
Charles University in Prague
Faculty of Mathematics and Physics

HABILITATION THESIS

Mgr. Michal Žák, Ph.D.
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Introduction
Cities are home to over 50 percent of the world population, and the urbanization
has accelerated in the last decades. The change of natural environment in cities
– especially use of artificial materials like concrete, asphalt, glass, metals, etc.
leads to change of its atmosphere and even creation of its climate. Traditionally,
air pollution has been the main hallmark of the urban atmosphere, as found in
antiquity cities. This problem increased in the Middle Ages when coal-burning
became widely used in larger cities, London being one of the best examples. And
it was London that first appeared in the cornerstone of urban climatology. Luke
Howard published the earliest book dealing with urban climate, i.e, with unique
features of the city’s climate, in 1818. Howard [1818] recognized a significant
alteration of meteorological elements. The most important finding of Howard was
identification of the warmer temperatures in the urban center compared to the
surrounding rural areas. His studies laid the foundations of urban climatology and
especially its main feature – the urban heat island. In the next decades of the 19th
century, a number of monographic studies dealing with the climate of di�erent
cities appeared. This was supported by an increasing number of meteorological
stations in city centers and in the countryside. For example, Johann Gregor
Mendel is known as an outstanding geneticist. But he was involved in meteorology
and climatology, too, and intensely focused on the climate of Brno, the second-
largest city of Czechia (see, e.g, Dubec and Orel [1980]).

The rapid increase in urban areas’ size after World War II led to deterioration
of air quality, meteorological visibility and the alteration of other meteorological
parameters. That supported a growing number of studies focussing on urban
climate after 1950s. Among them, some remarkable comprehensive monographies
can be found, like, e.g, Oke [1979] or Landsberg [1981].

As the cities become more extensive, the impact of urbanized areas on the
environment becomes crucial. We can find many ways in which cities influence
atmospheric conditions. Urban development modifies the radiative and thermal
balance and moisture and aerodynamic properties of the surface. Fluxes and
balances of heat, mass, and momentum are influenced by urban surfaces, too,
creating a distinct urban boundary layer. This modification of local conditions in
metropolitan areas can manifest in many meteorological elements and phenom-
ena, like temperature, humidity, wind, clouds, fogs, sunshine, precipitation.

The main feature of the urban climate is urban heat island (UHI). The concept
of the UHI was introduced already some 50-60 years ago Oke and Maxwell [1975].
Di�erent radiative, thermal, hydrological and aerodynamical properties are the
reason why city centres have a few degrees higher temperature than the outskirts
of the city. This di�erence can be found in daily average temperatures, but the
di�erence varies throughout the day. The di�erences are usually larger during
the evening and night hours. In the morning, the so-called urban cold island (the
situation reversed to UHI, e.g, Goncalves et al. [2018]) can build up for a few
hours. The development of the UHI is strongly influenced by synoptic circulation
(large-scale atmospheric conditions).

When studying the UHI, we usually talk about the intensity of the UHI,
the temperature di�erence between the city center and the surrounding rural
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areas – but sometimes it’s not easy to compute this parameter since suitable
meteorological stations are not always available (both, in the city centers and
surrounding (Chapter 1)). The lack of surface observation can be partly solved
by using remote measurement techniques, especially the satellite measurements
(Chapter 2).

The UHI intensity is greatly correlated with the population of inhabitants
and the city size. An increasing UHI intensity can be expected due to increasing
number of the population living in the cities in the coming decades. But the UHI
can have negative e�ects on the city’s inhabitants, especially older people. For
example, we can observe higher night-time temperatures making it di�cult to
achieve a comfortable temperature for sleeping and resting of inhabitants with-
out air-conditioning. Uncomfortable conditions can occur during hot sunny days
in outdoor spaces with artificial surfaces increasing heat stress, especially to vul-
nerable people. Finally, the higher energy demands caused by higher need of
air-conditioning should be considered among the negative e�ects of UHI.

The adverse e�ects of the UHI will be very likely amplified during the heat
waves that are expected to become more frequent due to global warming (e.g,
Founda and Santamouris [2017]). For this reason, many studies and projects
have been dealing with counteracting the negative e�ect of UHI, or generally of
the urban climate, in the last few decades (see Chapter 3). To find the best
solution for mitigating the UHI e�ect, modeling its impact in a combination with
field measurement campaigns where possible is needed.

The above-mentioned main points of urban climate research, focused on the
central Europe region, especially on Prague, are the basis of this thesis. It has
been created as a summary and evolution of materials published in selected papers
during my research career. The core is built up upon four stand-alone publications
with my major or great participation, provided in the appendices and dealing
in large part (though not exclusively) with urban heat island and climate and
methods of their study:

• Zak, M, Nita, I, Dumitrescu, A, Sorin, C, 2020: Influence of synoptic scale
atmospheric circulation on the development of urban heat island in Prague
and Bucharest, Urban Climate, 34, DOI:
https://doi.org/10.1016/j.uclim.2020.100681

Appendix A (p. 37)

• Zak, M, Miksovsky, J, Pisoft, P, 2015: CMSAF Radiation Data: New Pos-
sibilities for Climatological Applications in the Czech Republic, Remote
Sensing, 7 (11), DOI: https://doi.org/10.3390/rs71114445

Appendix B (p. 51)

• Zak M, Zahradnicek P, Skalak P, Halenka T, Ales D, Fuka V, Kazmukova
M, Zemanek O, Flegl J, Kiesel K, Jares R, Ressler J, Huszar P, 2016: Pilot
Actions in European Cities – Prague. In: Musco F. (eds) Counteracting
Urban Heat Island E�ects in a Global Climate Change Scenario. Springer,
Cham, DOI: https://doi.org/10.1007/978-3-319-10425-6 14

Appendix C (p. 65)
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• Karlicky, J, Huszar, P, Halenka, T, Belda, M, Zak, M, Pisoft, P, Miksovsky,
J, 2018: Multi-model comparison of urban heat island modelling approa-
ches, Atmospheric Chemistry and Physics, 18, DOI:
https://doi.org/10.5194/acp-18-10655-2018

Appendix D (p. 94)

Additional supporting materials have been adapted from the following publi-
cations, too, though they are not enclosed within the thesis:

• Halenka, T, Belda, M, Huszar, P, Karlicky, J, Novakova, T, Zak, M, 2019:
On the comparison of urban canopy e�ects parameterization, International
Journal of Environment Protection, 65, 177-194.

• Huszar, P, Karlicky, J, Doubalova, J, Sindelarova, K, Novakova, T, Belda,
M, Halenka, T, Zak, M, Pǐsoft, P, 2020: Urban canopy meteorological forc-
ing and its impact on ozone and PM2.5: role of vertical turbulent transport,
Atmospheric Chemistry and Physics, 20, 1977–2016

Finally, to provide a complete picture of the discussed topics, selected frag-
ments of yet unpublished analyses or those currently under preparation were also
included.

While the topics covered in this thesis vary substantially in terms of used
methods, examined datasets, and sometimes even in the purpose of the particular
analyses, joint themes can be highlighted. The general subject of urban heat
island study pervades in my past research, from connection to synoptic-scale
circulations (Zak et al. [2020]) through observing and detecting methods of the
UHI, the problem of stations availability including remote sensing methods for
climatological analyses (Zak et al. [2015]), to study of the adverse UHI e�ects
on urban inhabitants (Zak et al. [2016], Zahradnicek et al. [2014]). The issue of
modeling the UHI e�ects and its connections to air quality issues also permeates
through some of my past work (Huszar et al. [2020], Halenka et al. [2019], Karlicky
et al. [2018]).

Despite the obvious topical diversity of the problems addressed here and the
resulting specificity of the conclusions reached, general insight regarding the spe-
cific features of the urban climate in central Europe can be found. These are
provided in the following chapters of this thesis. As already mentioned above,
four main themes are discussed in four topically focused (though still partly over-
lapping and interrelated) segments. Chapter 1 shows the specifics of urban heat
island in central Europe, including a discussion of station selection for urban
climate study. Chapter 2 deals with remote sensing methods possibilities in cli-
matology, with a focus on UHI analyses. Chapter 3 addresses the adverse e�ects
of the UHI, focusing on thermal comfort, and briefly describes the possibilities of
UHI mitigation or counteraction with a description of experiences gained for the
city of Prague. The modeling approach of the UHI evolution and its e�ects on
urban weather conditions are explored in Chapter 4. Finally, summarizing and
concluding remarks are provided in Conclusion, together with some thoughts on
our related ongoing and future research.
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1. Urban heat island in Central
Europe
Urban heat island (UHI) is relatively common phenomenon of metropolitan areas
and a typical feature of their climate. UHI is manifested by significantly higher
temperatures in urban areas compare to their surroundings (with either rural
or non-urban characteristics). There are many reasons for the UHI occurrence,
most of them are relatively well understood (e.g. Landsberg [1981], Oke [1982],
Arnfield [2003]).

The main cause is connected with the modified physical characteristics of ma-
terials used in the urban areas. The artificial surfaces (of e.g. concrete or asphalt)
are absorbing much more solar radiation compared to the natural surfaces. This
lead to surplus heating of the surfaces. Therefore surfaces emit long-wave radi-
ation, especially during nocturnal hours. Another factor leading to the increase
of temperature is antropogenic heating. It is created by waste heat released dur-
ing energy consumption (cooling, heating, transportation, industry etc.), called
anthropogenic heating. It can be mathematically described through the surface
energy balance model (Oke [1988]):

R
n

+ F = H + LE + S + A (1.1)
where R

n

is the net all wave radiation; F stands for the anthropogenic heating;
H stands for sensible heat (that heats the air in the city); LE is the latent heat
(i.e. the heat required to convert a solid into a liquid or vapour); S represents
heat storage (absorbed e.g., by building materials); and A is the advective heat
flux . Heat and energy (left side of 1.1) is mostly stored in materials with low
albedo and higher roughness (e.g. asphalt), while lawn, parks, trees etc. act as
a heat sink. Therefore, urban areas with artificial materials experience higher
temperatures than vegetated areas.

The UHI e�ect can be explored in three ways according to their measurement
altitudes: boundary UHI, canopy UHI, and surface UHI (Zhang et al. [2009]).
Boundary UHI can be understand from the rooftop’s level to the atmosphere
(Mirzaei and Haghighat [2010]). It investigates the UHI e�ect at mesoscale point
of view (from 1 to 10 000 km2) and can be for example studied by help of ra-
diosondes (Voogt [2007]).

Canopy UHI is considered from the surface to the rooftop (Krayenho� and
Voogt [2007]). Analyses of the canopy UHI are usually the object of microscale
studies and the main input data are obtained from weather stations (Kato and
Yamaguchi [2007]). Surface UHI is a feature of the earth’s surface level and is
usually explored by satellite images (see Chapter 2) to derive the surface UHI
e�ect.

The magnitude of the UHI e�ect can be expressed in terms of Urban Heat Is-
land intensity. This parameter is obtained as the temperature di�erence (usually
in ¶C) between urban and rural (or non-urban) temperatures measured simulta-
neously. The intensity of UHI is greatly influenced by e.g., land-use, population
density, vegetation, density of built-up area (e.g., Landsberg [1981], Oke [1982,
1988]). Meteorological conditions can also influence UHI magnitude, as was con-
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Figure 1.1: Locations of surface climatological stations traditionally used for
studying the UHI of Prague.

firmed by many papers (e.g., Sakakibara and Matsui [2005], van Hove et al.
[2015]).

Our research focused on central Europe, especially on Prague, the Czech Re-
public’s capital city. Prague’s urban heat island has been studied several times,
usually using the traditional comparison of urban-rural long-term station pairs.
These results have provided information about the UHI of Prague’s intensity,
its annual course, and long-term changes under climate change. For the city of
Prague, such pair of stations usually involves Prague, Klementinum station situ-
ated in the very city centre, being one of the stations with the longest continual
temperature records in Europe (world), starting in 1775. Of course, as many
old urban stations are situated in the heart of a city, its location is not repre-
sentative of the WMO (World Meteorological Organization) guidelines (placing
of the screen with thermometers). But it mirrors the influence of densely built-
up area of the city center very well. Before automatization in 2013, only three
measurements per day were carried out (7, 14, and 21 o’clock local time); after
automatization, 10-minutes observations are available. Another station suitable
for UHI study in Prague is the Karlov station, which can be found approximately
2 kilometers from Klementinum (in the building where the o�ce of Dean of the
Faculty of Mathematics and Physics of Charles University is situated). This is
a so-called synoptic station providing hourly measurement, not only of tempera-
ture, but full range of meteorological parameters and phenomena (including wind,
cloudiness, sunshine duration, radiation, humidity etc.), i.e., variables needed for
calculation of the thermal comfort parameters (see Chapter 3).

As a ”rural” station of the stations-pair, either airport stations (typically
Ruzyne, sometimes Kbely) are used – both of them being synoptic stations and
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therefore providing the hourly data with the full range of meteorological param-
eters; or some of the stations outside of the city of Prague – usually any of
the following climatological stations: Dobřichovice, Brandys nad Labem – Stara
Boleslav, Tuhaň, Neumětely or Doksany (see Fig. 1.1). All the stations are op-
erated by the Czech Hydrometeorological Institute, that is also responsible for
quality checks.

When analyzing the UHI based on station-pairs, it is not always easy to find
the best-suited combinations; therefore, more stations have sometimes been used.
Besides the question of su�cient data record (full length, all parameters needed),
we have to deal with di�erent altitudes of the station used. Another point to
be mentioned is the suitability of station selection based on how the UHI e�ect
is mirrored in the measurement. Regarding the e�ect of the UHI on the day-
to-day temperature variability, the Czech Republic area has been (to our best
knowledge) for the first time studied in Zak et al. [2019b]. For this purpose, the
di�erence between the day-to-day variation of daytime maximum temperatures
and night-time minimum temperatures has been used. Statistical methods based
on Anderson et al. [2018] paper were applied, with day-to-day (DTD) tempera-
ture variability expressed as follows:

1) absolute di�erence between the ambient temperatures of adjacent days:

DTD = �N

i=1(Ti

≠ T
i≠1)

N ≠ 1 (1.2)

2) the di�erence between the DTD variation of daytime temperatures and night-
time temperatures:

—DTD = DTD(T
max

) ≠ DTD(T
min

) (1.3)

Urban sites are characterized by positive (i.e., daytime DTD(Tmax) exceeds
night-time DTD(Tmin)), or less negative values, while rural sites are character-
ized by negative (i.e., night-time DTD(Tmin) exceeds daytime DTD(Tmax)), or
less positive values. DTD values show seasonality with peak for minimum tem-
perature in winter months (when the highest albedo of surfaces occurs, leading
to less energy storage) and minimum in July (opposite conditions). When ap-
plied to Prague’s stations, urban e�ects can be clearly detected for Karlov and
Klementinum stations. On the other hand, some stations usually classified as ru-
ral when performing UHI analysis of Prague do not exhibit the —DTD metric’s
variation expected to be associated with a typical rural station (Fig. 1.2).

The development of the UHI phenomenon is strongly influenced by large-
scale (synoptic) circulation. Under high pressure areas, the conditions are gen-
erally more favorable due to smaller cloudiness (i.e., higher direct radiation) and
usually weak winds (Morris et al. [2001]). The mutual position of the city and
anticyclone is important for the UHI development, since it influences the pre-
vailing wind direction. Especially during winter season the low cloudiness under
high pressure area conditions can develop and obscure the radiation weather de-
velopment in the city. This can apply to wind, too. If the wind becomes too
strong, the development of the UHI is hindered or suppressed. For Prague, the
wind field over the city was simulated with the help of Calmet Modell (Scire et al.
[2000]). This simulated wind speed and direction are much more convenient to
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Figure 1.2: Monthly values of DTD for minimum temperatures.

study the connection between UHI development and wind speed because station
measurements of wind in the urban area usually su�er from a lack of represen-
tativity. Based on these simulations, it was found that Prague’s UHI vanishes
when windspeed surpass 8 m.s≠1 (e.g., Zak and Skachova [2010]).

