences are considered to be mul-
ticausal, since processes with varying degrees of inter-
action are involved. However, there are three overriding
factors which can play a decisive role in the modifica-
tion of the precipitation by urban areas. These include
(Schütz, 1996; Shepherd, 2005):

• Modified cloud dynamics through the UHI effect and
urban surface roughness,

• interference in cloud physical processes by particle
emissions from urban-industrial sources, and

• modification of boundary-layer processes by rough-
ness-induced droplet deflection in the near-surface
wind field.

Urban overheating, together with the greater surface
roughness of the air flowing towards the urban body,
leads to a vertical convergence (lifting) and lateral di-
vergence (flowing around) of the urban flow. This can
lead to the formation of shallow cumulus clouds, mainly
in summer (Inoue and Kumura, 2009). An increase
in precipitation can be observed in downtown and ur-
ban leeward areas, which suggest, for example, a sum-
mer precipitation increase (due to convection) of about
10 % for Tokyo compared to the surrounding area. An
accumulation of precipitation events in the afternoon
hours dependent on the diurnal cycle was also identified
(Seino et al., 2018), confirming former research on ur-
ban precipitation. The influence of emitted particles on

precipitation depends on their hydrophilic or hydropho-
bic surface properties.

Finally, surface roughness can lead to a deflection of
the falling drops by “combing out” the precipitation over
areas with large obstacles (e.g., high buildings) and thus
contribute to a more or less effective offset of the falling
drops.

It is difficult to determine, which of the mentioned
processes primarily influences urban precipitation mod-
ification. There is much to suggest that convective pro-
cesses in particular are intensified by urban excess heat
(e.g. Theeuwes et al., 2019), which is also shown by an
increase in thunderstorms and heavy rainfall in some ur-
ban areas compared to their surroundings (Niyogi et al.,
2011).

Slight, but significant differences in the weekly cy-
cle were found in long-term studies in Melbourne, Aus-
tralia, according to which it rained slightly more on
weekdays than on weekends (Simmonds and Keay,
1997).

In recent years, however, it has also been shown that
cities not only increase precipitation activity in certain
areas, but apparently also lead to a reduction of the pre-
cipitation activity depending on the size of the emitted
particles (Rosenfeld, 2000). In particular, the release of
smaller particles seems to lead to a suppression. Thus,
if in a city predominantly smaller particles are emitted
into the atmosphere, this is more likely to inhibit nucle-
ation and thus impede the formation of droplets. How-
ever, it is still under debate which role ultrafine particles
(Dp < 100 nm) play in modified rainfall patterns (e.g.
Junkermann and Hacker, 2022).

Cities and industrial areas also influence the quality
of precipitation water (Table 10). The pH-values in ur-
ban areas are clearly below those of the rural locations,
while the concentrations and flux rates of anthropogenic
pollutants are in some cases significantly higher than in
the rural surrounding.

6.2.2 Anthropogenic water vapour release

Anthropogenic water vapour release is defined as the
emission from combustion processes of fuels and heat-
ing materials within an urban area. The release of water
vapour from industrial processes is not taken into ac-
count here.

The amount of water release through combustion
processes and its share in the total sum of urban wa-
ter balance varies due to climatic influences, the urban
structure and shape, and in particular by the methods
used to record the consumption of fuels. For Hong Kong
the anthropogenic contribution to urban humidity (ve-
hicle, industrial and power plant emissions) is given
as 38 %. The reasons for this relatively high amount can
be attributed to the low wind speed – caused by the nu-
merous high-rise buildings – resulting in a decrease in
atmospheric exchange (Wang et al., 2020). Boxes 6.1
and 6.2 contain example estimates of anthropogenic wa-
ter vapour emissions resulting from the combustion of
fuel by vehicles and gas consumption.
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Table 10: Chemical composition and flux rates of wet deposition for urban and peri-urban sites in South Africa (source: Conradie et al.,
2016). EC, pH and ionic concentrations are specified in µEq L−1; flux rates are given in kg ha−1 a−1 of wet deposition.)

Industry / Urban1 Industry / Urban2 Rural3 Rural4

VWM values5 Fluxes VWM values Fluxes VWM values Fluxes VWM values Fluxes

pH 4.32 4.51 4.89 4.66
EC 42.60 33.60 13.10 22.90
H+ 61.18 0.45 44.64 0.43 15.24 0.11 22.24 0.13
Na+ 17.79 2.98 3.50 0.77 7.75 1.30 13.17 1.77
NH4

+ 28.50 3.75 29.06 5.01 10.85 1.42 12.80 1.35
K+ 7.35 2.10 1.41 0.53 5.12 1.46 2.08 0.48
Mg2+ 5.54 0.49 4.55 0.53 1.93 0.17 3.27 0.23
Ca2

+ 16.39 2.40 16.18 3.10 6.25 0.91 4.69 0.55
NO3 33.40 15.11 22.97 13.62 7.49 3.38 13.20 4.77
Cl− 17.96 4.65 4.52 1.53 10.83 2.80 15.23 3.25
SO4

2− 67.21 23.56 55.00 25.27 12.37 4.33 18.66 5.23

1) Amersfoort; 2) Vaal Triangle; 3) Louis Trichardt; 4) Skukuza; 5) Volume Weighted mean (VWM)

Box 6.1: Estimation of water vapour emissions from motor vehicles in a large city at mid-latitudes.