The lowest UHI intensity occurs under cloudy and windy conditions, but not
necessarily under cyclonic influence. Many studies focus on UHI development’s
during clear sky and weak wind, i.e. under optimal conditions. In contrast, the
number of papers deeply studying relationship between the UHI intensity and
di�erent synoptic conditions is much smaller (e.g., Beranova and Huth [2005] for
Prague; Polrolniczak et al. [2017] for Poznan, Poland; Beck et al. [2018] for Augs-
burg, Germany, or Kircsi and Szegedi [2003] for Szeged, Hungary). These studies
are often using special measuring campaign data with high density of observa-
tions points but usually with short time period (few years), i.e., not suitable for
capturing climate trend of UHI behavior. For Prague, such study was first done
in 2005 (Beranova and Huth [2005])) using data from the 1961–1990 period, based
on the Bradka synoptic catalog. This catalog distinguishes cyclonic/anticyclonic
and directional characteristics (Bradka et al. [1961]). Beranova and Huth [2005]
suggested that the North to North-East and South to South-West synoptic flows
increase the Prague’s heat island. However, it has to be mentioned that subjec-
tivity of Bradka synoptic catalog has to be taken into account.

Therefore, in our research, an objective classification scheme of synoptic (wea-
ther) types was used for this purpose, the GrossWetterTypen (GWT) classifica-
tion scheme of atmospheric circulation based on threshold criteria, like degrees of
zonality, meridionality and vorticity of the large scale of MSLP field. This anal-
ysis deals with a period of 35 years between 1981 and 2016, i.e. a period greatly
influenced by the developing climate change. Details can be found in Appendix
A. Based on results of our research, the following points/main features of the
UHI of Prague during last 60 years can be found:

1. UHI of Prague is a very pronounced and quite robust all-year-round feature
of Prague’s climate.
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2. The UHI intensity varies between 2 ¶C and 2.5 ¶C based on daily minimum
temperatures, with the highest values reached in August.

3. The maximum values of UHI intensity can exceed 4 ¶C (over 6 % of days,
based on minimum temperatures).

4. The UHI intensity derived from mean and maximum temperatures is gen-
erally smaller (especially for the maximum temperatures) than minimum
values.

5. City enlargement, tra�c increase and changing of green spaces into buit-up
areas have long-lasting magnified the UHI intensity in Prague, with a linear
trend of around 0.13 ¶C / decade for daily minimum temperature.

6. UHI of Prague develops particularly under anticyclonic synoptic types,
when south- to southwesterly wind prevail supporting warm air advection.

7. Fewer days of snow cover in the city center during the winter months have
contributed to the increasing UHI intensity in winter season.

Although the results about UHI mentioned above are mainly connected with
Prague, I also cooperated with colleagues from other countries in Europe, es-
pecially during the ”UHI” project (Development and application of mitigation
and adaptation strategies and measures for counteracting the global Urban Heat
Islands phenomenon, 2011-2014), and particularly with urban researchers in Slo-
vakia and Romania. Based on this cooperation, some interesting papers and
conference proceedings were produced, dealing with Prague and Bratislava’s sim-
ilarities, and, especially, Bucharest. Despite Bucharest’s distance from Prague,
some similarities can be found in their physical-geographical background. The
similar orographic features (with depression-like structures) partly a�ecting the
synoptic scale circulation make them an interesting pair for comparison from an
urban climate research point of view. Finally, both cities have experienced sig-
nificant changes during the economic and political transition after 1990, which
influenced their structure, industry, and transport characteristics.

9



2. Remote sensing approach
Regardless of its size, every settlement influences the meteorological elements.
These influences have been traditionally studied with data from meteorological
stations situated in the city and outside of the urban areas to describe the di�er-
ences between them. Although there can be some di�culties when searching for
the representative stations characterizing both areas (see Chapter 1), we usually
can find suitable stations for larger (especially capital) cities describing either
rural or urban areas. But when attempting to describe spatial features of ur-
ban climate and/or urban heat island, we are usually facing a lack of observing
stations. Sometimes detailed information can be obtained by unique measuring
campaigns (e.g., special rides with instruments investigating the urban environ-
ment or engaging a large number of measuring points), but these are usually
time-limited and quite expensive. If a broader and more complex view of urban
climate is required, remote sensing methods and its data can be used. These
data were firstly available in the last decades of the 20th century as the satellite
capabilities had developed and the spatial resolution of data provided increased.
Further development occurred during the first two decades of the 21st century.
Together with extending the length of data records, applicability in climate re-
search has become more and more available.

For the European region, many climate data applicable for climate analyses
can be obtained from the Satellite Application Facility on Climate Monitoring
(CMSAF); details can be found at the webpage cmsaf.eu. CMSAF is one of eight
Satellite Application Facility (SAF) of the EUMETSAT (European Organisation
for the Exploitation of Meteorological Satellites). CMSAF provides both opera-
tional products and long-term datasets. We have been widely working with these
data, and bringing them more into climatological community in the Czech Re-
public. A general overview and discussion of possibilities of using CMSAF data
in the Czech Republic was given in the paper (Zak et al. [2015]). It can be found
in Appendix B of this thesis. Based on these experiences, Prague’s UHI has been
studied from the remote sensing point of view.

Generally, when studying urban climate or UHI from a remote sensing per-
spective, we have to deal with another approach compared to surface observations.
One aspect deals with the limited horizontal resolution, the second one with time
resolution, and of course, di�erent parameters are usually available compared to
the meteorological station measurements. Horizontal resolution di�ers according
to which type of sensor and satellite is used – in the best case, the resolution in
central Europe varies between tens of meters to few kilometers with higher resolu-
tion available from polar-orbiting satellites compared to geostationary satellites.
The temporal resolution is much higher for data coming from geostationary satel-
lites (usually 15 minutes to 1 hour), while we usually have just a few observations
from polar-orbiting satellites per day. This discrepancy between temporal and
spatial resolution influences our decision of which data to use. If we focus more on
detailed evolution throughout the day then geostationary data would be better
for the analysis. If the spatial features are more important polar-orbiting data
would be preferred.

Due to its measurement method, satellite data provide di�erent pictures of
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surface or close-to-surface climate compared to meteorological stations. For urban
climate, traditionally, land surface temperature (LST) is the most used param-
eter. LST is the primary parameter when studying the physical processes of
surface energy and water balance both on local and global scale (e.g. Li et al.
[2013]). Knowledge of the LST provides information on the surface equilibrium
state’s temporal and spatial variations and is of a great importance in many ur-
ban climate applications. Therefore, LST has become quite popular among urban
researchers (see e.g., Yang et al. [2020]) worldwide some years ago.

LST provides information about the thermodynamic temperature of the skin
layer of a given surface. It tells us the how cold or hot the Earth’s surface would
be to the touch. It is a kinetic quantity without wavelength dependence. For
ground-based, airborne, and spaceborne remote sensing instruments, LST is the
aggregated radiometric surface temperature, i.e., based on a measure of radiance
(Norman and Becker [1995]) ensemble of components within the sensor field of
view. LST can be described as aggregated radiometric surface temperature ob-
tained from combination of measurement of satellite-remote sensing instruments,
airborne and ground based radiometric measurements.

The LST data can be obtained by mechanism described by Guillevic et al.
[2018] as follows: under clear sky conditions, the top of atmosphere radiance
measured by a spaceborne sensor (L

sat,⁄

) includes contributions from the surface
emission, the atmospheric upwelling radiance (Løsky,⁄

) and atmospheric down-
welling radiance (L¿sky,⁄

) reflected by the Earth’s surface and attenuated by the
atmosphere. Retrieval algorithms rely on one or more top-of-atmosphere spectral
measurements to account for atmospheric e�ects and estimate LST:

L
sat,⁄

= [‘
⁄

B
⁄

(LST ) + (1 ≠ ‘
⁄

L¿sky,⁄

)]·
⁄

+ Løsky,⁄

, (2.1)
where ‘

⁄

is the spectral emissivity at wavelength ⁄ or representative of a specific
(relatively narrow) domain [⁄1, ⁄2] centred on wavelength ⁄, B

⁄

(T ) is the Planck
function describing the radiance of a black body at temperature T, and ·

⁄

is the
atmospheric transmittance.

LST product can be obtained from di�erent instruments, e.g., sensor of Mod-
erate Resolution Imaging Spectroradiometer (MODIS) aboard Aqua and Terra
satellites or the Spinning Enhanced Visible Infrared Imager (SEVIRI) flying
aboard METEOSAT satellites. These two primary sources were used in our
work and analyses.

MODIS LST product from NASA is based on split-window approach and
have a spatial resolution of 927 m at nadir. When the scan angle increases up
to 65 degrees, the spatial resolution of the sensor degrades to about 6 km. Two
bands - 31 (T31) centered on 11.03 µm and 32 (T32) centered on 12.03 µm -
of brightness temperatures from MODIS are used to derive LST value by the
generalized split-window algorithm (Wan and Dozier [1996]):

LST = b0+(b1+b2
1 ≠ ‘

‘
+b3

—‘

‘2 )T31 + T32
2 +(b4+b5

1 ≠ ‘

‘
+b6

—‘

‘2 )T31 + T32
2 (2.2)

where ‘ and —‘ are the mean and the di�erence of the emissivity values in
bands 31 and 32. The coe�cients b

k

(k = 0 to 6) are influenced by surface
air temperature (Tair), viewing zenith angle and water vapor content. They
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di�ers for day and nighttime (details can be found in Wan and Dozier [1996]).
The spectral emissivity values in bands 31 and 32 is obtained from combination of
senescent and green components (Snyder et al. [1997]). Satellites overpass central
Europe twice during daytime and twice during nighttime.

CMSAF provide wide range of products from radiation over cloudiness to hu-
midity and surface features, one of them being LST, too, although this variable
can be obtained from the Satellite Applications Facility on Land Surface Analysis
(LSA SAF), as well. The values are available every 15 minutes and the spatial
resolution is 3 km (in nadir). The source for the LST computation in this SAF
is Meteosat Second Generation (MSG), that fully covers central Europe. The re-
trieval algorithm details can be found in the corresponding Algorithm Theoretical
Basis Document (Trigo et al. [2008]).

Based on LST remote sensing data, we can detect the so-called surface ur-
ban heat island (SUHI). SUHIs are observed using the remotely received spatial
patterns of upwelling thermal radiance (Voogt and Oke [2003]).

SUHI can be characterized either by exceedance level or by comparing to
prevalent meteorological conditions. Such information can help to identify the
hot spots and/or the warmest areas throughout the city and allow for subsequent
analysis of their causes. This can eventually lead up to urban planning changes
in these overheat-prone areas in order to mitigate the adverse e�ect on urban
inhabitants (see Chapter 3). When using real-time data, hot spots identification
can improve heat warning issuing in the cities.

In case of Prague, before 2010s only limited usage of satellite data for UHI
analysis can be found. During our research, firstly MODIS data have been used
for identifying the SUHI in Prague – the main question was to find the possible
limits of UHI. The extents of the UHIs were evaluated based on cross-profiles:
the changing points along each profile were identified based on the Rodionov test
(Rodionov [2004]) and correlated with land cover (Fig. 2.1).

Figure 2.1: Day (A) and night (B) LST for area of Prague derived from only July
MODIS images (2000-2006) with limits of UHI indicated (taken from Cheval et al.
[2007]).
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In order to find a long-term and seasonal characteristics uf SUHI, MODIS data
were employed for 18 years long period in 2018 (during solving URBI PRAGENSI
project, see Chapter 3). Based on satellite analysis of SUHI (Figs. 2.2 and 2.3),
the following features can be found for Prague:

• the warmest part of the city (based on SUHI) is situated in the historical
city centre (close to Vltava river) with relatively higher di�erences during
night

• during daytime the warmest region is shifted south-eastward in the densely
built-up area with only limited vegetation (see Land use map Fig. 2.4)

• the average intensity of SUHI is 5 to 6 ¶C for daytime, while being 4 to 5
¶C for night-time

• the highest intensity of SUHI for daytime occurs in June (8 to 10 ¶C), for
night-time in July (6 to 7 ¶C)

• throughout the year, the lowest intensity of SUHI for daytime can be found
in November (around 2 ¶C) and for night-time in December (2 to 3 ¶C)

Figure 2.2: Monthly mean of LST based on nighttime MODIS images, period
2000 to 2017 (taken from Zak et al. [2019a]).
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Figure 2.3: Monthly mean of LST based on daytime MODIS images, period 2000
to 2017 (taken from Zak et al. [2019a]).

Figure 2.4: Land use map of Prague (blue - tra�c infrastructure, red - housing,
orange - public services, violet - industrial buildings, green - trees and green
infrastructure, dark green - dumps, mining (source: http://app.iprpraha.cz).
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3. Thermal comfort in cities and
mitigation of the urban heat
island e�ects

Urban Heat Island (UHI) is supposed to become on the main problems dur-
ing this century due to increasing rate of urbanization of the human civilization
(Rizwan et al. [2008]). UHI intensity for many cities around the world (including
cities in central Europe such as Prague) has generally been increasing in the last
decades. The main reason is the increasing density of built-up areas and changing
brownfields and green spaces into areas with high-density buildings (usually hav-
ing more floors, too). Also, the artificial sources of heat (air-condition, heating,
transportation, industry) have been gradually contributing to this UHI intensity
increase. This UHI intensification leads to urban overheating, generally negatively
a�ecting the urban inhabitants. This overheating is causing substantial increase
in energy demand for air-conditioning purposes. As shown by Santamouris et al.
[2015]), the corresponding rise of the peak electricity load varies between 0.45%
and 4.6% for each degree of temperature increase. The overheating also leads to
the increase of harmful pollutants concentration, e.g., near-surface ozone.

Rising urban temperatures are causing increased thermal discomfort levels
and generally influencing the health of the urban inhabitants. Heat exposure
can have many negative e�ects. Firstly, it reduces occupational performance, it
can worse minor illnesses, increase the risk of hospitalization, and eventually can
increase risk of death. These health risks are probably to increase as the result
of climate change and growing degree of urbanization in the future throughout
many countries (Heaviside et al. [2017]). It takes its toll on the animal populations
within cities, too. Some animal populations are more likely to struggle to find
food, water, and shelter in hotter cities. But there is the other side of the coin,
where some animal species may find cities more attractive than the wilderness
and turn into urban pests that carry disease and become a nuisance (Kaiser
et al. [2016], Tryjanowski et al. [2013]). Generally, increasing UHI intensity has
negative e�ects worsening the city’s economy and influencing, e.g., tourism.

These adverse e�ects have led to e�orts to reduce the UHI. Various measures
can be implemented to achieve this reduction, but generally, the modification
of urban structures, surfaces, and materials are the most important. These in-
clude especially highly reflective materials (with high albedo) applied to buildings
(e.g., in the form of cool roofs) as well as to urban surfaces. Based on the pa-
per of Macintyre and Heaviside [2019], the largest temperature drop caused by
cool roofs can be achieved when this method is applied to extensive industrial
and commercial buildings, when reduction of temperature maxima above these
surfaces can reach up to around 3 ¶C during the hottest days when the sun is
in the highest position. Another possibility to mitigate UHI is using green mea-
sures – like green roofs and facades, or perhaps incorporating blue infrastructure
measures, like increasing of the extent of areas with cooling water bodies (they
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need to be deep enough in order to maintain their function even during long
heat waves). Sometimes the combination of blue and green features can be in-
corporated, or even some changes in the structure of blocks of buildings or city
quarters. Many studies can be found dealing with this topic (e.g., Yuan et al.
[2017], Ambrosini et al. [2014], Fikfak et al. [2020], Lai et al. [2019], Macintyre
and Heaviside [2019]), usually focusing on aspects of the energy budget of the
urban areas and concentrating on air temperature reduction. For this aim, vari-
ous models having di�erent spatial resolutions are used. If possible, their results
together with local measurements are used for case studies evaluation the benefits
of the proposed solution. But when health-related e�ects of urban conditions are
investigated, not only air temperature should be used as the human body cannot
perceive individual climatic parameters like an instrument.

One possible approach for the thermoregulatory response is to use the human
energy balance equation (Thompson and Perry [1997]):

(M + W ) + Q + R + C + E + S = 0 (3.1)
where M represents the metabolic heat (internal energy production), W the

physical work output, Q short-wave solar radiation income, R the long wave
radiation, C the convective heat flow, E is latent heat flow (to evaporate water
di�using through the skin, for heating and humidifying inbreathed air and for
evaporation of sweat), and S the storage heat flow for heating or cooling the
body mass. The terms in this equation are positive when they result in energy
gain for the body, and are negative for energy loss of the body. M is always
positive, W and E (except of part for humidifying and heating the inbreathed
air) are always negative.

To quantitatively describe the thermal e�ects of UHI the inhabitants really
feel, we need to use thermal indices based on the human energy balance. These
indices provide detailed information on the e�ect of complex thermal environment
on humans (Hoppe [1999]). They are influenced by all climatic parameters. Some
of these parameters are being partly interrelated (i.e., a�ecting each other).