Based on Assumptions1),2) Data

1 City Essen, Germany Area: 210 km2

2 Vehicles Number of daily vehicle
movements (estimated)

2× 105

3 Driven route Per vehicle 20 km d−1

4 Average fuel consumption For all vehicle types 8 L (100 km)−1

5 Chemical equation Petrol = Octane 2 C8H18 + 25 O2 → 16 CO2 + 18 H2O
6 Combustion of 1 kg octane yields 1.3 kg water – 1 kgO = 1,3 kgW

Taking into account 2), 3) and 4), this results in: 336 m3 water d−1

Converted to the urban area and the year, this results in an average value of 0.6 mm a−1 (condensed water) and, with reference to
QE = 0.39 kWh m−2 a−1

1) No advection and constant traffic density.
2) Average density of petrol/diesel ρ = 750 kg m−3

Box 6.2: Estimation of water vapour release from natural gas combustion in a large city (only buildings).

Based on Assumptions1) Data

1 City Essen, Germany Area: 210 km2

2 Average yearly gas consumption (Methane) City of Essen, 2021 3000 GWh a−1

3 Calorific value (Methane) Hs – 10 kWh m−3

4 Chemical equation Natural gas = Methane2) CH4 + 2 O2 → CO2 + 2 H2O
5 Combustion of 1 kg methane yields 2.3 kg water – 1 kgM = 2,3 kgW

Taking 2)–5) into account, this results in 5.2 · 105 m3 water a−1

Converted to the urban area and the year, this results in an average value of 2.5 mm a−1 and, with reference to QE = 1.7 kWh m−2 a−1

1) No advection, consumption data according to City of Essen 2021 (Environmental Agency).
2) Gas density ρGas = 0.75 kg m−3

6.2.3 Urban evapotranspiration

Evapotranspiration in urban areas is generally severely
limited due to the high fraction of sealed surfaces
(cf. Section 5). It is only possible immediately after wet-
ting by precipitation (“interception water” of natural and
artificial surfaces), via open water surfaces, and transpi-
ration of vegetation.

It is difficult to compare data on urban ET; be-
cause different measurement methods are used (e.g. mi-
crolysimeters, eddy covariance, theoretical calculation

methods, see e.g. Harlass, 2008), and the scales of the
catchment areas as well as detailed land use and their
water supply are rarely given. Furthermore, the amount
of urban ET is also influenced by irrigation of gardens
and lawns, by swimming pools as well as the spraying
of streets with water for cooling during particularly hot
weather. The latter process is known in Japan as tradi-
tional “uchimizu” (for details see Solcerova, 2018).

The eddy-covariance method, for example, is a suit-
able means of measuring actual ET in cities with high
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Figure 12: Average Bowen ratios (β) and partition of the turbulent heat flux densities (QH/Q∗, QE/Q∗) as a function of the plan area
fraction (λb) (Q∗ > 0 W m−2∼; error bars are ±1σ) (measurement sites in Oberhausen, Germany; source: Goldbach and Kuttler, 2012).

temporal resolution (Vulova et al., 2021). This can be
used to record the turbulent water vapour exchange with
high frequency (≥ 10 Hz) on flux towers, which should
usually have at least twice the height of the roughness el-
ements and are representative for the so-called flux foot-
print of about 102–104 m horizontal length scale. Since
evapotranspiration links the energy balance with the wa-
ter balance, evapotranspiration totals per time and area
fraction can be derived from it.

Direct measurements at two sites in Berlin, Ger-
many, using the eddy-covariance method demonstrate an
ET amount of 366 mm a−1, which is higher by a factor
of 1.6 at the more vegetated site (measurement height
at 39.75 m above ground level, 51 % vegetation areas
in the flux footprint) compared to the less vegetated
site (measurement height at 56 m above ground level,
33 % vegetation area share). Hence, eddy-covariance
sensors at both flux towers were placed within the iner-
tial sublayer allowing for representative observations of
surface–atmosphere exchange of water vapour from the
flux footprints (cf. Fig. 3). With regard to the potential
of green infrastructure in municipal climate adaptation
measures, the improved quantification of the ET perfor-
mance of different vegetation areas or types will play an
increasingly important role. For extensive green roofs,
for example, it has been shown that energy is mainly par-
titioned into latent heat if there is sufficient precipitation,
and that evaporation rates between 228 and 303 mm a−1

can be achieved (Konopka et al., 2021). However, the
performance of an extensive green roof with low sub-
strate thicknesses (< 0.1 m) is strongly dependent on the
meteorological boundary conditions, as precipitation-
free episodes lead to drying out of the substrate rela-
tively quickly (Heusinger and Weber, 2017).

Fig. 12 shows how strongly the building plan area
fraction (λb) determines the value of the Bowen-ratio (β)
and the latent heat flux (ET). The QE/Q∗ ratio de-
creases significantly with increasing λb. While, for ex-
ample, with a surface area of 10 % building coverage,
about 80 % of the radiation balance is partitioned into
evapotranspiration, this is only 30 % with a λb value
of 0.9. The specification of the respective standard de-
viations shows that the fluctuation range of the ET value
is on the one hand relatively large with a low λb. The
clear decrease in the standard deviations with increasing
λb-values, on the other hand, shows the influence of the
built-up area on reduced evaporation.

6.2.4 Humidity, fog and dew

Humidity

The mean humidity values of urban and urban forest
areas in a mid-latitude city (rH, e) differ only slightly
from each other (Table 11).

Table 11: Yearly means of relative humidity (rH) and water vapour
pressure (e) for urban and urban forest areas (mainly deciduous trees,
forest area: 10 ha) in Essen, Germany1) (source: Kuttler et al.,
2015; N = number of observations).