Frequently used thermal indices (based on the human energy balance) are Pre-
dicted Mean Vote (PMV, Fanger [1972]), Physiologically Equivalent Temperature
PET (Matzarakis et al. [1999]), Standard E�ective Temperature SET* (Gagge
et al. [1986]) or Outdoor Standard E�ective Temperature Out SET* (Spagnolo
and de Dear [2003]), Perceived Temperature pT (Staiger et al. [2012]) and Uni-
versal Thermal Climate Index UTCI (Jendritzky et al. [2012]).

Computation of the thermal indices is quite demanding on meteorological
data. Usually, it requires the following meteorological elements: air temperature,
air humidity, wind speed, short and longwave radiation fluxes (or sunshine dura-
tion and/or cloudiness). It has to be mentioned, that these parameters can have
a large spatial and temporal variability and thus influence the thermal indices
values. Temperature and wind speed usually have the highest variability since
they are greatly influenced by the obstacles in the complex urban areas. This has
to be taken into account, and use high quality measurement for calculating these
parameters. Representativeness of the measuring point/station should be deeply
reflected in the following analysis of the computed indices.

In the Czech Republic, using of thermal indices was not widely popular until
2010s when during the so-called ”UHI ”Project (”Development and application of
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mitigation and adaptation strategies and measures for counteracting the global
Urban Heat Islands phenomenon”), these quantities have started to be used more
often (see Zahradnicek et al. [2014]), including in our research. Especially UTCI
and PET have become quite popular in the Czech Republic in the last decade, the
second one later used in the modified version of mPET (modified Physiologically
Equivalent Temperature, an improvement of PET using the multi-node model
defining UTCI, see e.g., Chen et al. [2011] and Matzarakis et al. [2014]). PET can
be described as ”the air temperature at which, in a typical indoor setting (without
wind and solar radiation), the energy budget of the human body is balanced with
the same core and skin temperature as under the complex outdoor conditions to be
assessed” (Hoppe [1999]). It has become one of the most commonly used indices
in bioclimatology, because the computed values can be easily compared to those
from other studies (Matzarakis et al. [2014]). Another important advantage of
(m)PET is the use of ¶C as a unit, making the results easier to interpret to the
wider public without deeper knowledge of human biometeorology.

During our research, the PET index was calculated using the numerical model
RayMan developedat the Meteorological Institute of the Albert-Ludwigs Univer-
sity Freiburg (Matzarakis et al. [2007]). This model requires hourly input data
of air temperature, air humidity, wind speed and radiation or cloudiness. Based
on our computation, the first pictures of PET values throughout the year as well
as during the heat waves were obtained for the city of Prague (and other cities
in Czechia, too). It should be noted that values between 18 ¶C and 23 ¶C are
described as comfortable thermal perception, 23 ¶C to 29 ¶C as slightly warm, 29
¶C do 35 ¶C as warm, 35 ¶C to 41 ¶C as hot, and over 41 ¶C as very hot thermal
perception.

It’s not a surprise that the highest values (partly over 30 ¶C) in Prague oc-
cur during summer months, July and the first half of August (Fig. 3.1), quite
similar to the annual course of air temperature, but PET values during the af-
ternoon/evening hours are about 3 ¶C to 6 ¶C higher than the air temperature.
When comparing PET values in the city center with those in the urban outskirts,
an interesting picture can be found – the largest di�erence over 4 ¶C occurs just
after sunset during the summer season. A bit lower di�erence between PET in
the city center and PET in the suburbs is detected during afternoon, especially in
the summer. The smallest di�erence was found shortly after the time of sunrise
in the summer half-year with values than 1.5 ¶C and in some days and shorter
periods nearly approaching 0 ¶C – this is caused by less sunshine in the city center
due to building obstacles during morning hours and connected to the urban cold
island that can shortly develop during these periods. For the rest of the year
and parts of the day, the di�erence between PET in the city center and the city
suburb is usually about 2 to 3 ¶C. PET values can be used for computation of
characteristics similar to those used for air temperature, like summer and tropical
days, including the number of hours with PET above given threshold. E.g., the
number of PET tropical days in Prague’s center is about 2.5x higher than ac-
cording to regular air temperature. Another interesting picture can be obtained
if we look at the hottest days. The PET values are 5 ¶C to 8 ¶C higher during
these extremely hot days, i.e., with PET values over 40 ¶C, making them days
with very hot thermal perception. This highlights the potential hazard of these
heatwaves, especially for elderly people and children.
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Figure 3.1: Example of the annual course of physiological equivalent temperature,
PET (¶C), at the Prague Karlov station (a) and di�erence between Karlov and
Ruzyne station, period 2005-2013. 200th day is 19th July (taken from Zahrad-
nicek et al. [2014]).
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Compared to studies based only on air temperature, results using thermal
indices ((m)PET or UTCI) produce di�erent results. For example, using high
reflective materials for the pavements or roads have an e�ect of greater shortwave
reflection - this leads to increase of (m)PET values, although the air temperature
is decrease since there is less energy stored in the surface. The green wall has
di�erent thermal characteristics, leading to lower (m)PET and, thus, more com-
fortable conditions. This is important not only from the thermal comfort point of
view, but the aesthetic respect influences the use of the public space in cities by
citizens and their choosing of places for spending time outdoors. Finally, easy un-
derstandable graphs and figures can be provided for better transfer of knowledge
between researchers (climatologists) and end-users (urban planning, general pub-
lic). The above-mentioned adverse e�ects of urban climate have gained more and
more attention among urban planners and city stakeholders in the last decades,
including the city of Prague. The era of changing climate leading to more intense
heat waves, irregularities in precipitation regime, etc. contributes to the neces-
sity of adaptation plans and/or cities’ strategies. This planning is a complex
matter where climatological inputs are very important and represent the first
step. Therefore, cooperation between urban planners and climatologists is very
desirable. To decide which adaptation measure is the best one, the climatologi-
cal expertise and/or modeling approach is needed. This has become apparent to
Prague’s urban planners, too, especially during the solving of the ”UHI” project,
when the issues of of urban climate and urban heat island has gained large at-
tention among the wider public. As a first step, the so-called pilot areas were
selected to find the answer to the question ”what happens when...”.

For this reason, microclimatic simulations were performed for these pilot ar-
eas. Various types of simulations were used, from the quite simple one for a street
corridor (Legerova) with heavy tra�c using RayMan model, over a city quarter
of typical brownfield (Bubny-Holesovice) using EVNI-met software, to green belt
around the city using WRF (for meteorology) and CMAQ (for air quality) model.
The results are described in Appendix C. Experiences gained during these simu-
lations and the ”UHI” project solving helped prepare the adaptation strategy of
the city of Prague.

Experiences from the computations mentioned above were used and further
improved during the implementation of another project, URBI-PRAGENSIS,
solved between 2018 and 2020, where I have been involved, too. Some of the
results of this project are discussed in Chapter 4.
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4. Urban heat island modelling
approaches
Adverse e�ects of urban climate, especially overheating due to exposure to ex-
treme temperatures during heat waves can lead to thermal stress, hyperthermia,
circulatory collapse or dehydration, and eventually even to death. The UHI phe-
nomenon can be responsible for amplification of these dangers making mitigation
strategies of great importance, as already mentioned in the previous chapter.

A wide variety of mitigation strategies can be found in urban planning to
reduce UHI, as was mentioned in Chapter 4. These strategies when applied are
good not only for reduction of thermal comfort in urban areas but can have quite
complex influence on urban climatological conditions. And it is not always easy
to evaluate the real response of these strategies. Therefore, numerical modelling
of urban climate can be very helpful in answering the question what adaptation
(or mitigation) strategies are the most suitable for the selected city or its part.

The urban climate models are diverse depending on the purposes of the study
- we can e.g. explore the impact of the UHI on thermal comfort of citizens (on
the scale of buildings), but also the e�ect of large-scale winds on urban ventila-
tion (Mirzaei [2015]). Three levels/types of models can be distinguished: build-
ing scale models, micro-scale models and city-scale (that are actually mesoscale)
models.

The building scale (or energy) models are mainly limited to an isolated build-
ing envelope and the influence of the buildings in the neighbourhood on its energy
performance is neglected. They are constructed in order to investigate the impact
of the future climate change scenario on the building envelope.

The micro-scale, or microclimate models are focused on interaction of a build-
ing with its surrounding environment in the surface layer. Urban canopy layer
models (UCM) investigating the energy budget of an urban canopy layer belongs
to this type of models, too (for details, see e.g. Mirzaei [2015])).

In the last decade, the urban boundary layer (UBL) have been increasingly
studied by the mesoscale models with the urban canopy schemes coupled. Special
impulse was provided after the widespread use of the mesoscale Advanced Re-
search Weather Research and Forecasting (ARW-WRF) model (Liao et al. [2014]).
UCM have a simplified urban geometry, like infinitely-long street canyons, and
involves also 3-D urban surfaces (roofs, walls, roads). These models are, e.g.,
able to compute temperature profiles within the street canyon and include the
important factor of an anthropogenic heat increasing the UHI intensity.

The influence of building surface material, orientation of buildings and street
canyon configuration, vegetation including trees on inhabitants in the streets and
on street ventilation can be investigated using UCM models. It has to be noted
they have quite limited domain size due to high computational cost. City-scale
models are very useful tool when investigating variation of UHI in a wider area
of the whole city and its surroundings. These models are able to compute wide
range of meteorological fields changes caused by urbanization, from temperature
and moisture to cloudiness and radiation.

Very important question when modelling the UHI is how to parameterize the
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Figure 4.1: The impact of urbanized surfaces on the winter (left) and summer
(right) near surface temperature for day (top) and night-time (bottom) conditions
in K averaged over years 2005–2009 (reprint from Huszar et al. [2014]).

urban meteorological phenomena. This can be done simply by replacement of
the surface parameters by an average value corresponding to the urban surface –
so-called bulk parameterization (described, e.g. in Chen et al. [2011]). Another
group of models have typically a single urban layer and an idealized street canyon
(e.g. Single-Layer Urban Canopy Model - SLUCM; Kusaka et al. [2001]). The
third type of models consider more layers of the urban environment with possi-
bility of including di�erent heights of the buildings and vertical structure of the
urban canyon (e.g. Building Environment Parametrization - BEP; Martilli et al.
[2002]).

It is important to mention that not only averaged values, but also the extremes
and variability of meteorological parameters are crucial in assessing the urban
impact including poorly observed or immeasurable parameters in the urban and
suburban areas, like wind profile or boundary layer height. Generally, long-term
simulations (the longer the better) are necessary if we want to evaluate the quality
of computed variables against the measured parameters.

Modelling of UHI and/or urban climate specifics of Prague has started in the
early 2010. An important stimulus appeared during solving the “UHI” project
between 2011 and 2014 (see also Chapter 4). Regional climate model RegCM4.2
with coupled SLUCM was used in 2014 (Huszar et al. [2014]) of urbanization on
conditions throughout the day and night in di�erent seasons. The largest im-
pacts were found during summer nights with up to 1.5 ¶C higher temperatures
(Fig. 4.1) in the city centre than without considering urban surfaces, i.e. the
results consistent with the values from the station observations. Another inter-
esting findings derived from the simulations include the so called urban-breeze
circulation (wind speed increase during nocturnal hours) (Fig 4.2), connected
with convergent motions towards the city centre. This situation forms under the
presence of thermally induced surface pressure gradient (Hidalgo et al. [2010]),
or height increase of planetary boundary layer over most of time.
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Figure 4.2: Same as 4.1 but for the wind velocity at 10 m in m.s-1 (reprint from
Huszar et al. [2014]).

The question of di�erent UHI modeling approaches was widely solved and
discussed in the paper Karlicky et al. [2018], and the details can be found in
Appendix D. Based on our results, all urban schemes captured the main features
of urban meteorological conditions, not only UHI. No real di�erence between
various models was discovered, and the anthropogenic heat influence on UHI was
satisfactorily represented. Greater variance among di�erent model approaches
was found to impact the urban environment on the planetary boundary layer
height and the surface wind speed. The investigation of pollutant dispersion
modeling has shown slightly improving dispersion in the urban areas due to wind
cleansing e�ect and convection and turbulence dispersion e�ect.

Later, the urban canopy meteorological forcing was studied (Huszar et al.
[2020]), where the e�ect of the numerical model’s sensitivity to grid resolution
was investigated. A number of model simulations was carried out to answer the
question what is the urban canopy meteorological forcing - this was realized by
considering of the urban canopies or of the rural ones. These simulations were
done primarily for Prague, but as can be seen from Fig. 4.3, the UHI of Berlin is
also very well represented. The expected, well-pronounced e�ect on temperature
(increase up to 2 ¶C, see Fig. 4.3) and wind (decreases by up to 2 m.s1) was found,
including similarities in the diurnal cycle of the urban canopy temperatures (with
maximum warming over urban areas of Prague around 2.4 ¶C, see Fig. 4.4).

The question of impact of the urban land surface on extreme values was in-
vestigated in the paper by Huszar et al. [2020]). The results can be found in
Tab. 4.1. Larger influence was found on the lowest temperatures compared to
the average ones during winter (larger release of anthropogenic heat during cold
days). Summer days with low temperatures and limited sunshine are a�ected less
(radiation is trapped only limitary). In contrast, hot summer days with plenty of
sunshine behave oppositely (much larger heat accumulation due to multiple re-
flections and trapping in street canyons). These results are similar to those shown
by Zha et al. [2019]), who found that events with high and extreme temperatures

22



Figure 4.3: Impact of urban surfaces on near-surface temperature in ¶C for JJA
(a, b, c) and DJF (d, e, f) for the three resolutions (27, 9 and 3km). Shaded
areas represent statistically significant changes over the 98% threshold using a
two-tailed t test. The geographic locations of Berlin and Prague are indicated by
their administrative boundaries. (reprint from Huszar et al. [2020]).
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Figure 4.4: Impact of urban surfaces on near-surface temperature diurnal cycle in
¶C for JJA (b) and DJF (d) for the three resolutions (27km – red, 9km – orange
and 3km – dark green). Solid lines are the absolute values (left-hand y axis)
from the URBAN model experiment; dashed lines represent the urban impact
(right-hand y axis). (reprint from Huszar et al. [2020]).
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Table 4.1: Mean and 5% and 95% quantiles of the urban canopy impact for
models RegCM and WRF on near-surface temperature (tas), the height of the
boundary layer (PBLH) and 10m wind speed (wind10m) averaged over DJF and
JJA 2015–2016 for centers of four di�erent cities. For Prague, values are taken
from the 1km simulations and 9km for the rest. (reprint from Huszar et al.
[2020]).

(in terms of the number of summer days, i.e. days with maximum temperature
over 25 ¶C) are becoming more often with increasing urbanization.

For the wind speed changes, strong winds are the modified in a most manner
(almost twice to average wind speed). This is caused by the additional drag (due
to urban surfaces) that is slowing the large-wind speed relatively more compared
to the slow winds.

Relatively large di�erence in the impact on the average and extreme (low/high
percentiles) values have been identified between cities. These di�erences can by
explained by their di�erent sizes, fractional urban land cover and population
(e.g. Berlin has almost twice the population of Munich and is twice as large).
Another reason can be connected to di�erent climate in which the urban canopy
meteorology forcing acts.
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5. Conclusion
Throughout this text, the individual pieces of analysis have demonstrated a few
examples of our contribution to the urban climate knowledge, focusing on Prague
and especially (but not limited) to its urban heat island. The results and methods
used are quite wide, and it is not easy to summarize them in a simple conclusion.
But there are, of course, some points worth highlighting. Finally, some informa-
tion about the related research’s ongoing works with our participation is given in
this section.

First, our results have brought more details about knowledge of the UHI of
Prague. Based on the careful analyses, more information about the intensity
has been gained and the UHI’s behavior under various synoptic conditions. Of
course, it is no surprise that the warming is the strongest in the city center
and indirectly points out the UHI amplification. The reoccurrence of extremely
hot days and especially nights is growing statistically significantly in the city
center and faster than at suburban stations. Due to the presence and increasing
intensity of the UHI, Prague’s center has become the warmest place in the Czech
Republic since the ’1980s. We can conclude that Prague’s center is about 1.0-1.5
¶C warmer (based on daily means of temperature) thanks to the existence of UHI,
but for minimum temperatures, the UHI intensity exceeds 2 ¶C. From a synoptic
perspective, the UHI of Prague develops especially under anticyclonic synoptic
types with south- to southwesterly flow. The UHI greatly vanishes when the wind
speed exceeds 6 to 8 metres per second.