Urban Urban forest

Mean Min,
abs.

Max,
abs.

Mean Min,
abs.

Max,
abs.

rH in % 71 18 100 79 22 100
e in hPa 9.7 1.5 23.8 10.1 1.6 24.5

1) 6/2012–5/2013; Nurb = 15, Nurbforest = 2
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Figure 13: Annual (left) and daily (right) variations of relative humidity (rH) for an urban and an urban forest area (mainly deciduous trees,
forest area: 10 ha) in Essen, Germany (07/2012–09/2013; source: Kuttler et al., 2015; modified).

Figure 14: Annual (left) and daily (right) variations of mean vapour pressure (e) for an urban and urban forest area (mainly deciduous trees,
forest area: 10 ha) in Essen, Germany (07/2012–09/2013; source: Kuttler et al., 2015; modified).

Thus, the annual mean values in the urban forest are
only slightly higher than in the city centre. In the annual
and diurnal variation, however, there are greater differ-
ences in relation to the two sites mentioned (Fig. 13).

The annual cycle for rH is characterized by two min-
ima in spring (April) and summer (August), which may
refer to a general lack of precipitation. As expected, the
highest values are evident in the winter months. Dur-
ing all months of the year, the highly sealed inner-city
station is the driest. The urban forest site, on the other
hand, has the highest values in each case, whereby the
differences to the inner city are highest with almost
15 % rH, especially in summer months. In the mean di-
urnal variation of rH, clear differences between the land-
use emerge. At the inner-city station, the lowest humid-
ity values are reached in the early afternoon whereas
values of the forest station are comparable to those of
the city during the course of the day but reach a signif-
icantly higher level. The higher forest station values are
probably due to transpiration, and the lower air exchange
caused by the canopy density.

The course of e shown in Fig. 14 (left) is charac-
terized by a pronounced mean annual cycle for both
sites. Remarkable differences between the vapour pres-
sure values of both sites can only be seen in the summer
months, with up to Δeurb−rur ≈ 1.5 hPa.

On the diurnal cycle (Fig. 14 (right)), lowest val-
ues are reached before or around sunrise both in the
city and in the urban forest. Afterwards, the values
increase at both sites, but in the city forest much
more strongly and remaining at a high level through-
out the day until the evening (erur > 10 hPa), while
in the city centre the vapour pressure drops to a
minimum until the afternoon and increases again to-
wards evening. The minimum at the urban site is
due to increased turbulence, especially in the after-
noon. At the urban forest site, the vapour pressure
values remain at a relatively high level because the
canopy limits vertical exchange. This is supported
by a summer/winter comparison of the vapour pres-
sure values (not shown here), whose differences be-
tween the two sites are considerably higher in the
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Figure 15: Average hourly urban excess humidity (UME; in % of
annual hours) based on an inner city and surrounding area station
for weak (0 hPa < Δeurb−rur ≤ 0.5 hPa) and strong (Δeurb−rur > 0.5 hPa)
UME events in Essen, Germany (06/2012–05/2013; source: Kutt-
ler et al., 2015, modified).

summer afternoon (Δeurb−rur > 2.0 hPa) than in winter
(Δeurb−rur < 1.0 hPa).

Apart from the average humidity conditions between
the city centre and the urban forest, weather situations
are evident during which the humidity conditions in the
city are higher than in the rural area (Δeurb−rur > 0 hPa),
i.e., Urban Moisture Excess (UME or UMI, Urban
Moisture Island, see Richards, 2005; Kuttler et al.,
2007). The reason for the higher urban humidity at
this specific observation site, which is particularly pro-
nounced in the second half of the night, is probably
because in the surrounding boundary layer the dew
point temperature is reached earlier in the evening and
more frequently at night due to the stronger cooling
of the rural boundary layer. Another reason is longer-
lasting ET in the warmer UBL compared to the cooler
surrounding area. Limited influence on UME is related
to the anthropogenic emission of water vapour (mo-
tor vehicle traffic, industry, cooling towers) and to a
lower frequency and sum of dewfall on green roofs
(xgreen roofs = 0.3 mm month−1) in comparison to bitu-
men roofs (xbitumen roofsr = 0.4 mm month−1 in each case
without fog events; Heusinger and Weber, 2015).

Fig. 15 shows an example of the relative frequency
of weak UME events (0 hPa < Δeurb−rur ≤ 0.5 hPa) and
strong UME events (Δeurb−rur > 0.5 hPa) on the annual
cycle. Strong UME events occur – although in small
absolute numbers and except for the winter months –
during all seasons. The frequency of occurrence is < 1 %.
Weak UME events, on the other hand, have frequencies
of up to 5 %. Most UME events last only a few hours
(87 % ≤ 5 hours, for further details refer to Kuttler
et al., 2015).

Analyses of long-term trends in urban humidity
indicate statistically significant decrease for rapidly
expanding cities. For example, an analysis con-
ducted for Beijing, China (1961–2014) showed a
decrease in e (−0.24 hPa/decade.), specific humidity
(−0.15 g/kg/decade.) and an increase in vapour pressure
deficit of 0.14 hPa/decade. These changes are related to
the increase in sealed areas of the respective cities (Li
et al., 2021).