The study and analysis of UHI traditionally based on surface stations mea-
surement can generally lead to results that are strongly influenced by the stations
localization and exposure. For Prague this is not a big issue since the location
of central stations is virtually exemplary in the sense of their proximity to the
geometric centre of Prague. But the exposure should be taken into account where
needed for certain analyses - especially for precipitation and snow. This influences
the study of drought occurrence in Prague, where new interesting results have
been found in Kveton and Zak [2021]). With method exploring the continuous
days with daily precipitation totals not exceeding given threshold and continuous
days with cumulative precipitation average not exceeding given threshold. The
long-term analysis showed a small increase in drought duration since 2002.

Another picture of UHI (and other urban climate features) can be obtained
by satellite measurement. Generally, more information about size and shape and
even UHI magnitude can be obtained when using satellite data. But in this
case, we should rather talk about Surface Urban Heat Island (SUHI) since we are
usually working with land surface temperature (LST) data. MODIS LST data
have been used for the first detailed analysis of Prague’s SUHI, already in the
’00s of 21st century, showing the first image of its shape. CM SAF LST data
used in thesis Dolezalova [2020] studying the SUHI of Prague has confirmed the
previous results of lower daytime SUHI intensity in winter compared to summer
(4-5 ¶C vs. 8-10 ¶C). When using satellite data, some issues have to be taken into
account. Certainly, limited spatial resolution (and for polar-orbiting satellite
temporal resolution, too), as well as confinement to cases without cloudiness,
can influence the obtained results. The second point is especially important in
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winter season, when generally larger cloudiness is observed in central Europe,
and especially the low stratiform clouds are often occurring. Another important
issue is the presence of snow cover in winter months. It greatly influences the
city center’s albedo for such days, making the SUHI less expressed compared to
UHI based on station measurement (Dolezalova [2020]). However, the UHI can
be manifested thanks to important anthropogenic heat sources.

Urban climate and especially urban heat island can have adverse e�ects on
urban inhabitants. It is therefore important to study possibilities of mitigation
of these e�ects. Especially during prolonged heat waves increased risk of health
complications occurs, mainly for elderly people and babies. Still, worse sleeping
quality during warm nights can finally contribute to enhanced lassitude and de-
creased attention even for young people. The question of mitigating these adverse
e�ects come to attention at the end of the last century. However, in the case of
the Czech Republic, the urban planners and stakeholders become to deal with it
not until the end of 00’s of 21st century, when the importance of UHI becomes
more apparent to the wider public. This activity has been partly supported by
projects focused on UHI mitigation.

Although there was a large concern about the UHI of Prague (and perhaps
other cities in the Czech Republic) in the scientific community, the question of
thermal perception has become widely popular not before the last decade, partly
due to studies of our team made during solving the European ”UHI” project.
Parameters like (m)PET and UTCI have started to be used to describe thermal
comfort not only be climatologists but also by urban planners and stakeholders.
Among the first works using these parameters were the pilot actions investigat-
ing the e�ects of diverse mitigating strategies for areas with deeply pronounced
UHI e�ect, especially in the summer months. Since then, these quantities are
now widely accepted and used to evaluate various mitigation and/or adaptation
strategies in the city of Prague.

Last but not least, the modeling of urban influences gradually gains more
and more attention. The first urban climate models were used during solving
the MEGAPOLI (https://cordis.europa.eu/project/id/212520) project at the De-
partment of Atmospheric Physics. By that time, more details the air quality issues
were more prioritized to urban climate. But this has changed under increasing
climate change impacts combined with the deepening UHI e�ects and when need
of deepening our knowledge about Prague’s climate arose.

Nowadays, UHI models can cover a wide spectrum of scales with respect to
the study’s aim or analysis. In this thesis, the modeling works have been focused
on urban canopy layer models with limited domain size used to study the urban
boundary layer’s dynamic and thermal properties. These models are able to
represent most features typical for the urban areas, like street canyons, walls,
roofs, and roads, including sources of anthropogenic heat, increasing the UHI
intensity. The representation of the ”real weather” in the city and its surroundings
is of great importance. Based on our results (mostly for Prague), the urban
schemes could capture the typical urban weather modification features, especially
the temperature (including the typical diurnal cycle). But not all parameters are
simulated properly. For example, there can be found discrepancies between real
and model-simulated wind speed and planetary boundary layer height, with the
simulated values showing greater variance (although it is not easy to evaluate the
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model values to the measured ones due to scarce station measurements).
Meteorological forcing of the urban canopy was underlined by (Huszar et al.

[2020]), where model simulations were carried out either with rural or urban
canopies. The models can be expected to become more and more powerful in-
struments when studying various e�ects of mitigation and adaptation strategies,
but we are still lacking in the judgment of how correct they are when going into
microclimate. Although there can be found several comparisons (e.g. Antoniou
et al. [2019])) dealing with this matter in scientific literature, for Prague only
limited measuring campaigns have been realized (some of them during URBI
PRAGENSI project) focused mostly on small areas (typically with extent of hun-
dreds of meters).

A bit more knowledge is expected to be gained during solving two-year project
”Urban Heat Island in the Czech Republic” finishing by the end of this year
(2021), which investigates Prague and other large cities in Czechia. As a part
of the project solution, there are special measuring campaigns done by air-borne
and car measurement – ways that have been implemented only a few times. In
the case of car-rides for Prague, such an approach was applied only some decades
ago.

Urban climate has become very important part of climatology in the Czech
Republic since the end of the last century. Many projects and studies focused
on this topic were solved during last two decades, mostly focused on urban heat
island, although the issue of air quality is of a big importance, too. The question
of UHI mitigation and adaptation to worsening conditions under the era of climate
change is another topic being studied in the current and ongoing projects as well
in student thesis at our Department of Atmospheric Physics.
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A B S T R A C T

This study has analysed the development of the urban heat island (UHI) under various synoptic
scale atmospheric circulation for two large cities – Prague in central Europe and Bucharest in
south-eastern Europe, including seasonal differences and long-term changes. At the best of our
knowledge, it is the first comparison between two European cities from this perspective. Analysis
was conducted on the base of minimum air temperature data from pairs of urban and peri-urban
stations. The average UHI intensity is 2.3 °C for Prague and 1.8 °C for Bucharest, it exceeds 4 °C in
6–10% of cases, and the highest values occur in August in both cities. The annual course of
monthly mean values of UHI intensities has higher amplitude in Bucharest (1.2 °C) than Prague
(0.6 °C). Synoptic scale circulation is classified according to mean sea level pressure data from
ECMWF Era-Interim reanalysis using cost733class software. The results show that UHI is more
intense under anticyclonic situations with southern winds in the both cities. Over 1981–2016, we
found that the UHI intensity followed statistically significant increasing trend, much larger trend
for Bucharest than Prague (3.3 °C vs. 1.3 °C / 100 years).

1. Introduction

Urban heat island (UHI) is a phenomenon occurring at the crossroad between the metropolitan areas and regional climate,
consisting of a significantly higher city temperature in respect to the surrounding peri-urban and rural neighbourhoods. The reasons
for the UHI occurrence are relatively well understood (e.g. Landsberg, 1981; Oke, 1982; Arnfield, 2003), and the effect of meteor-
ological parameters on UHI magnitude was the subject of considerable research (Sakakibara and Matsui, 2005, Park, 1986, Stewart,
2011; Hove et al., 2015.

Since the intensity of the UHI largely depends on the size and population of the cities, one can expect an increasing UHI intensity
in the coming years due to the foreseen growing of population living in urban areas. The effect of the UHI will very likely increase the
adverse effect of heat waves which are expected to become more frequent as the result of global warming Founda and Santamouris
(2017). Consequently, its impact on different sectors e.g. health, transportation or building industry will be higher.

The development of the UHI is strongly influenced by synoptic circulation. The anticyclonic conditions are generally more
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favourable because of higher direct radiation due to lack of cloudiness and weak winds (Morris et al., 2001). However, even under
anticyclonic conditions low cloudiness can develop and hinder the “radiation weather” in the city. Wind can be quite strong, de-
stroying or barring the UHI development. Therefore, the influence of the anticyclonic conditions on UHI are different according to the
geographic position of the anticyclone and prevailing wind direction (Morris and Simmonds, 2000). The lowest UHI magnitude does
not necessarily occur under cyclonic conditions. Many papers focus on the optimal conditions for UHI development, such as clear sky,
and weak wind, or describe its average features, while the number of studies dealing in depth with the relationship between the UHI
magnitude and various synoptic conditions is considerable smaller (e.g. Beranova and Huth, 2005; Półrolniczak et al., 2017).

In the central and south-eastern Europe, the influence of the synoptic conditions on the UHI characteristics was studied for
medium-size cities, e.g. Szeged (Unger, 1996) and Debrecen in Hungary (Szegedi and Kircsi, 2003), or Poznań in Poland (Półrolniczak
et al., 2017), as well as for large cities e.g. Athens, Greece Mihalakakou et al., 2004), or Augsburg, Germany (Beck et al., 2018). These
studies used data from measuring campaigns with the advantage of large spatial coverage, but at short time span (2 to 6 years),
unsuitable for capturing climate trends or long- term behaviour of UHI. Beranova and Huth (2005) studied the UHI of Prague over
1961–1990 period, based on the Bradka synoptic catalogue,1 which uses the cyclonic/anticyclonic and directional characteristics
(Bradka et al., 1961). The results showed that the North to North-East and South to South-West synoptic flows amplify the Prague's
heat island. However, the results may be biased because the use of the Bradka synoptic catalogue is limited to central Europe.

The main objective of this paper is to characterize the development of the UHI under various synoptic scale atmospheric cir-
culation for two large cities – Prague, in Central Europe – and Bucharest – in South-Eastern Europe. The analysis includes seasonal
differences and long-term changes. The comparison of two cities placed in different geographic conditions can enhance our un-
derstanding in UHI formation and may facilitate the transfer of the results to other areas.

2. Study areas

The selection of Prague and Bucharest is motivated by the similarities in their physical-geographical background. Both cities are
situated in large depression-like structures (Bohemian Depression for Prague and Romanian Plain for Bucharest) surrounded by
mountain barriers around at 100 to 200 km distance, which shapes the atmospheric circulation at synoptic scale (i.e. Krusne hory/
Erzgebirge and Krkonose to the west to north, and Sumava to the south from Prague, and Carpathians, to the north to west and Balkan
Mountains, to the south of Bucharest).

2.1. Prague

Prague is the most populated and the capital city of the Czech Republic settled along both sides of the Vltava river. The dis-
tribution of green infrastructure (i.e. parks and woods) is quite non-uniform, with generally more green areas situated in the
southwestern part of the city.

The climate of Prague is mild and transitory between maritime and continental with thermal continentality according to
Gorczyański 26–27% (Kveton and Zak, 2007), the multiannual thermal amplitude is 28.7 °C, with mean daily minimum temperature
of −3.6 °C in January and mean daily maximum temperature of 25.1 °C in July (Table 1).

The territorial development of Prague has led to continuous spread of built up areas and change in land cover types from green/
agricultural to built-up (e.g. flats, factories, commercial and transport areas) parallel with increase of the population (i.e. from one
million at the end of the 1940s to approx. 1.3 million nowadays). Two periods of important changes of the land cover types may be
delimited, namely the period 1960–1980 and the period after 1990, defined by the transformation of economy from state controlled
economy to market economy, when almost 2% of „green “areas was converted into built-up categories (Environment Portal of
Prague, 2020). Nowadays green areas (parks, gardens, woods, grass areas) represent approx. 25% of the city. The role of this green
areas on the UHI is not very strong, since the larger regions of greenery are situated mostly in the outer parts of the city having only
limited influence – mainly in reducing the size of the UHI of Prague (Huszár et al., 2014). The historical densely built-up centre is
surrounded by scattered forms of houses usually having 4 to 8 floors, partly modern partly almost 100 years old. Further, large areas
of blocks of flats built in the period 1960–1980 mixed with modern high-rise buildings (often office buildings) arise. Details on land
use of Prague can be seen on Fig. 1.

2.2. Bucharest

Bucharest has about 2 million permanent residents, and it is situated in the south-eastern part of Romania, along the Dâmbovița
River. The climate is characterized mostly by moderate continental features with a multiannual thermal amplitude of 48.4 °C, mean
daily minimum temperature of −11.9 °C in January and mean daily maximum temperature of 36.5 °C in July (Table 1).

The city has a highly disruptive urban architectural structure as a result of different political regimes and planning strategies.
Single- or two story-houses, often surrounded by small gardens are characteristics for the 19th century part of the city. Between the
two world wars, taller buildings were erected, usually with 3–8 storeys, setting better the urban profile of the epoch. Abrupt changes
occurred during the socialist period (1950–1989), and especially in the eighties, when built-up areas replaced many green areas, and
the height profile of the city changed dramatically. Compact areas built after the devastating earthquake that hit Bucharest in 1977

1 http://portal.chmi.cz/historicka-data/pocasi/typizace-povetrnostnich-situaci#
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have 4 to 10 story-buildings and they are widespread over the city. After 1990, the building profile have gradually changed. The
central part of the city became more compact, and the city extended over the marginal neighbourhood, sometimes at the expense of
significant green areas, such Băneasa Forest, in the northern part of the city.

Currently, the urban area of Bucharest includes 7 urban lakes covering 46.9 ha, while other 9 “outer”, can be found in the
neighbouring rural areas, comprising 1044.9 ha. Cheval and Dumitrescu (2015) linked the formation of the Bucharest summer
surface UHI to the land cover (Fig. 2) and emphasized the role the urban blue infrastructure in alleviating the UHI impact. For
example, In July, the daytime land surface temperature is with 2–3 °C lower over inland waters than over urban fabric.

3. Data and methods

Traditionally, the UHI intensity is calculated as a difference between urban and rural air temperatures, and it depends on factors
such as the size of the city and its population, topography, climate zone and meteorological conditions (Oke et al., 1991).

The UHI intensity for the two cities was computed based on pairs of stations. For Prague, we used the weather stations
Klementinum, situated in the historical centre (191 m a.s.l., 50°05′1“N, 14°24’ E), with the highest annual average temperature in the
Czech Republic (10.2 °C for period 1961-2000), and Kbely, situated at the military airport (284 m a.s.l., 50°7’25”N, 14°32′E) as a rural
station. Kbely is still within the Prague metropolitan area, but due to its peripheral location with flat, open fields enclosed by green
and agricultural terrain, it is treated as a reference station for UHI analysis. For Bucharest, the weather stations București-Filaret
(82 m above sea level) in the city centre (44° 24′ 44“ N, 26° 05’ E), and București-Băneasa (90 m a.s.l.) in the northern outskirts of the
city (44°30’ 39.95” N, 26° 05′ E) were used. București-Filaret station is placed in an urban park, and Băneasa is situated in an area
with intense changes, such shifting from green to built-up spaces, which occurred after 2000. The distance between the rural and
urban stations is about 10 km both for Prague and Bucharest (Figs. 1 and 2).

This study focuses on the daily minimum temperatures, as UHI is usually more intense at night-time (Martinez et al., 1991; Unger,
1996; Montavez et al., 2000; Sfîcă et al., 2017; Karlický et al., 2018), and the GrossWetterTypen (GWT) classification scheme of
atmospheric circulation based on threshold criteria (Beck, 2000; Beck et al., 2007). This classification is based on daily mean sea level
pressure (MSLP) at 12:00 UTC data from ECMWF Era-Interim reanalysis (Dee et al., 2011), using cost733class software (Philipp et al.,
2014). The GWT classification characterizes the circulation patterns in three terms of varying degrees of zonality, meridionality and
vorticity of the large scale MSLP field. The first one is based on MSLP values increasing from North to South; the second denotes the
MSLP increasing from West to East, while the third type denoted the cyclone pattern with pressure values increasing from the baric
centre to the outer isobars. Based on the correlation between each input field (i.e. MSLP) and the predefined types, a day is auto-
matically assigned to a class However, the term “objective” is arguable, since the decision for thresholds and criteria still involves
subjective decisions. The reproducibility and the fast processing are still important advantages of the GWT classification scheme.

In order to clearly separate the atmospheric circulations types (CT), we have used 18 types, divided in 8 cyclonic, 8 anticyclonic,
and 2 types for centre low and centre high situations, as derived from the surface pressure field. The description of all types can be
found in Table 2. The overview of the CTs, based on centroids showing the MSLP spatial distribution (Fig. 3), and the frequency and
average persistency of each CT (Table 3) show the average synoptic context of the analysed cities.

Fig. 4 illustrates the mean deviation of daily minimum temperatures for all CTs against the multiannual mean, as derived from
ECA&D dataset (Haylock et al., 2008). For both cities, the highest positive deviations occur under Ec, SEc and NWa. The largest
negative values usually occur under NEa, SWc and Sa types, for Bucharest also during type Ea. In order to increase the sample size for
further analyses, the circulation types were divided in two larger groups according to their (anti)cyclonic patterns. Further, these two
groups were divided by their mean advection trajectory towards the centre of the domain assessed by the U and V 10 m-wind
components retrieved from ERA Interim (Dee et al., 2011). At the end, four circulation classes resulted, as follows: (1) southerly
cyclonic, (2) southerly anticyclonic, (3) northerly cyclonic, and (4) northerly anticyclonic (Fig. 2). We preferred to group the cir-
culations into four groups (cyclonic/anticyclonic; northerly and southerly) since this would be easier to interpret the results in the
terms of airflow directions.

Table 1
Comparison of main geographic and meteorological characteristics of Prague and Bucharest.

Prague Bucharest

General characteristics
Area 496 km2 240 km2

Population 1,300,000 2.104.967
Average altitude above sea level 235 m 72 m
Altitudinal range 180–395 m 54–90 m
Size of green areas 25% 12%
Meteorological characteristics
Annual average temperature 8.9–10.8 °C 11.6 °C
July average temperature 20.8 °C 23.4 °C
January average temperature 0.9 °C −0.7 °C
Annual average precipitation 500 mm 603.3 mm
The driest month February (20 mm) February (35.6. mm)
The wettest month June (70 mm) June (78 mm)
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In this manner, a western or an eastern circulation type was also grouped into a northern/southern type depending on the
predominant mean wind direction for that type. For example, if a circulation had a northwest wind direction, it was labelled as being
a northerly (cyclonic or anticyclonic) type. Also, if the airflow had a clear west/east direction, we considered the location of the
pressure system imprinting the wind direction. For example, if a high-pressure system was located in the southwestern Europe and
the wind direction for Prague (or Bucharest) was predominantly from the west, the circulation was labelled as south anticyclonic. The
GWT catalogue provides the CTs for the period 1981–2016.

4. Annual and seasonal regime of the UHI intensity in Prague and Bucharest

Downtown areas are warmer than the outskirts, both for Prague (99% of the total number of nights) and Bucharest (87%),
outlining a very clear night-time UHI (Table 3). The differences between the urban and rural areas are mostly less than 2.5 °C, but
under convenient circumstances, they can raise up to 8 °C. The situations with night-time UHI intensity higher than 1 °C is 92% for
Prague and 59% for Bucharest, while situations with UHI intensity over 3 °C occur in 22% for Prague, and 25% for Bucharest. The

Fig. 1. Land cover map of Prague and weather stations used for this study (source: European Environment Agency - https://land.copernicus.eu/pan-
european/corine-land-cover/clc-2012).
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situations with UHI intensity over 4 °C can be called as an “extreme” UHI. For these situations, an overview is given in Table 4. The
relation between cyclonic or anticyclonic weather types and “extreme” UHIs shows that, generally, very strong nocturnal UHIs are
more often in Bucharest than in Prague (i.e. 10%, respectively 6%), and they occur more frequently under anticyclonic weather
conditions for all seasons in both locations. There are clear seasonal differences between Bucharest and Prague in respect of “ex-
treme” night-time UHI situations. In Bucharest they occur most often in spring and summer, and rarely in winter, while for Prague the
highest frequency of the very intense nocturnal UHIs is in winter and spring, while in summer they happen less often.

The UHI is a dynamic phenomenon, with relatively high seasonal variability. The highest monthly average of UHI intensity occurs
in August for both cities, while the lowest values can be found for Prague during November and December, and for Bucharest during
December and January (see Fig. 5). The larger UHI intensity occurs in Prague (annual average 2.3 °C) than for Bucharest (1.8 °C), but
the annual amplitude of the monthly UHI intensity is almost double in Bucharest compared to Prague (i.e. 1.2 °C vs 0.6 °C). This can
be caused by the geographical configuration of the compared cities. Bucharest is placed over a relatively flat area, with less than
100 m altitudinal range, while Prague is cut by the Vltava river, with more than 100 m altitudinal amplitude. The historical
downtown Prague is very densely built up leading to less intense cooling during winter nights compared to the rate of cooling at

Fig. 2. Land cover map of Bucharest and weather stations used for this study (source: European Environment Agency - https://land.copernicus.eu/
pan-european/corine-land-cover/clc-2012).
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București-Filaret, the urban station used for Bucharest, placed in a park. This is consistent with the demonstrated different behaviour
of urban compact areas, such as Klementinum station in Prague, and less built-up areas, such as urban parks or smaller buildings,
such as București-Filaret (Cheval and Dumitrescu, 2017). The climate continentality is more pronounced in Bucharest than in Prague
(Cheval et al., 2017) triggering a higher temperature variability during the year, and the UHI follows the same pattern.

5. UHI intensity in Prague and Bucharest under various synoptic circulation types

The average annual intensity of the nocturnal UHI was computed for all individual circulation types for both cities (Fig. 6). As
expected, the UHI is stronger developed under weather types characterized by high radiation, low wind, and minimum cloudiness.
For Prague, the highest intensity of UHI is observed under H type (2.8 °C) following by NEa type (2.7 °C), with prevailing south- to
south-westerly wind, i.e. warm air with anticyclone conditions. For Bucharest, the situation is slightly different; the largest UHI
occurs for the L circulation type (2.2 °C) that has actually only small frequency, followed by Ea type (2.1 °C). While this is quite
reasonably for Ea (southerly wind component, more or less anticyclonic circulation, i.e. suitable conditions for UHI development),
large UHI intensities for cyclonic low (L) are less expected, since this weather pattern consists of a low- pressure system upon Central
Europe extended over the western Romania as well (i.e. less suitable for UHI development). The lowest intensity of UHI can be
observed under Nc type for Prague (around 1.8 °C) connected with higher pressure gradient over Czech Republic and wind from
North Atlantic bringing more cloudiness. For Bucharest, the UHI is less developed under SWc circulation type (1.1 °C), reflecting the
cyclogenesis conditions in the northern Adriatic Sea. This weather pattern is accompanied by cyclonic trajectories and it is re-
sponsible for rainy weather over the Balkan Peninsula and Romania.

The annual regime of the UHI was investigated based on the directional groups of CT (see Table 5) to have the similar circulation
types in homogenous groups. The maximum UHI can be found for winter season in Prague except for SA group where a bit larger
value is observed in spring (although differences between seasons are not too large, usually smaller than 0.3 °C, see Fig. 7). For
Bucharest different results can be found with largest intensities occurring during summer (Fig. 8). There are larger differences among
seasons for individual groups and seasons compared to Prague, as well. During the summer, the Azores High western ridge is
extended towards the eastern Mediterranean delivering southerly air advection for southern Europe. As a consequence of air stability
associated to high pressure systems, the summer cloudiness is lower than in the other seasons, leading implicitly to greater direct
radiation values.

The lowest UHI intensity for Prague occurs in summer, but not for all directional groups, i.e.NC is smallest in autumn, while for
Bucharest, for all directional groups, the lowest intensity happens in winter (Fig. 8).

6. Decadal variability of the UHI

Due to various factors like population increase, enlargement of built up areas and associated development of transport, energy
consumption or industrial activities, the UHI can often increase along time. The statistical significance of the linear trends of the UHI
intensity variability over 1981–2016 was tested with AnClim software (Stepanek, 2008) at 95% confidence level by the Mann-
Kendall test. Increasing trends of UHI intensity are revealed for both studied cities, at a higher rate for Bucharest (Table 6). The trends
differ for different seasons and directional groups. The highest increase in Prague occurs during winter season, especially for SA and
SC groups, very likely in connection with more often snowless situations occurring in the city centre of under warming climate and
more intense UHI development. It is worthy to be noted that trends for NC group are not statistically significant in Prague. For
Bucharest, the largest increase can be found during spring, especially for SC group, and for summer days within SA group (above 4 °C

Table 2
Synoptic scale weather circulation types and groups, their persistency and frequency.

Code Circulation Type Description (Anti)cyclonic group Groups Persistence Frequency

1 Nc Northern cyclonic Cyclonic Southerly Cyclonic 1.1 337
2 NWc Northwest cyclonic Cyclonic Southerly Cyclonic 1.2 461
3 NEc Northeast cyclonic Cyclonic – 1.0 220
4 Ec East cyclonic Cyclonic Notherly Cyclonic 1.2 297
5 SEc Southeast cyclonic Cyclonic Notherly Cyclonic 1.4 508
6 Sc South cyclonic Cyclonic Notherly Cyclonic 1.5 581
7 SWc Southwest cyclonic Cyclonic – 1.4 491
8 Wc West cyclonic Cyclonic Southerly Cyclonic 1.3 460
9 Sa South anticyclonic Anticyclonic – 1.5 1359
10 SEa Southeast anticyclonic Anticyclonic Southerly Anticyclonic 1.4 1032
11 SWa Southwest anticyclonic Anticyclonic – 1.4 1156
12 Wa West anticyclonic Anticyclonic Northerly Anticyclonic 1.4 1061
13 NWa Northwest anticyclonic Anticyclonic Northerly Anticyclonic 1.6 1086
14 Na North anticyclonic Anticyclonic – 1.6 994
15 NEa Northeast anticyclonic Anticyclonic – 1.5 706
16 Ea East anticyclonic Anticyclonic Southerly Anticyclonic 1.4 656
17 L Central Low Cyclonic Southerly Cyclonic 1.2 335
18 H Central High Anticyclonic Northerly Anticyclonic 1.4 1409
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Fig. 3. Weather types based on CT classification scheme (using GWT classification (Beck, 2000).
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Table 3
Percent of days with given UHI intensity for Prague and Bucharest.

UHI intensity 0–0.5 °C 0.5–1.0 °C 1.0–1.5 °C 1.5–2.0 °C 2.0–2.5 °C 2.5–3.0 °C 3.0–3.5 °C 3.5–4.0 °C over 4 °C

Bucharest 14.5% 12.9% 9.6% 9.7% 8.8% 8.6% 7.9% 6.9% 10.4%
Prague 1.8% 5.3% 14.6% 22.4% 18.5% 14.2% 10% 6.3% 6.3%

Fig. 4. Mean deviation of daily minimum temperatures for all CTs against the multiannual mean.

Table 4
Number of cases and relative frequencies of the “extreme” UHI occurrence with the intensity over 4 °C in groups of types.

Season (Anti)cyclonic group all cases cases with UHI intensity over 4 °C

Prague Bucharest

number of cases percent of all cases number of cases percent of all cases

Spring anticyclonic 1572 128 8.1 199 12.7
Spring cyclonic 1740 113 6.5 223 12.8
Spring all 3312 241 7.3 422 12.7
Summer anticyclonic 2045 83 4.1 223 10.9
Summer cyclonic 1267 52 4.1 150 11.8
Summer all 3312 135 4.1 373 11.3
Autumn anticyclonic 1825 111 6.1 198 10.8
Autumn cyclonic 1451 68 4.7 124 8.5
Autumn all 3276 179 5.5 322 9.8
Winter anticyclonic 1783 153 8.6 152 8.5
Winter cyclonic 1466 122 8.3 94 6.4
Winter all 3249 275 8.5 246 7.6
Year anticyclonic 7235 475 6.6 772 10.7
Year cyclonic 5924 355 6.0 591 10.0
Year all 13,159 830 6.3 1363 10.4
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Fig. 5. Annual regime of the mean monthly UHI intensity in Bucharest and Prague.

Fig. 6. Average annual intensity of the UHI for different circulation types in Prague (blue) and Bucharest (red-orange). Cyclonic circulation types are
marked in dark colours, anticyclonic types are marked in light colour, and figures mean the total number of days for each CT. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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/ 100 years). Explained variance is generally smaller in Prague compared to Bucharest with higher values for winter and spring, while
in Bucharest the highest explained variance is in spring and summer. Figs. 9 and 10 show the variability and trend lines at annual
scale (left panels), the seasons with highest trend (middle panels), and the highest trend for given group and season (right panels).

7. Discussion

The urban heat island is a very important climate feature of both studied cities, Prague and Bucharest, especially under era of
climate change leading to larger heat stress during warm and heat periods, and more frequently occurrence of tropical days and
length of periods with continuous tropical days. The number of warm and/or tropical nights is expected to increase in the next
decades (IPCC, 2013) and the question of UHI mitigation needs to be carefully considered by urban planners and architects.

Table 5
Directional groups and corresponding circulation types.

Directional group Types

NC Ec, SEc, Sc
SC Nc, NWc, Wc, L
NA Wa, NWa, H
SA SEa, Ea

Fig. 7. Average seasonal and annual values of the urban heat island intensity in the directional groups for Prague.

Fig. 8. Average seasonal and annual values of the urban heat island intensity by directional groups for Bucharest.
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Table 6
Long-term changes in the UHI intensity: linear trend (°C/100 years) and determination coefficient R2 (explained variance). Statistically significant
trends are emphasized in bold.

Group season count Prague Bucharest

trend (°C/100 years) explained variance trend (°C/100 years) explained variance

NA spring 673 1.7 0.17 3.8 0.36
summer 1413 0.4 0.02 3.9 0.46
autumn 759 1.2 0.11 2.6 0.18
winter 712 1.2 0.08 3.5 0.27
year 3557 1 0.14 3.4 0.54

NC spring 501 1.2 0.1 2.9 0.16
summer 462 0.8 0.03 3.6 0.27
autumn 214 0.9 0.04 0.2 0
winter 209 1.1 0.06 2.3 0.08
year 1386 0.9 0.1 3.2 0.42

SA spring 363 2.1 0.17 3.8 0.32
summer 230 -2 0.03 4.6 0.3
autumn 645 0.9 0.05 2.2 0.13
winter 450 3.4 0.26 3.1 0.11
year 1688 1.5 0.19 3 0.4

SC spring 594 2.2 0.22 4.5 0.38
summer 238 1 0.05 3.6 0.2
autumn 357 2.4 0.32 3.5 0.21
winter 404 2.4 0.22 2.8 0.2
year 1593 2.1 0.36 3.3 0.43

All spring 3312 1.5 0.21 4.2 0.53
summer 3312 0.8 0.06 4 0.5
autumn 3276 1.1 0.12 2.1 0.22
winter 3249 1.7 0.23 2.9 0.33
year 13,149 1.3 0.23 3.3 0.55

Fig. 9. Variability and linear trendline of the UHI average annual intensity for all situations (left), in winter (middle) and SA group in winter (right)
for Prague. Regression line and 5 years running mean are interspersed with a graph. The grey shaded area represents the upper and the lower bounds
for the confidence interval (set at 95%) from the linear prediction model line.

Fig. 10. Variability and linear trendline of the UHI average annual intensity for all situations (left), in spring (middle) and SA group in summer
(right) for Bucharest. Regression line and 5 years running mean are interspersed with a graph. The grey shaded area represents the upper and the
lower bounds for the confidence interval (set at 95%) from the linear prediction model line.
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This study focuses on the connection between UHI development and various synoptic scale circulation patterns during period of
1981–2016. Based on the weather classification provided by the COST 733 Action, we delimited 18 circulation types, half of them
cyclonic, and half of them anticyclonic. The classification holds objectivity and it is replicable, which is an important reason for using
it. It has to be mentioned that the usage of thresholds and criteria partly involves expert-based decisions. The size of the area
containing Bucharest and Prague fits the synoptic analysis, but the position of various pressure system centres can lead to different
weather conditions in both cities and influence the UHI development.

The local geography and urban characteristics trigger differences in the UHI intensity and behaviour. With lower population, but
more extended spatially, Prague's nocturnal UHI is more intense than the Bucharest one in terms of monthly average. The location of
the urban stations is also important in the differentiation, since Prague-Klementinum is placed in a compact built-up area, while
București-Filaret is situated in an urban park.