Fog

Analyses of urban and rural fog frequency indicate a
turnaround of the situation in recent decades indicating
that it is no longer that the urban area has the greater
number of fog days, but the rural area. This antagonis-
tic behaviour compared to earlier studies (until about the
middle of the 20th century) is attributed to the warming
of the urban atmosphere and the reduced concentration
of fog-producing particles due to air pollution control
measures. Studies of large cities in western and south-
ern Germany, for example, show a decrease in urban fog
frequency by up to 60 % between 1960 and 2015 (e.g.,
Kuttler et al., 2015). Comparative measurements be-
tween the city of Belgrade (Serbia) and the surrounding
area showed that only about two-thirds of the fog days in
the surrounding area occurred in the city (Vujović and
Todorović, 2018). The decrease in fog frequency for
Los Angeles during recent decades is attributed partly to
increasing nocturnal minimum temperatures (Williams
et al., 2015). A decrease in fog frequency favours traffic
safety and increases energy yield of photovoltaic pan-
els. Disadvantages for cities in arid areas, however, are
the increased water and energy consumption due to the
lack of wetting by deposited fog and higher frequency
of sunshine.

Occasionally, during high-pressure “foggy weather
conditions”, satellite images show cities as fog-free and
thus sunny islands surrounded by fog (“Urban Clear Is-
lands”, UCI; Lee, 1987; Sachweh and Köpke, 1995).
Stronger radiation absorption and the associated warm-
ing of the urban surfaces compared to the surround-
ing area ensure an increase in midday thermal turbu-
lence and atmospheric instability. This leads to increased
downward transport of warm and dry air from aloft, re-
ducing near-surface rH in the urban atmosphere.

If such weather situations are not isolated, but the
urban fog-free conditions last for a longer period, this
should also be of human-biometeorological interest, e.g.
much more pleasant urban meteorological conditions
than in the cold and wet surrounding countryside.

Dew

Dew deposition during periods without rain can have
various reasons (Monteith, 1957; Groh et al., 2018)
such as (1) the deposition of atmospheric water when the
air temperature is equal to or lower than the dew point
temperature (ta ≤ td), (2) the vapour pressure of moist
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soil is higher than that of the atmosphere (esoil > eair;
distillation) and (3) when there is active transport of wa-
ter from inside the plant body by hydathodes (guttation).
The main pathway of urban dew deposition is due to the
first reason, if a negative radiation balance, sufficient at-
mospheric water vapour and low wind speeds occur. An
increase in dew deposition can be observed with increas-
ing ψsky (Richards and Oke, 2002). Mean nocturnal
dew deposition rates in Paris reached values of around
0.05 mm night−1. Generally, due to urban warming dew
deposition is occurring less frequently than outside the
city. Urban dew not only has thermodynamic effects, for
example on the duration and strength of the UHI, but
also can increase the deposition velocity (vd) of various
air pollutants due to the moist surfaces (Mulawa et al.,
1986). Additionally, to evaporate nocturnal dew, about
8 % of the available energy (i.e., Q∗) is needed in sum-
mer (southern England, Hughes and Brimblecombe,
1994).

7 Air pollutants

Most of the worldwide emission of anthropogenic trace
gases originates from cities. Cities cover less than 1 %
of the Earth’s surface (Schneider et al., 2009), but
are home to about 60 % of world’s population. Cities
are not only hot spots with regard to the release of
air pollutants, but also with regard to the emission
of greenhouse gases (e.g., CO2eq.). However, in Eu-
rope, emissions of the most important air pollutants
have significantly decreased in recent decades, e.g.
SO2 – 80 %, CO – 49 %, NOx – 46 %, NMVOC – 44 %,
PM2.5 – 31 %, PM10– 29 %, NH3 – 10 % (for the time pe-
riod 2000–2017). The secondary pollutant ozone, how-
ever, is characterised by a concentration increase in most
European cities and often exceeds the EU limit value
(Sicard et al., 2021).

Urban air quality is mainly characterised by gaseous
and particulate emissions from near-surface sources
such as motor vehicle traffic, domestic heating, and in-
dustry. In addition, during hot and low wind summer
days, certain tree species (especially Platanus × aceri-
folia) can locally enhance ozone production through in-
creased emission of the precursor gas isoprene (Simon
et al., 2019; Wagner and Kuttler, 2014). In winter,
urban air quality can be impacted by PM10 emission due
to wood combustion in domestic fireplaces (e.g. Küpper
et al., 2018).

In addition to gaseous pollutants such as NO, CO,
NO2, volatile organic compounds (VOC) and O3, par-
ticulate matter (PM10, PM2.5) plays an important role in
the assessment of (urban) air quality. The level of ambi-
ent concentrations depends not only on the type of land
use, but also on atmospheric stability.

Table 12 contains exemplary annual mean values
for urban background, traffic and forest stations of the
Rhine–Ruhr conurbation, Germany, which is one of the
largest agglomerations in Europe. Urban background

Table 12: Air pollutants in the Rhine–Ruhr Area (Germany) (hourly
means in µg m−3; (. . . ) = 98 % percentile; based on 2020 (yearly
means) except for PM10 (year 2018); source: LANUV, 2021,
pers. communication).

Station type
Pollutant Traffic Urban Background Forest

SO2 – 6 (40) –
NO2 26 (64) 19 (54) 4 (17)
NO 12 (68) 6 (60) 0 (1)
O3 – 47 (123) 67 (129)
PM10 29 25 12

areas are characterised by high ozone concentrations
followed by NO2 and PM10. Air quality at traffic sta-
tions is dominated by PM10 and NO2. At forest stations,
ozone values occur with by far the highest concentra-
tions. The clearest difference between traffic and urban
background stations is evident for NO, which is twice as
high at traffic stations as in the urban background. In the
surrounding area, NO hardly plays a role.