City enlargement, traffic increase and conversion of green areas into built up zones have constantly augmented the UHI intensity
in both cities during the last decades. The more than doubled increase for Bucharest compared to Prague can be connected to larger
changes in the land-use in this city. For Bucharest, one explanation regarding its positive trends in UHI intensity is the aggressive
urbanisation that started in late 1970s by the communist regime and has continued during the recent decades. The patterns of
increase are quite similar for both cities (see Figs. 9 and 10), which emphasizes that in this respect the role of the general atmospheric
circulation is more important than local land cover changes or different geographic conditions (central Europe/ South-Eastern
Europe). A thorough analysis shows that an accumulation of more cyclonic and/or abnormal warm situations would lead to lower
UHI intensity. These interesting feature can be observed for both cities in the last pentad of the 1980s, also reflected in the annual
means of the UHI intensity (Fig. 10). As regards the temporal variability of the UHI, the increasing trends are more often statistically
significant for Bucharest (with more continental climate) compared to Prague.

8. Conclusions

This study has analysed the influence of synoptic scale atmospheric circulation on the UHI intensity for Prague and Bucharest, as
well as temporal variability of UHI. At the best of our knowledge, it is the first comparison between two European cities from this
perspective. The comparison shows differences and similarities, as described below, and demonstrated the utility of the European
circulation types provided by the COST 733 Action.

The UHI phenomenon is common for both cities, at different intensities. For Prague, the average UHI intensity computed from
daily minimum air temperatures is 2.3 °C, while for Bucharest is 1.8 °C. The maximum values of the mean UHI intensity can exceed
4 °C (e.g. in Bucharest it occurs in 10% of all cases). The annual course of monthly mean values of UHI intensities has higher
amplitude for Bucharest (1.2 °C) than for Prague (0.6 °C). This difference can be caused by higher anthropogenic heat production in
downtown Prague during the winter months caused by higher heating in older buildings with less efficient isolation than in
downtown Bucharest triggering the intense UHI development. The highest monthly average of UHI intensity occurs in August for both
cities when built areas still accumulate radiant heat during daytime in the summer months (JJA) and releasing it slowly during night,
while the rural neighbourhood starts cooling more rapidly during longer nights in August.

Different synoptic circulation types influence the UHI development and intensity in the two cities. The UHI of Prague develops
especially under H and NEa types, i.e. south- to southwesterly winds, typically under the influence of anticyclone with warm air
advection. For Bucharest, the largest intensity of UHI occurs especially under Ea type, i.e. situation with southerly wind component
having more or less anticyclonic circulation. The lowest intensity of UHI is observed under Nc type for Prague and SWc for Bucharest.
The statistically significant increasing trend of the UHI intensity has been proved for both cities with much larger trend found for
Bucharest (3.3 °C vs. 1.3 °C for Prague per 100 years). The changes in the central parts of the two cities were quite different in the last
decades, being more dramatic in Bucharest and less pronounced in Prague. This increase differs at seasonal level. In Prague, larger
significant increase can be observed during winter, especially for SA and SC directional group, while for Bucharest the largest
increase can be found during spring season (especially for SC directional group) and in summer (mainly for SA group). It can be
concluded that for both cities the UHI is more intense under anticyclonic situations with southern winds. Such cases are connected
with a weakening of atmospheric pressure horizontal gradient leading to weak winds preventing mixing of air in the city and its
surroundings and to greater direct radiation values supporting UHI development.

For Prague, the further increase of the UHI intensity is expected since the density of built up areas is increasing and its me-
tropolitan plan prefers the redevelopment of brown fields, usually meaning new more floors buildings. There are plans in mitigating
the UHI effects mostly in microclimate scale like adjustment of street canyons, using of green roofs etc., but these measures are
probably not so widespread to exceed the UHI increasing trend in the first half of this century.

Similarly, the urban expansion is an ongoing process in Bucharest, together with population increase, business and transport
intensification. At the same time, adaptation and mitigation measures are still isolated and far from being efficient. UHI impact is
likely to increase unless the urban development is rapidly shaped according to the real needs.

Both Prague and Bucharest will be at least 1 °C warmer by the middle of the century (Cheval et al., 2017)
Considering the comparative approach adopted for this study, including the application of a common methodology for two cities

with distinct geographical settings, the use of this concept can be easily performed in other urban areas of similar sizes and com-
plexity.
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Abstract: Satellite Application Facility on Climate Monitoring (CMSAF) data have been 
studied in the Czech Republic for approximately 10 years. Initially, validation studies were 
conducted, particularly regarding the incoming solar radiation product and cloudiness data. 
The main focus of these studies was the surface incoming shortwave (SIS) radiation data. 
This paper first briefly describes the validation of CMSAF SIS data for the period of  
1989–2009. The main focus is on the use and possible applications of CMSAF data. It is 
shown that maps of SIS radiation in combination with surface data may be useful for solar 
power plant operators as well as for assessing the climate variability in the Czech Republic 
during different years and seasons. This demonstrates that the CMSAF data can improve our 
understanding of local climate, especially in regions lacking traditional surface observations 
and/or in border regions with a scarcity of stations in the neighboring countryside. Furthermore, 
data from the recently released SARAH (Surface Solar Radiation Data Set-Heliosat) dataset 
(1983–2013) are also briefly described and their use for trend computing is demonstrated. 
Finally, an outlook is given in terms of further possibilities for using CMSAF data in the 
Czech Republic. 

Keywords: CMSAF; surface incoming shortwave radiation; weather test reference year 
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1. Introduction  

Traditional observations of meteorological elements provide high-quality data but fairly low spatial 
representativeness, especially for high variability variables. Although the density of the measuring grid 
could be increased, the cost would exceed the means of the national meteorological services. For some 
elements, it is possible to replace or complement them with data measured by meteorological satellites. 
Currently, there is a multitude of products available originating from these measurements, and 
sometimes it is difficult to determine the parameter best suited to user needs. One option for the European 
region is provided by METEOSAT through its Satellite Application Facilities [1], which include the 
Satellite Application Facility on Climate Monitoring (CMSAF), focusing on climate data [2]. CMSAF 
provides both operational products and long-term datasets.  

The operational products have documented non-relevant limitations, which largely satisfy the 
applicable requirements and/or are deemed sufficiently mature by the relevant Steering Group to be 
distributed to users [3]. With near real-time availability, they are distributed in a timely manner (within 
eight weeks) to support operational climate-monitoring applications (e.g., national meteorological and 
hydrological services). Due to the inhomogeneity caused by the timeliness requirement, these products 
may not be suitable for monitoring the inter-annual variability and trends with a high confidence. Bias 
errors due to the shift of equator overpass times, orbit height decay, and instrument errors can cause 
inter-satellite biases to remain uncorrected for the operational monitoring product. However, the 
characterization of significant anomalies on the monthly scale is possible. 

The datasets, similarly to the operational products, largely satisfy the applicable requirements with 
documented characteristics, validations, results, and limitations, and they are also deemed sufficiently 
mature for target applications by the relevant Steering Group. They are retroactively produced and based 
on carefully inter-sensor calibrated radiances. Their aim is the provision of homogenous sets of high-quality 
data for the investigation of climate variability and long-term changes of the mean climate state (by 
minimizing the errors of operational products). 

One group of products addresses solar radiation. The solar surface radiation represents one of the 
basic climate elements. It plays an important role in the global energy cycle, is crucial for many human 
activities, such as agriculture and solar energy, and, of course, is a factor in many climate processes. The 
accurate measurement of solar radiation is critical in many fields of (and not limited to) applied 
climatology, from climate monitoring to solar energy and land surface studies. In the territory of the 
Czech Republic, the surface incoming shortwave radiation is measured by the Czech Hydrometeorological 
Institute (CHMI) radiation network. This network was established in 1984, providing 30 years of 
continuous measurement. The network is composed of just 11 stations (although eight new stations have 
been added since 2002). Although these traditional man-operated observations usually provide high-quality 
data, the density of the radiation stations is not high enough to thoroughly cover the area of the Czech 
Republic (Figure 1). Solar radiation products from CMSAF provide a more complex view of the solar 
parameter fields, and they are definitively less expensive, with comparable quality to the surface 
instrumental measurements. This is why products and datasets from CMSAF started to be used in the CHMI. 
The main focus has been on the surface incoming shortwave radiation, the SIS product (also known as the 
global irradiance). This climatological element is crucial for various fields of applied climatology that 
CHMI addresses.  
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Figure 1. CHMI radiation network stations within the Czech Republic (as of October 2013) 
(source: http://portal.chmi.cz). 

Validation studies of the satellite-generated data were conducted. Naturally, there were prior validation 
studies conducted directly by the CMSAF staff [4–9]. However, to ensure a convincing confirmation of 
the quality of the CMSAF data, a comparison was needed with the solar radiation data measured directly 
in the Czech Republic.  

In the beginning of 2015, a new set of long-term data records of surface incoming shortwave radiation, 
SARAH (Surface Solar Radiation Data Set-Heliosat), was released [10]. This set provides data for the 
period of 1983 to 2013, including the monthly, daily, and even hourly averages in a regular longitude/latitude 
grid at a resolution of 0.05° × 0.05°. The accuracy of these data relative to surface measurements is 5.5 m for 
the monthly SIS averages [11]. It should be noted that SARAH includes not only SIS but also the direct 
normal radiation and effective cloud albedo. 

In the following sections, several applications of CMSAF solar radiation and its usage are described. 
Because of a partial interconnection between the solar radiation and cloudiness data, we have also 
focused on selected cloudiness products provided by CMSAF. Sometimes it is more convenient and 
even precise to work with the sunshine duration to establish the average cloudiness during the day than 
directly using the cloudiness measurement. The reason for this is the large subjectivity regarding the 
cloud cover (and its types) in the human observation-based measurement at weather stations. For this 
reason, we have also paid special attention to cloudiness products of the cloud fractional cover (CFC) and 
cloud type (CTY) [12].  
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2. Use and Application of CMSAF Solar Data  

2.1. Verification of SIS in the CHMI 

As mentioned above, the validation of SIS data was conducted by CMSAF climatologists as well as 
by other authors. However, before the use of the data for climatological applications, we had to check 
the data to obtain convincing proof of their reliability, both for us and other potential users. Because the 
highest demand from users was for monthly data, the comparison was made for this time scale only. The 
verification was performed similarly to the Validation Report of CMSAF [13]. For 10 stations measuring 
SIS since 1984, SIS data from the CMSAF dataset from the period of 1989–2009 (based on AVHRR 
(Advanced Very High Resolution Radiometer) Global Area Coverage data) was extracted for points 
closest to the stations. Basic statistical parameters (bias, standard deviation, and the number of months 
with a difference between surface and satellite data over 15 W/m2) were computed. The results can be 
seen in Table 1. The values of the bias are approximately 4–5 W/m2. Although there is generally no 
substantial difference between various locations, the stations located in the northwestern part of Bohemia 
(with a stronger aerosol pollution) have slightly higher values. This is consistent with other studies 
focusing on Central Europe [4] that found a bias of 5.3 W/m2 for the Hradec Králové station for the 
period of 1983–2005. This suggests a slight radiation overestimation in CMSAF data compared to the 
surface measurements. The portion of months with differences exceeding 15 W/m2 is approximately 
11%. The highest bias was found at the Churanov station, located in the mountains in the southwestern 
Czech Republic; this can be related to the complex terrain in the region, with fog and stratus clouds often 
forming in the valleys (see [14]). The annual course of SIS radiation sums is similar for both types of data 
(Figure 2). Generally, it may be concluded that the SIS data from CMSAF are very similar to those measured 
at the surface, with only slight overestimations compared to surface stations (with the largest bias in April); 
thus, it is acceptable to use them for various climatological applications. 

Table 1. Basic statistics of comparison between SIS (surface incoming shortwave) data from 
CMSAF (Satellite Application Facility on Climate Monitoring) (SIS product) and the surface 
station observations at a monthly time scale. 

Station (and Type) 
Altitude  
(m a.s.l.) 

Bias (W/m2) 
Ratio of Months with 

Difference over 15 W/m2  
Standard 

Deviation (W/m2) 
Number 
of Cases 

Hradec Králové (lowland) 285 4.1 10% 8.1 252 
Churáňov (mountainous) 1122 4.7 14% 8.8 252 

Kocelovice (hilly, countryside) 519 4.6 8% 8.8 252 
Košetice (hilly, countryside) 470 4.4 9% 8.3 252 

Kuchařovice (lowland, countryside) 334 4.5 10% 8.5 252 
Luká (hilly, countryside) 510 4.5 9% 8.4 252 

Mošnov (lowland, countryside) 242 4.2 9% 8.3 252 
Praha-Karlov (city, centre) 254 4.3 11% 8.2 252 

Svratouch (hilly, countryside) 737 4.2 10% 8.1 252 
Tušimice (industrial region) 322 4.5 13% 8.6 252 

Ústí nad Labem (industrial region) 375 4.6 12% 9.2 252 
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Figure 2. Average annual course (1989–2009) of average monthly sums of SIS radiation 
(MJ = mega-joules, m = metre) for Prague both for the surface station-and satellite-derived 
data (SIS product of CMSAF); the bias is also shown.  

2.2. Solar Radiation Maps and Graphs—on Monthly and Long Term Bases 

The surface incoming shortwave radiation is of great interest to solar power plant operators [5]. 
However, the information on solar radiation is often also required by banks (providing credit to the 
operators) and state bodies, such as the Energy Regulatory Office of the Czech Republic. They either 
require the measured data (which is, however, limited due to the small number of stations observing the 
global radiation) or sometimes maps. To process maps of SIS, it is necessary to interpolate the 
observations, but when only measured values are used, the resulting map has limited values due to errors 
originating from the interpolation. A possible method of improving these maps is the use of a special 
regression model with the relative sunshine duration values measured at meteorological stations because 
this parameter is observed more often. Another way is combining both the measured values of SIS from 
the surface measurements and the SIS data of CMSAF (operational data, see [15] for details). This was 
conducted by extracting satellite data into a regular grid at a resolution of 15 × 15 km over the Czech Republic 
area. The extracted values are placed in the centers of the satellite pixels. Further measured values are 
added where available (in their real positions) and then the values are interpolated with the help of the 
inverse distance weighting (IDW) method spatial interpolation. The IDW method was selected because 
the field of solar radiation over the Czech Republic is quite homogeneous, and the input data are fairly 
equally distributed; otherwise, the kriging method would probably be preferable. Additionally, grids 
outside the Czech Republic can also be used in constraining the values for the border regions to more 
realistic estimates. These maps are available with a few weeks’ delay compared to the surface data, but 
their complexity offsets this negative aspect. An example of such a map prepared from an operational 
product can be seen in Figure 3 (with the indication of utilized locations). It should be noted that due to 
the customer requests, the values are calculated and presented not in the intensity values but in the 
amount values (mega-joules per square meter). 
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Figure 3. Monthly sum of SIS in December 2013. Example of a product combining the 
surface measured data and CMSAF data. 

From the times series data, long-term averages were also constructed. The resulting maps can 
facilitate assessment of the solar radiation availability for solar panels in the given region. An example 
for the whole yearly sum (1989–2009) is shown in Figure 4. 

 

Figure 4. Long-term average of the annual sum of SIS constructed by the combination of 
measured and CMSAF data (1989–2009). 

2.3. Long-Term Changes of Surface Solar Radiation in the Czech Republic  

There are various reasons why the long-term changes of SIS are also of some interest. In addition to 
the aforementioned solar power plant development possibilities, they may be useful, for example, in 
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agriculture or the tourism industry. In the preceding part of this paper, the SIS CMSAF dataset covering 
the 20-year period of 1989–2009 was used (the seven years from 1982–1988 might possibly be used as 
well as auxiliary data), but in climatology, longer periods are better. Usually a period lasting at least 30 
years is required for further analyses. Nevertheless, all of this changed in the beginning of 2015 when 
the SARAH dataset was released. It contains a 31-year period from 1983–2013, which perfectly suits 
the climatological requirements. Due to the limited time since the data were released, only few analyses 
could be conducted, the first of which was to capture the trend, if any, of SIS in the Czech Republic. A 
map was constructed for this period based solely on SIS CMSAF data (Figure 5). It can be seen that 
while almost no trend is observed in the southern and northeastern parts of the Czech Republic, clear 
positive trends occur in the northern and northwestern parts of Bohemia. There might be two 
explanations for this occurrence: (1) The northwestern part of Bohemia was particularly heavily 
industrialized and substantially polluted in the 1980s (with many brown coal power plants lacking 
desulphurization). During the 1990s, desulphurization was carried out, and economic changes led to a 
reduction of the chemical industry and a decrease in aerosol pollution; this had a reducing effect on fog 
and low-level cloud occurrence [14]. (2) Naturally, climate change might have had an impact, e.g., the 
lower frequency of Atlantic cyclones (less cloudiness), thus allowing a higher amount of solar radiation 
to reach the surface [16]. In general, point (1) has had a greater impact. When comparing trends measured 
at surface stations with those derived from CMSAF, very similar values can be seen (Table 2), and this is in 
line with previous studies [11].  