Street canyons in a city can represent “hot spots” in
terms of air quality. It is important to learn, which are the
most relevant drivers for high pollutant concentrations
in street canyons. A statistical modelling study indicates
functional relationships between street canyon NO2 con-
centrations (as an example) and explanatory variables
(for method cp. van Pinxteren et al., 2021) (Fig. 16).

The hour of the day has the largest influence on
the NO2 concentration with > 45 % and is mainly at-
tributed to the time-dependent traffic rate (e.g., emis-
sion of precursor gases during morning and evening
rush hour). The second most important influence is from
wind speed especially at low values with v ≤ 1 m s−1.
The mean influence of the day of the week is 12.2 %.
There is hardly any difference between the weekdays,
but a relatively strong reduction towards the weekend,
especially towards Sunday. In the annual cycle (4.1 %),
the winter months show higher concentrations. Air tem-
perature shows a U-shaped relationship with NO2 in-
crease at very low but also very high temperatures. The
influence of very low air temperatures is likely to be
due to increased engine emissions from warm-up phases
(Suarez-Bertoa and Astorga, 2018), while that of
high air temperatures should be related to ozone chem-
istry.

The influence of rH (2.5 %) is interesting: drier air
results in higher NO2 concentrations. This decrease in
concentration with an increase in humidity (and dewfall
at night) is probably also related to the fact that vd of air
components over moist surfaces increases.

While global radiation and the precipitation amount
hardly affect NO2 concentrations, the trajectory lengths
or air mass histories is influencing on relatively short
distances (≤ 1,500 m) illustrating a regional impact on
the occurrence of higher NO2 concentrations.
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Figure 16: Factors which determine mean NO2-concentrations at a traffic station sorted by importance (RADOLAN = Radar-Online-
Aneichung values). Short vertical lines indicate the value distribution of the variables in 10th percentiles (0 %–100 %) (based on partial
dependence plots; Dresden, Bergstraße, 2015–2018; source: van Pinxteren et al., 2021).

Diurnal patterns of selected air pollutants

Over the diurnal course, the concentrations of air pol-
lutants can vary greatly for different reasons (emission
strength, atmospheric mixing). The varying proportion
of sealed surfaces in cities alone has an effect on the
distribution of air pollutants. For example, with a lo-
cally high degree of sealing and strong solar radiation,
increased turbulence leads to a decrease in the air pollu-
tion concentration (larger mixing layer height), whereas
higher pollutant concentrations occur in the evening
when mixing decreases and the UBL height is limited
(Fallmann et al., 2021). Examples of the behaviour of
trace substances of a traffic and rural station are shown
in Fig. 17. NO shows a local maximum at the time of the
morning rush hour and a secondary maximum during the
afternoon rush hour (Fig. 17a). The rural concentrations
are not only much lower, up to 75 % of the maximum
value measured at the traffic station, but also show little
diurnal variation. However, the urban traffic peaks in the
morning and late afternoon/evening show slightly higher
values also at the rural site with a slight time shift.

The mean diurnal variation of NO2 (Fig. 17b) shows
a similar spatio-temporal behaviour as NO. It is strik-
ing that at both locations maximum values do not occur
only in the morning, but also between 18 and 20 h. These
maxima are probably caused not only by the NO2 emis-
sion from road traffic (as primary emission), but also by
the high ozone concentration during the day (Fig. 17c),
which acts together with NO as a NO2 source. In ad-

dition, UV radiation decreases towards evening, which
reduces the photolysis of NO2, allowing the pollutant
to maintain its elevated concentration. The latter is indi-
cated by the relatively high values towards evening com-
pared to early morning.

The mean diurnal variation of ozone concentration
shows an opposite trend to that of NOx (NO + NO2;
Fig. 17c). As a secondary trace gas, ozone is formed
from various precursor gases (NOx, anthropogenic- and
biogenic -VOC, PAN, etc.), especially with solar irra-
diation, so that with increasing solar radiation the near-
surface ozone concentration reaches its maximum from
midday onwards. At night, the ozone concentrations
drop and reach a minimum early in the morning. How-
ever, secondary maxima can occasionally be detected at
night (1–3 h), which can be attributed to ozone formed
during the day. This usually originates from the residual
layer above the surface inversion and is transported to-
wards the ground surface by turbulence caused by wind
shear (Reitebuch et al., 1998).

The mean diurnal variation of the PM10 concen-
tration shows maximum concentration values at both
the inner city traffic and the industrial area station
with morning maxima coinciding with the traffic peak
(Fig. 17d). Towards evening (> 21 h), another maximum
develops, which is slightly below the primary morning
maximum at both sites.

However, PM10 does not represent the number con-
centration of all particles, e.g., those of ultrafine parti-
cles (UFP≤ 100 nm), as they have a very small share
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Figure 17: Mean hourly average values of selected air pollutants at different observation sites (traffic, rural, and industrial site) in the area
of Essen, Germany (06/12–05/13) (source: Kuttler et al., 2015; modified).

Figure 18: Particle Number Size Distribution (PNSD, left) and correlation between PNSD and eBC (equivalent Black Carbon) Mass
concentration (right) for different measurement sites in Germany (hourly means 2009–2014) (source: Su et al., 2019; modified).

of the total particle mass. UFP have a relatively large
surface-to-mass ratio. This allows them to more effec-
tively absorb (toxic) substances than larger particles.
Because of their small size, UFP penetrate deeper into
the human lungs and can be absorbed into the blood-
stream, causing respiratory and cardiac diseases. Since
UFP show a high affinity to road traffic as a dominant
source in cities, concentrations at stations close to traffic
can be significantly elevated compared to urban back-
ground stations, e.g. by a factor of 1.4 in Leipzig or
> 3 in London (von Bismarck-Osten et al., 2013). It is
interesting to note that despite the site-dependent vari-
ability of the number concentrations, a more homoge-
neous distribution develops towards larger particle di-
ameters (Fig. 18). This “particle ageing” is associated

with particle growth, which is attributed to condensa-
tion/coagulation, among other factors (Sun et al., 2019).

Evidence that increased concentrations of UFP in the
road sector are mainly caused by traffic emissions can
be obtained via correlation with eBC (equivalent black
carbon: BC + EC), as “soot” is a reliable tracer for traf-
fic emissions (Grange et al., 2020). This correlation is
significantly higher in the road area than at the compar-
ison stations (Fig. 18 right), thus proving that UFP are
mainly released by motor vehicle traffic.

Greenhouse gases

Cities are not only sources of air pollution but also ‘hot
spots’ of greenhouse gas emission (e.g. CO2eq.). Even
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Figure 19: Average diurnal and annual variation of the CO2-mixing ratio in the city centre and surrounding area station as well as the
absolute differences of the CO2 mean values (ΔCO2) between both locations in Essen, Germany (06/2012–05/2013; source: Kuttler et al.,
2015).

Table 16: CO2 emissions of various European cities (source: Jasek-
Kaminska et al., 2020; based on Ward et al., 2015).

Location Emission in kg CO2 m−2 a−1

London 35.5
Florence 30.3
Krakow 22.3
Basel 17.6–19.4
Helsinki 17.4
Copenhagen 12.8
Lodz 10.8
Essen 6.0
Gliwice 2.8

though during the summer months urban vegetation can
take up atmospheric CO2 by photosynthesis, in the an-
nual balance the urban CO2 flux remains positive, i.e. di-
rected into the atmosphere. Depending on the economic
structure, population density, degree of green cover and
proportion of natural soil, the mean amount of urban
CO2 emissions (FCO2) for selected European cities is
in the order of 2 µmol m−2 s−1 < FCO2 > 25 µmol m−2 s−1

or between < 3 kg CO2 m−2 a−1 (Gliwice, Poland) and
35 kg CO2 m−2 a−1 (London, UK, Table 13). For estima-
tion of respiratory carbon dioxide of urban dwellers, see
(Box 7.1).

Daily and annual variations in CO2

concentration

Under Central European climatic and economic con-
ditions, urban and rural CO2-concentrations show al-
most sinusoidal patterns in the diurnal and annual cycles
(Fig. 19). In the diurnal cycle, the maxima with differ-
ent absolute concentrations at both locations are reached

Box 7.1: Box 7.1 Mean CO2-emission rate from respiration by city
dwellers

An estimate of the fraction of CO2 released solely by the res-
piration of urban dwellers, assuming an average person weight
of 70 kg, yields an average CO2 emission of 330 kg CO2 cap−1 a−1

(Prairie and Durarte, 2007). If this value is taken as an exam-
ple for a large city at mid-latitudes (Essen, Germany, 590,000 in-
habitants, A = 210 km2, mean urban anthropogenic CO2 emission:
6 kg CO2 m−2 a−1; reference year: 2020), the CO2 share caused by the
inhabitants amounts to about 15 % of the total anthropogenic CO2

emission in the urban area.

during the early morning hours (rush hour, stable strat-
ification). Subsequently, the values drop to a minimum
during the midday and afternoon hours (stronger con-
vection, photosynthesis), only to increase again towards
evening (more stable stratification, respiration of the
plants). For the example presented here, the daily mean
values in the UBL are higher by > 30 ppm than in the
surrounding area.

In the annual cycle, the highest CO2-concentrations
for both sites occur in the winter months when photo-
synthesis is limited, while the minima can be found dur-
ing the summer months. The higher standard deviations
at the urban location are due to the temporal variation
in urban emission strength from different anthropogenic
sources.

This significant diurnal and annual variation in cities
and their surroundings in the mid-latitudes, as described
above, is also subject to macroclimatic conditions. Grad-
ual differences are e.g. recognizable in the cities of typ-
ical monsoon areas in Asia (Seoul, Korea), where the
summer monsoon reduces photosynthesis due to prevail-
ing heavy cloud cover and thus increases the CO2 con-
centration during this time of year (Hong et al., 2019).
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Figure 20: Heat load (Physiologically Equivalent Temperature, PET; PETd = PET class in days) in Freiburg/Brsg. (Germany) for the periods
1961–1990 and 2071–2100 (PET d 18–29 = thermal acceptable) (source: Matzarakis and Endler, 2010; modified).

With regard to the release of anthropogenic green-
house gases (GHG) in addition to CO2, emissions
of CH4 (e.g., from sewage treatment plants, oil re-
fineries and landfills) should be mentioned in particu-
lar, which lead to concentrations several times higher
in cities than in the surrounding areas (Takano and
Ueyama, 2021). GHG footprint analyses that took into
account not only CO2 and CH4 but also N2O resulted
in the following emission values for Delhi 1.9, Mex-
ico City 3.1, Berlin 8.9 and New York 14.2 (each in
t CO2eq cap−1 a−1; Pichler et al., 2017).