 

Figure 5. Map of the decadal trend of SIS in the Czech Republic from the SARAH dataset 
(1983–2013). 

Table 2. Decadal trends of SIS for selected stations in the 1983–2013 period. Values for 
surface stations and for the closest points were derived from SARAH data.  

Station (and Type) 
Altitude  
(m a.s.l.) 

Trend of Surfaced 
Data (W/m2) 

Trend of Satellite 
Data (W/m2) 

Hradec Králové (lowland) 285 1.6 1.7 
Churáňov (mountainous) 1122 1.1 0.8 

Ústí nad Labem (industrial region) 375 4.8 4.0 
Ostrava (lowland, city) 242 1.2 0.9 
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Table 2. Cont. 

Station (and Type) Altitude  
(m a.s.l.) 

Trend of Surfaced 
Data (W/m2) 

Trend of Satellite 
Data (W/m2) 

Kocelovice (hilly, countryside) 519 0.6 0.4 
Košetice (hilly, countryside) 470 1.2 1.2 

Kuchařovice (lowland, countryside) 334 1.3 1.1 
Luká (hilly, countryside) 510 1.6 1.7 

Praha-Karlov (city, centre) 254 1.5 1.9 
Svratouch (hilly, countryside) 737 1.6 1.8 
Tušimice (industrial region) 322 3.3 2.8 

2.4. Weather Test Reference Year 

Weather Test Reference Year (TRY) represents a typical course of meteorological elements during 
the year and has been constructed and used in many countries [17]. However, in the Czech Republic, it was 
first constructed approximately six years ago [18] using the data from 1990–2005, so it is perfectly covered 
by the SIS dataset. Since its preparation, it has been used in many application fields, especially in civil 
engineering. It contains 10 meteorological elements, including temperature, precipitation, humidity, 
wind, and SIS. Due to limited SIS measurements, it was computed based on the relative sunshine 
duration. However, the data are not available everywhere, as there are parts of the Czech Republic with 
a limited number of stations measuring the sunshine duration. This is why a correction of TRY was 
tested. For these regions, ‘fictitious’ points were created in selected locations, which differ in climate 
from the surrounding regions (and have no surface solar radiation observation). These additional points 
create a denser network of input data. An interpolation based on this network was conducted. We present 
the results for the southwestern part of Bohemia because this is a region with a complex orography and 
with different climate features in the immediate neighboring regions. The average May values are given 
in Figure 6 (a comparison between the original values and the state after adding SIS data from CMSAF). The 
resultant field of SIS reflects the climate features in the studied area better than the previous approximation. 

 

Figure 6. Example of SIS map used for TRY computation (southwestern part of Bohemia) 
for May ((a) based on station data only, (b) combination of both station and CMSAF data). 
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2.5. Solar Radiation and Cloudiness Data 

As previously mentioned in the introduction, we focused on selected cloudiness products provided 
by CMSAF, especially the Cloud Fractional Cover (CFC). CLAAS (CM SAF CLoud property dAtAset) 
data have been used for this purpose [19]. The average cloudiness is one of the main climatological 
parameters describing cloudiness, but sometimes it is more convenient and even more accurate to work 
with the sunshine duration to compute the average cloudiness during the day than using the cloudiness 
measurement directly. The cloudiness is computed according to the relative sunshine duration for the 
given day. This is also a common practice in the Czech Republic [14]. Using daily data from seven years, 
maps of average monthly cloudiness were constructed based on the surface sunshine duration data and 
CFC data. The method of map construction is as follows: A regular grid of average monthly cloudiness 
was prepared from CFC data (monthly data from CMSAF). For surface stations measuring sunshine 
duration, the cloudiness was computed according to the relative sunshine duration. In this network of 
higher density data (more grids with cloudiness), a spatial interpolation was conducted. An example can 
be seen in Figure 7. 

 

Figure 7. Average monthly cloudiness for November 2012: (a) Only station data based on 
the sunshine duration; (b) combination of station and CMSAF data. 

2.6. Outlook  

Since SARAH data were released, more climatological applications and studies have become possible 
because we now have a homogenized time series of radiation with a span of 31 years. Because radiation 
is one of the main climate features, it can be used for various applications in agriculture as well as in 
many climate classifications. Another potential lies in the tourism industry, e.g., the most and least sunny 
period for a given place can be obtained; the first results for Prague and the mountain area of Jeseníky 
in the northeastern part of the Czech Republic are given in Figure 8. A sunny day is defined as a day 
with 80% or more of available clear-sky surface solar radiation for the given day. Of course, the 
possibilities of model data validation seem to be promising because these data have very high time and 
spatial resolution and homogeneity and are freely available, which could be of great importance in the 
Czech Republic where only a part of the meteorological data is free of charge. 
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Figure 8. Probability of sunny day occurrence for a given decade for the regions of Prague 
and the Jeseníky mountains (from SARAH products). 

3. Uncertainties, Errors, and Accuracies 

As shown in Section 2, the SIS data from the CMSAF are very close to the values observed at the 
surface climatological stations, which is also the case for the region of the Czech Republic. The 
differences between these two data sources usually do not exceed 5 W/m2 for monthly values (in terms 
of the average intensity of the SIS), with CMSAF data slightly overestimating the ground observations. 
Also, the number of months with higher differences (in excess of 15 W/m2) seems to be reasonably 
small. Validation should also be performed for daily or even hourly values, particularly for the SARAH 
dataset, but as shown in [10], the monthly and daily mean from CMSAF SARAH have higher quality 
than the previous CMSAF surface radiation dataset. This is also the case for the direct surface radiation, 
which was additionally evaluated for the SARAH dataset to allow a comparison with the previous 
version of the CMSAF surface radiation dataset. Higher uncertainties of SIS are expected for regions 
with a long-lasting snow cover and desert regions with brighter surfaces, but this is not the case for the 
territory of the Czech Republic. Furthermore, based on the CMSAF team findings [10], there is no obvious 
inhomogeneity apparent in the SIS time series, so these time series are fit to be applied in long-term change 
studies. However, what still needs to be taken into account is the question of possible inhomogeneity caused 
by the significant decrease in aerosol load after 1989.  

4. Discussion 

Satellite data provide a great source of climate information and can be used in various applications 
within climatology, meteorology, or beyond. However, generally this also represents a source of 
potential problems: When we want to use satellite data instead of (or combined with) surface observations, 
there is an issue of locality matching (usually the satellite grid point slightly deviates from the surface 
station location). In the case of solar radiation data, SIS in particular, the situation is generally good. 
This parameter is instrumentally measured at the surface, so there is no subjective element to be 
considered when comparing the data with the satellite counterparts (namely CMSAF in this case). For 
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this reason, the use of SIS provided by CMSAF seems to be very promising and helpful in climatology. 
Another point that has to be mentioned here, especially regarding the Czech Republic, is the existence 
of a good network of SIS surface observations (taking into account its spatial variability) and a fairly 
large number of stations measuring the sunshine duration, a parameter that can be used for the 
computation of SIS as an alternative. Simultaneously, the recently released SARAH dataset also makes 
the direct normal radiation available to us, a parameter that is only partly measured, and therefore this 
element can now be extracted from this dataset for the entire Czech Republic. Another issue is 
cloudiness. Generally, the observer cannot see all the clouds above him/her if they are located in multiple 
layers overlapping each other. For example, when observing 8/8 of sky covered by stratus clouds, the 
observer is not able to spot any higher clouds. The satellite, in contrast, is able to capture cirrus or 
altostratus clouds above the stratus level. Furthermore, in summer the observers tend to report more 
distant clouds (in case there is no cloudiness in the station surroundings), especially if they are of 
convective origin such as cumulonimbus clouds, the anvil of which can be observed from 50 to 100 km 
or even farther. However, from the satellite’s point of view, there are no clouds immediately above the 
observer. This means the man-performed observation from surface stations can lead to a mismatch when 
making comparisons with the satellite data, but this is only due to the different viewing technologies and 
not due to a physical inconsistency. Generally, the specifics of satellite-based observations need to be 
remembered when comparing them with the surface (“conventional way of”) observation. The high 
quality of measurements from surface stations might also be one of the reasons why climatologists in 
the Czech Republic do not feel an urgent need to use and work with satellite data (which is not limited 
to CMSAF data in this respect). Finally, there is also an economic argument for using the satellite data; 
due to budgetary cuts, the number of stations has decreased in the Czech Republic over the last decade, 
making the satellite data more useful than ever.  

5. Conclusions  

The solar radiation data obtained from the CMSAF satellite measurements have proved to be a useful 
complement to conventional surface observations. They can help to create more realistic maps of the 
surface incoming shortwave radiation when combining CMSAF SIS data with the surface radiation 
network observations. These maps can then find various practical applications, for instance, in solar 
power plants. When the long-term version of the data is utilized, useful information about the local solar 
climate variability can also be obtained. This is especially the case when using the SARAH dataset data 
covering the 31-year period of 1983–2013. Such a period is sufficiently long to be used in climatology 
for various applications. For example, trends can be detected. As has been shown in the Czech Republic, 
these are mostly slightly positive, with the highest values in the northwestern parts of Bohemia 
(approximately 4 W/m2 per 10 years). It is possible to determine the sunniest periods during the year and 
also during the whole period. For example, in Prague, the sunniest period during the year is the second 
half of April, whereas the sunniest month since 1983 was July 1994 (which was also one of the warmest 
months). Many more applications based on this long-term data may yet be found, especially in 
agriculture, but also in the construction industry. The usefulness of CMSAF solar radiation data has 
already been shown in the model validation [20–22], with the largest benefit lying in the data 
homogeneity and resolution, both spatial and temporal.  
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14.1  Urban and Environmental Framework

14.1.1  General Remarks on Prague

Prague is the capital of the Czech Republic. As the largest city in the country by its 
area (496 km2) and by population (1.2 million inhabitans) faces the same environ-
mental challenges, as the other large cities in the world. The city strives for the 
substantial reduction of the environmental burden as to become clean, healthy, and 
harmonic place for living. Prague is situated on the banks of the Vltava river and its 
tributaries. The complicated morphology creates limitation for a good ventilation of 
the area. The lowest point is in 149 m and the surrounding hills at the southwestern 
part of Prague are almost 400 m above sea level.

14.1.2  Prague Urban Heat Island Analysis

Prague and especially its city centre belongs to the warmest regions of the Czech 
Republic with annual average air temperature around 10 °C in the city centre (see 
Fig. 14.1). This is partly caused by the urban heat island (UHI) of Prague.

The intensity of UHI is about 1.6 °C when we use the average daily tempera-
tures. The highest intensity occurs during June, while the lowest intensity in 
September. It has to be noted, that the UHI intensity of Prague is considerably 
higher when looking at minimum temperatures (annual average is approximately 
3 °C) but smaller for maximum temperatures (annual average approx. 1 °C). The 
intensity of Prague’s UHI has increased during the last 50 years. This increasing is 
caused due to the city enlargement and transport intensification.

The magnitude of this intensification is 0.15 °C/10 years for minimum tempera-
tures, 0.07 °C/10 years for average daily temperatures and 0.02 °C/10 years for 
maximum temperatures. This intensification of UHI is documented on Fig. 14.2 
where differences of daily air minimum temperatures between period 2001–2010 
and 1961–1970 are demonstrated. While the temperature in the whole Prague area 
increases (due to the climate change in the Central Europe), the largest increment of 
the temperature can be seen in city centre, close to the Vltava river, in the densely 
built up part of the city.

Another point of view of the intensity of UHI can be obtained by using physio-
logical equivalent temperature PET (Matzarakis et al. 2010). This temperature 
describes the temperature really felt by the human being standing outside and 
includes not only influence of air temperature and wind, but also humidity and radi-
ation including the radiation coming from buildings in the streets. The average 
annual and daily course of PET for the Praha–Karlov stations is given in Fig. 14.3. 
It can be seen, that the highest values occur during summer months, July and the 
first half of August.

M. Žák et al.
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The differences of PET values between Praha–Karlov station located in the city 
centre and Praha–Ruzyně station situated on the periphery of the city (Fig. 14.4) 
show the highest values in the summer half of the year starting after the sunset and 
vanishing during the morning hours. Few hours after the sunrise this differences can 
be even negative indicating lower PET values in the city centre. Regarding long 
term changes, there is positive trend in PET values in Prague during spring and sum-
mer indicating greater human stress during the warm summer half-year. It should be 
noted that PET was computed for the location with ideal horizon without obsta-
cles – this is also the case of the following case study of a hot day.

The largest UHI negative effects (in the sense of bioclimatic discomfort) usually 
occur during the summer months. For demonstration, case study of hot day, the day 
of 28th July 2013 has been chosen. Maximum air temperature on that day reached 

Fig. 14.1 Annual average air temperature for Prague and surrounding, period 1961–2010
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Fig. 14.2 Difference of daily air minimum temperature between period 2001–2010 and 
1961–1970

Fig. 14.3 Annual course of PET for Praha-Karlov station, period 2005–2013
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values around 37 °C (Fig. 14.5), with differences among different parts of the city 
being maximal about 2 °C. PET values (Fig. 14.6) on that day reached over 46 °C 
in the city centre, with difference through the city being a bit higher compared to the 
differences in the air temperatures. Values of PET over 40 °C started already around 
9 in the morning and continued to 5 in the afternoon. Especially in the evening, the 
differences between city centre and periphery exceeded 8 °C.

14.1.3  Air-Quality Issues

Mária Kazmuková 
Prague Institute of Planning and Development, Prague, Czech Republic

Peter Huszár and Tomáš Halenka
Faculty of Mathematics and Physics, Department of Atmospheric Physics,  
Charles University Prague (CUNI), Prague, Czech Republic

Fig. 14.4 Annual course of PET of differences between stations Praha-Karlov and Praha-Ruzyně, 
period 2005–2013 (positive values mean Karlov is warmer than Ruzyne)
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Fig. 14.6 Maximum PET in Prague on 28th July 2013

Fig. 14.5 Maximum air temperature in Prague on 28th July 2013
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Despite the substantial reduction of the emissions from industrial sources in the past 
years, air quality is still influenced by the emissions from automotive traffic, as a 
main source of air pollution. In the suburban residential areas air quality is influ-
enced by the emissions from local heating burning solid fuels.

In the agglomeration of Prague the limits for air quality are exceeded, especially 
for particular matter PM10, NO2, O3 and benzo(a)pyren. The majority of exceed-
ances is connected with the high traffic loads in Prague, but also with the domestic 
heating in family houses in the residential areas in Prague.

The share of mobile sources on the total of PM emissions is more than 85 %, on 
the total of NOx ca 75 %. The contribution of the household heating to PM emis-
sions is almost of 16 %.

In the last years the ambient air quality has been improved. The annual limit 
concentration NO2 (40 μg.m−3) has been exceeded only on two traffic monitoring 
stations in Prague, however it can be supposed that the exceeding could occur in 
other areas with a similar traffic volume.

Also the PM10 concentrations dropped significantly, nevertheless the average 
24 h PM10 concentrations are exceeding the limit at the 13 monitoring stations.

The concentrations of benzo(a)pyren measured at two monitoring stations in 
Prague were exceeded only at one of theme, the results of monitoring fluctuates 
around the limit of 1 ng.m−3.

The concentrations of O3 are regularly exceeded only at the one background  
station in the suburb over years.

The rest of the air quality limits are usually met in the area of Prague (Figs. 14.7 
and 14.8).

Fig. 14.7 Trends in yearly characteristics of the fraction PM10 and the 36th highest 24-h PM10 
concentration in selected monitoring stations in Prague
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14.2  Pilot Areas Identification Methodology

The pilot areas in Prague were selected with the aim to enable the simulation of UHI 
mitigation strategies in different scales.

For the scale of a street canyon the Legerova street was selected, representing 
one of the streets with a very high traffic volume crossing the residential area.

For the Pilot Area 2 was chosen the brownfield Bubny – Holešovice, an aban-
doned railway area, which aspires to be a new city quarter. Microclimatic simula-
tions were performed for the central part measuring 500 m by 500 m.

The Pilot Area 3 as the whole territory of Prague has been chosen to enable simu-
lations of the mitigation effects as a green belt around Prague or traffic emission 
reduction in all Prague agglomeration.