8 Human-Biometeorology

The previous chapters have pointed to distinct spatio-
temporal variability of different microclimatic condi-
tions within cities. The extent to which microscale vari-
ability of atmospheric conditions can affect human well-
being is investigated in more detail in the research
field of human biometeorology (e.g. Holst and Mayer,
2011). Depending on the individual physical condition
of a person or the state of activity (rest, sporting activ-
ity), the human organism reacts differently to meteoro-
logical conditions. Changes in the microclimatic condi-
tions, for example between a shady city park or an open
space, can have a stressful effect on the organism such as
summer heat stress or winter cold stress (Asseng et al.,
2021). While cold stimuli can be mitigated by clothing,
this is only possible to a limited extent for summer heat
stress.

Due to the predicted increase in the frequency,
duration and intensity of heat waves due to climate
change, studies on the effects of summer heat stress
play an important role (Fischer and Schär, 2010;
Wouters et al., 2017; Guerreiro et al., 2018). The con-
sequences will also be more severe in cities during
day and night than in the surrounding non-built-up ar-
eas. Human-biometeorological research has introduced
various thermal assessment indices to investigate heat
stress, of which the Physiologically Equivalent Temper-
ature (PET) and the Universal Thermal Climate Index
(UTCI) are the most widely used. In order to calcu-
late these assessment indices, meteorological quantities

such as air temperature, humidity, wind speed and the
mean radiation temperature (Tmrt) calculated from the
short- and long-wave radiation fluxes must be gathered
in their spatio-temporal variability, since only the com-
bined effect of these quantities fully represents the heat
load. Studies using regional climate projections have
been able to show that the human-biometeorological
stress periods will further intensify with increasing cli-
mate change. In Freiburg (Germany), for example, the
number of days with high heat stress doubles from 25
to 54 days by the end of this century compared to the
period 1961–1990 (A1B scenario; Fig. 20).

The PET is controlled by the spatial variability
of Tmrt, i.e. by differences in the proportions of short-
and long-wave radiant flux densities integrated from all
six spatial directions. Thus, PET is strongly influenced
by urban geometry or shading by buildings or street trees
and differs significantly from the characteristics of ur-
ban air temperature. By taking wind speed and humid-
ity into account, PET represents a thermal evaluation in-
dex that uses the conditions indoor under which a per-
son would feel thermally comfortable as reference con-
ditions for calculating the thermal evaluation, i.e. physi-
ological equivalent (VDI 3787 Part 2).

For the urban area of Berlin, the relationship be-
tween the microclimate of an LCZ (cf. Section 2.1) and
the PET was studied (Langer et al., 2021). The high-
est PET values were measured in the LCZ ‘open-high
rise’, which has the highest radiant flux densities dur-
ing daytime hours due to the highest ψsky of all urban
LCZs (= 0.44). In particular, open squares or wide street
canyons with a large ψsky are usually characterized by
low thermal comfort and high summer heat load. The lit-
erature depicts a clear relationship between PET as well
as the exposure of a street canyon (street orientation), the
height-to-width ratio of the adjacent development (as-
pect ratio), and ψsky or building height (Ali-Toudert
and Mayer, 2007; Yahia et al., 2018). Climate-sensitive
planning and design (e.g. optimized height-to-width ra-
tio of street canyons, shading by street trees or solar
sails) can achieve significant reductions in heat stress sit-
uations during daytime hours (Errel et al., 2011; Nouri
et al., 2017). This is especially true for dry and hot cli-
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mates with high solar elevations and corresponding solar
radiation flux densities.

9 Cities and global climate change

Cities will particularly be influenced by the impacts of
global climate change, as an increase in temperature,
heat stress, and extreme events (drought, heavy rainfall)
will affect areas with high population densities. The oc-
currence of heat waves is of particular importance for
cities, as they can result in a significant intensification
of the UHI-effect (Li and Bou-Zeid, 2013). In a model
study for Belgium, it was shown that the projected in-
crease in urban heat stress by the middle of the 21st cen-
tury will be about twice as high as in their surrounding
areas (Wouters et al., 2017). Guerreiro et al. (2018)
applied climate projections from global climate mod-
els to 571 European cities indicating that the number
of days with heat waves will clearly increase, with a
range of from 4 % for Trondheim to 69 % for Lefkosia in
Cyprus. In addition, the maximum air temperature will
intensify during heat waves, by about 1.5 K in Helsinki
and up to 14 K in Innsbruck. The evidence of further
expansion of urban sealed areas and amplification of ur-
ban climate effects is highlighted in the recent IPCC re-
port. It is stated that ‘there is (1) very high confidence
(robust evidence and high agreement) that future urban-
ization will amplify the projected air temperature warm-
ing irrespective of the background climate and there is
(2) evidence for the combination of future urban devel-
opment and more frequent occurrence of extreme cli-
matic events, such as heat waves’ (IPCC, 2021).

The health effects caused by thermal stress are ev-
ident in increased morbidity and mortality rates, espe-
cially during heat episodes, compared to the surrounding
area. The thermal stress of urban areas is due to not only
the high air and surface temperatures prevailing during
the day, but also to the reduced cooling of the urban
fabric at night. The UHI values that occur during heat
waves can be significantly higher than “normal” sum-
mer values (Unger et al., 2020). Much less research has
been carried out on the effects of extreme cold periods
on the well-being of the urban population. A Spanish
study for the region of Madrid found a higher number of
cold spells in comparison to heat waves, and a higher ur-
ban vulnerability to cold than in the neighbouring coun-
tryside. The main risk factor was due to the different
demographic structure of the city, i.e. an increased num-
ber of urban residents > 64 years (Lopez-Bueno et al.,
2021).

If thermal stress is simultaneously occurring with in-
creased concentrations of gaseous and particulate pollu-
tants, the mortality may increase (e.g., Breitner et al.,
2014; Burkart et al., 2013; Hennig et al., 2018). Dur-
ing dry and warm conditions with strong global radia-
tion secondary pollutants such as ozone and particulate
matter can be produced if appropriate precursor gases
prevail, e.g. secondary organic aerosol (SOA) from

biogenic hydrocarbons (BVOC, e.g. isoprene; Grote,
2019; Wagner and Kuttler, 2014; Mozaffar et al.,
2020) through gas-to-particle conversion.

Since the production of certain plant pollens is en-
hanced by both elevated CO2 and air pollution concen-
trations and high air temperatures (Kaminski and Glod,
2011), increased allergy-causing proteins are released
from pollen – despite generally lower urban vegetation
density. High air temperatures and CO2 concentrations
in mugwort pollen (genus Ambrosia, C3-limited plant),
for example, stimulate the production of the allergenic
protein Amb a1 and thus cause immune reactions (Ziska
and Caulfield, 2000; Ziska et al., 2003). A compa-
rable situation applies to a protein from birch pollen
(Bet v1), which is also allergenic and is titrated by high
NOx concentrations (Pöschl, 2005). Long-term studies
(1990–2018) underline that due to the global tempera-
ture increase, the pollen season in North America was
extended by 20 days and pollen concentrations increased
by 21 % (Anderegg et al., 2021).

Cities can also be vulnerable to the effects of climate
change from a hydrological perspective, as heavy rain-
fall can lead to flooding and damage to buildings and
infrastructure. In addition, a high number of cities in
coastal areas are affected by sea-level rise. According
to the UN, half of the global urban population lives in
a coastal strip of about 100 km, and a total of three-
quarters of the large cities are located in this narrow
coastal area.

Cities, despite their small share of less than 1 % of
the terrestrial land surface (Schneider et al., 2009), are
significant global sources of anthropogenic GHG and
thus not only affected but also drivers of climate change.
Cities account for around 78 % of global energy con-
sumption and emit more than 70 % of global anthro-
pogenic CO2 (Cleugh and Grimmond, 2012; Moran
et al., 2018). At the same time, the 100 cities with the
largest carbon footprint are responsible for 18 % of the
total global carbon footprint (Moran et al., 2018). The
main sources of urban CO2-emissions are combustion
processes in industry, households and transport. Hence,
cities offer significant potential to contribute to GHG
emission reductions through a sustainable, efficient and
largely carbon neutral way of living and doing business.

However, which measures can be recommended by
urban climatology to adapt to climate change, espe-
cially to urban warming and flooding? In addition to the
global reduction of GHG (mitigation), four adaptation
measures are relevant on the local scale: shading (incl.
albedo enhancement), greening, ventilation and rainwa-
ter management.

Shading, which may be provided artificially (e.g.,
structural shading elements) or naturally by vegetation
(e.g., trees or tall shrubs), primarily ensures a reduction
in surface and radiation temperature and thus a strong
reduction in long-wave radiation compared to the sun-
exposed area. Compared to artificial shading, those of a
natural surrounding are more effective, since in addition
to the reduced release of radiant heat through the shadow
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effect, energy is also partitioned into QE through tran-
spiration. Shade under large-crowned trees should also
provide optimal UV protection for people spending time
there.

In addition to shading, light-coloured building sur-
faces (roofs and facades) may lower their surface tem-
perature by albedo enhancement. This, however, creates
an additional – rather negative – glare effect on people
standing in front of the buildings in the case of bright
facades (Lee and Mayer, 2018). Moreover, the appli-
cation of thermochromic paints, the colour of which de-
pends on the prevailing thermal conditions (light in case
of strong irradiation and dark in case of low irradiation),
might be a solution for house paints to prevent overheat-
ing in summer and cooling in winter.

Greening is predominantly composed of lawns,
shrubs and tree stands, as well as facade and roof green-
ing (Pfoser et al., 2013, Pauleit et al., 2019). During
prolonged high summer temperatures, sufficient water-
ing of the plants should be ensured. Lawns in particu-
lar can completely lose their cooling effect if they are
exposed to long periods of severe drought. In addition,
photosynthetic capacity and thus the potential for CO2
uptake may be reduced as a result of drought (Konopka
et al., 2021). The advantage of tree- and shrub-covered
stands compared to lawns is the higher transpiration
and interception, whereby greater cooling effects are
achieved via a higher QE. Green facades and roofs pri-
marily lead to an improvement in the climatic conditions
on the building scale. However, if there is a large num-
ber of such green areas, summation effects could lead to
climatic improvements at street or even district level.

Ventilation of an urban area plays an important role,
especially during heat waves. The supply of cooler rural
air in the night depends on its volume flow and pene-
tration depth into the urban fabric (Gross, 2019). Ven-
tilation paths connecting the surrounding area with the
city centre should therefore have sufficient width and be
designed with as few obstacles as possible (Grunwald
et al., 2020).

Cities should have a decentralized rainwater man-
agement system. Structural measures for example can
serve to protect against flooding and inundation: By in-
stalling underground water storage to provide for irriga-
tion during periods of drought (“sponge city principle”)
and by providing infiltration areas in the form of deep
beds and tree trenches. Various VDI guidelines (e.g.
VDI 3787 part 8) provide further information on how to
solve the above-mentioned problems, especially on the
topic of urban development and global climate change.
A recent overview of on how urban planning and archi-
tecture might benefit from findings of urban climate re-
search is documented in Fallmann and Emeis (2020).
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