14.3  UHI Phenomena in the Pilot Area and Connection 
with Specific Aspects of Urban Form and Built 
Environment

14.3.1  Pilot Area 1 Legerova street

Dominik Aleš and Mária Kazmuková 
Prague Institute of Planning and Development, Prague, Czech Republic

Vladimír Fuka
Faculty of Mathematics and Physics, Department of Atmospheric Physics,  
Charles University Prague (CUNI), Prague, Czech Republic

Michal Žák and Pavel Zahradnicek
Department of Climatology, Czech Hydrometeorological Institute,  
Prague, Czech Republic

Fig. 14.8 Trends in yearly characteristics of NO2 in selected monitoring stations in Prague
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Fig. 14.9 Prague

Legerova Street represents a corridor with the width of 25 m, surrounded by 21 m 
high buildings. The traffic density is approximately 45 000 cars per day in 4 lines. 
The street leads through a residential area in north-south direction. During summer 
months it is fully open to sunshine and the incoming solar energy is largely absorbed 
by asphalt and concrete as well as by facades of the buildings. There are only a few 
sparse parts of grass beds and no availability for shade (Figs. 14.9 and 14.10).

Implementation of tree alleys was assessed as a mitigation measure. Three differ-
ent scenarios varying the form and position of the alleys were tested in cooperation 
of Prague Institute of Planning and Development, Czech Hydrometeorological 
Institute, and the Department of Meteorology and Environment at Faculty of 
Mathematics and Physics, Charles University in Prague.

Besides the thermal comfort, also the air pollution concentrations were taken in 
mind. The initial NOx concentrations in Legerova Street could reach ca. 33 μg/m3 on 
the east windward sidewalk and even around 160 μg/m3 on the west leeward side-
walk due to the prevailing west wind direction which causes this unbalanced air 
pollution dispersion.

The thermal comfort was simulated by using of the microclimate model RayMan 
(Matzarakis et al. 2010). The ventilation conditions for air pollution were simulated 
by a model developed at the Department of Meteorology and Environment, CUNI 
Prague.

14 Pilot Actions in European Cities – Prague
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A mild summer day of 21st June 2013 was chosen for the simulation of all pro-
posed scenarios. Temperature effect was also modelled on a tropical day of 18th 
June (Fig. 14.11).

The simulation results for all scenarios in the mild summer day (TA,max = 26 °C) 
show a possible effect of PET reduction of 2.3° in shade. During the tropical day 
(TA,max = 37 °C) the reduction can reach 3.5°. However, all scenarios show also more 
or less negative impact on the ventilation conditions for air pollutants.

In the scenario with small trees positioned densely along the sidewalks, there is 
quite short time period of shade provided to one assessed point. On the other hand, 
the street canyon ventilation in not worsened noticeably (Fig. 14.12).

The effect of PET reduction in the scenario with large trees along the sidewalks 
lasts for a longer afternoon period due to a larger shade. However, the large crowns 
significantly impact the air flow and cause a serious concentrations increase on the 
windward sidewalk (Fig. 14.13).

The simulation of the scenario with an axial position of small trees in one row in 
the centre of the street shows no impact on PET, providing no shade on the side-
walks. At the same time, this arrangement constitutes an obstacle to the vortex and 
thus causes additional increase of already worse high concentrations on the leeward 
sidewalk (Fig. 14.14).

High trees in the street bring more shade with a positive effect on PET, but also 
create less favourable ventilation conditions. The scenario with the small trees 
planted densely along the sidewalks seems to be the optimal solution for UHI  
mitigation for Legerova Street. This scenario does not have such a negative effect 
on ventilation conditions and provides shade and a positive effect on PET.

Fig. 14.10 Aerial view of Legerova street in Prague
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Fig. 14.11 Mild summer day scenario

Fig. 14.12 Effect of PET reduction
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Fig. 14.13 Scenario 2

Fig. 14.14 Scenario with the small trees planted densely along the sidewalks
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14.3.2  Pilot Area 2 Holešovice – Bubny
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Vienna University of Technology, Vienna, Austria

Lokalita Holešovice – Bubny
Holešovice – Bubny was chosen to be one of the Prague’s pilot areas due to its 

strong development potential and proximity to the city centre. Once used as a freight 
station the site is nowadays a brownfield that aspires becoming a living city quarter. 
A significant part of the area is occupied by the transport infrastructure, the rest is 
scattered with isolated buildings and fragments of block structure. Existing green-
ery is not properly maintained. In the east and west the site is adjoining various 
urban structures and the Vltava River in the north and south. The selected pilot area 
is about 82.5 ha large (Fig. 14.15).

The site is considered to be the future residential and commercial district. 
According to the current urban study the area shall be converted into a block struc-
ture, accompanied by small-scale parks and alley-like streets. Mean building height 
(between 25 and 26 m) shall be pierced with several landmarks (height from 50 up 
to 70 m). These adjoin to park areas as well as to the northern river bank. Existing 
railway tracks shall be reduced and elevated to enable streets to pass beneath 
(Fig. 14.16, 14.17 and 14.18).

The aim of the research was to examine the benefits of the current study (sce-
nario 1) and to compare it with alternative urban studies proposing different urban 
structures and larger park areas (scenarios 3 to 6) (Fig. 14.19, 14.20 and 14.21).

In terms of land use, greenery types and building characteristics the following 
GIS models were performed:

Scenarios 3 and 4 propose a massive east-west oriented park strip located in the 
middle of the pilot area. A loose urban structure with high buildings of small foot-
prints adjoin to the park in the north (Fig. 14.22).

This arrangement should leave more space for greenery and enable better venti-
lation of the area.
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Fig. 14.15 Future residential and commercial district

Fig. 14.16 Series of small-scale parks shall by hooked up through alley-like streets
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Fig. 14.17 Inside yards of housing blocks shall be used for greenery and be walkthrough

Fig. 14.18 Scenario 1
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Similarly to the current study scenarios 5 and 6 propose a block structure com-
bining it with another arrangement of the central park: (Figs. 14.23 and 14.24)

In collaboration with the Meteorological Institute of the University of Freiburg 
and ATEM Prague following microclimate models were carried out with use of the 
ENVI-met software. The models simulate life conditions 1.5 m above the ground 
level during the day with the strongest insolation on June 20th at 3.00 PM.

We are conscious that the following conclusions are badly one-sided. For acquir-
ing more realistic climatic conditions it would be necessary to perform a higher 
number of simulations.

Street canyons shaded by buildings have cooling effect (depending on the aspect 
ratio): (Figs. 14.25 and 14.26)

Wide streets not surrounded by buildings and not shaded by trees have a desic-
cating effect:

Fig. 14.19 Scenario 2
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Fig. 14.20–14.21 (Scenario 3 and Scenario 4)

Busy streets have a warming effect due to the heat output from motor transport 
(see the bottom Fig.). Still water basins have no cooling effect: (Figs. 14.27, 14.28, 
14.29, 14.30 and 14.31)

As mentioned above the block structure offers better day time conditions than the 
loose urban structure. However further research should explore the cooling effect of 
the parks during the night time.

14.3.3  Green Belt
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The assessment was focused on the issue of modelling of meteorological fields and 
air quality in conditions of conurbation with regard to presence of urban heat island 
phenomenon. Within the project framework, modelling tools for air quality evalua-
tion were tested while meteorological parameters and chemistry of the atmosphere 
were taken into account. Based on the acquired findings from the base state, the 
horizon of fulfilment of land use plan in its present form and the variants of urban 
and traffic concept were assessed.

The project assessed the following scenarios: baseline state, fulfilment of the 
land use plan, low-emission zone and implementation of a green belt. In addition, 
sensitivity to the expected climate change was studied.

In terms of UHI, the most important was evaluation of green belt scenario, i.e. 
state when the transport concept and vehicle fleet composition corresponds to the 
year 2020 and fulfilment of the land use plan is presumed with the exception of 
areas defined as green belt whose land use is assumed to be changed into forest area 
or forest park.

Fig. 14.22 Better ventilation scenario
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The method used for modelling of transport of chemical substances required 
to include a large territory in which boundary conditions were modelled, influ-
encing meteorological quantities and concentrations of pollutants within the area 
of interest. The entire modelled area covered Europe, i.e. area measuring 4 
644 × 3 294 km with its centre being located in Prague. Assessment with the fin-
est resolution was carried out for Prague and its surroundings where grids of 
1 km and 333 m were used.

Input data for the project were prepared in such detail that has not yet been real-
ized. For this purpose, data from regularly updated study Evaluation of Air Quality 
in the Territory of the Capital City of Prague Based on Mathematical Modelling as 
well as data about the area of interest provided by the IPR institute and available 
databases from other sources were utilized.

The project involved both modelling of meteorological fields using the WRF 
model and modelling of air pollutant dispersion using the CMAQ model. The mete-
orological model was con Fig.d with an urban surface impact model; the emission 
flux model contained an anthropogenic emission model, a biogenic emission model, 
a chemical transport model and modules of data post processing and statistical pro-
cessing of the outputs. For long term experiments, urbanized RegCM was used with 
10 km resolution, allowing SUBBATS (Pal, J. S., F. Giorgi, X. Bi, N. Elguindi, 
F. Solomon, X. Gao, R. Francisco, A. Zakey, J. Winter, M. Ashfaq, F. Syed, J. L. 

Fig. 14.23–14.24 Scenario 5 and Scenario 6
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Fig. 14.25–14.26 Scenari
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Bell, N. S. Diffenbaugh, J. Karmacharya, A. Konare, D. Martinez, R. P. da Rocha, 
L. C. Sloan and A. Steiner, 2007: The ICTP RegCM3 and RegCNET: Regional 
Climate Modeling for the Developing World, B. Am. Meterol. Soc., 88, 1395–1409) 
in 2 km.

Both meteorological parameters (temperature, humidity, wind speed) and  
concentration of pollutants were modelled.

Outcomes of the assessment allow evaluating not only long-term indicators 
(annual average) but also characteristics that have not yet been assessed sufficiently 
accurately, such as exceedance period of an air pollution limit and nth highest values 
of short-term average values in accordance with legislation. Also ozone concentra-
tions can be evaluated. The results are available both for current state, for future 
scenario of land use plan and other scenarios being assessed.

The evaluation points out the following:
By 2020 or by the horizon of land use plan fulfilment, respectively, reduction of 

concentrations of pollutants in Prague can be expected with the exception of vicin-
ity of large transport structures where the impact of newly introduced car traffic 
outweighs.

Fig. 14.27 Scenari 1/3
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Improvement in vehicle fleet composition has a positive effect on NO2 and sus-
pended particulate matter concentrations and also on benzene (but less). In the case 
of ozone, the peak concentrations (which are limited in terms of health) decrease 
and average annual concentrations increase (higher concentrations at night time).

The evaluation showed that secondary aerosols have a relatively high contribu-
tion to air pollution load by suspended particulate matter. This issue requires further 
specification because higher concentrations of PM10 are one of the major problems 
of air quality protection in the capital city of Prague.

The influence of the green belt is rather small; it affects only few sites by small 
decrease in temperature and consequent change in concentrations of pollutants 

Fig. 14.28–14.29 Humidity differencies
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caused by a change in biogenic emissions production and by a change in chemical 
reactions in the atmosphere. Certain changes can be seen in long term simulation, 
with small temperature decrease, especially in summer night. Remote effects are 
rather climatic noise. Changes in the future go with the overall temperature change, 
but they are again rather small.

The presented project practically verified the potential use of chemical transport 
models for air quality and UHI assessment in a small scale. The fine resolution that 
reaches up to 333 m for the innermost domain allows assessing air quality and UHI 
effect in cities in detail.

Proposed green belt around Prague (Figs. 14.32, 14.33, and 14.34).

Fig. 14.30 The cooling effect of green roofs is negligible
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Fig. 14.31 The block structure offers better day time conditions

Fig. 14.32 Temperature shift caused by green belt in a hot July day
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Fig. 14.33–14.34 Temperature changes in long term simulation of 2001–2010 (JJA, night) caused 
by green belt
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Differences in 24-h-averaged PM10 concentrations between years 2010 and 2020 
(Fig. 14.35).

14.4  General Strategic Vision to Mitigate UHI  
Effects- Counteracting Measures

14.4.1  Street Canyons

As a result of the simulations, the scenario with the small trees planted densely 
along the sidewalks seems to be the optimal solution for UHI mitigation for Legerova 
Street and other similar street canyons with a heavy traffic volume. This scenario 
does not have such a negative effect on ventilation conditions and provides shade 
and a positive effect on PET.

Fig. 14.35 Differences in 24-h-averaged PM10 concentrations
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14.4.2  Development Areas

The aim of the research was to examine the benefits of the different scenarios  
compared with alternative urban studies proposing different urban structures and 
larger park areas.

The simulations have shown that the block structure offers better day time condi-
tions than the loose urban structure. However further research should explore the 
cooling effect of the parks during the night time.

14.4.3  Green Belt

The assessment of the effect of a proposed green belt as a scenario for UHI mitiga-
tion in Prague was focused on the issue of modelling of meteorological fields and 
air quality in conditions of conurbation with regard to presence of urban heat island 
phenomenon.

Within the project framework, modelling tools for air quality evaluation were 
tested while meteorological parameters and chemistry of the atmosphere were taken 
into account.

In terms of UHI, the most important was evaluation of green belt scenario,  
i.e. state when the transport concept and vehicle fleet composition corresponds to 
the year 2020 and areas defined as green belt are assumed to be changed into forest 
area or forest park.

The method used for modelling of transport of chemical substances required to 
include a large territory in which boundary conditions were modelled, influencing 
meteorological quantities and concentrations of pollutants within the area of 
interest

The project assessed the following scenarios: baseline state, fulfilment of the 
land use plan, low-emission zone and implementation of a green belt.

The presented project practically verified the potential use of chemical transport 
models for air quality and UHI assessment in a small scale. The fine resolution that 
reaches up to 333 m for the innermost domain allows assessing air quality and UHI 
effect in cities in detail.

As a result of the recent modelling, the influence of the green belt showed to be 
rather small; it affects only few sites by small decrease in temperature and conse-
quent change in concentrations of pollutants caused by a change in biogenic emis-
sions production and by a change in chemical reactions in the atmosphere. Further 
simulations with traffic modifications are needed. It should be pointed out, that the 
effect of climate change for the year 2020 is negligible compared to the effects by 
changes in land-use and transport concepts with vehicle fleet changes.
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Adaptation strategies to contrast bioclimatic emergencies were included in a 
proposition for the Prevention plan in cooperation with the State Institute of Health. 
The proposition of the Prevention Plan includes the instructions for people, espe-
cially for sensitive groups how to react and what measures to take in extreme hot 
periods in cities.

The proposed HEAT Warning System will help to coordinate adaptative strate-
gies and the reaction of City Authoritities to the extreme weather phenomena as to 
protect citizens against the harmful effects of heat and the UHI.
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Abstract. Cities are characterized by different physical prop-
erties of surface compared to their rural counterparts, result-
ing in a specific regime of the meteorological phenomenon.
Our study aims to evaluate the impact of typical urban
surfaces on the central European urban climate in several
model simulations, performed with the Weather Research
and Forecasting (WRF) model and Regional Climate Model
(RegCM). The specific processes occurring in the typical
urban environment are described in the models by various
types of urban parameterizations, greatly differing in com-
plexity. Our results show that all models and urban param-
eterizations are able to reproduce the most typical urban ef-
fect, the summer evening and nocturnal urban heat island,
with the average magnitude of 2–3 �C. The impact of cities
on the wind is clearly dependent on the urban parameteriza-
tion employed, with more simple ones unable to fully cap-
ture the wind speed reduction induced by the city. In the
summer, a significant difference in the boundary-layer height
(about 25 %) between models is detected. The urban-induced
changes of temperature and wind speed are propagated into
higher altitudes up to 2 km, with a decreasing tendency of
their magnitudes. With the exception of the daytime in the
summer, the urban environment improves the weather con-
ditions a little with regard to the pollutant dispersion, which
could lead to the partly decreased concentration of the pri-
mary pollutants.

1 Introduction

From a global point of view, cities represent small and sep-
arated areas with significantly different surface properties
compared to the surrounding rural ones. Considering the fact
that more than half of the human population lives in cities and

the number is still increasing (United Nations, Department
of Economic and Social Affairs, 2014), the investigation of
the impact of urbanized areas on environment, especially on
atmospheric conditions, becomes of crucial importance (Fol-
berth et al., 2015). There are many ways in which urban ar-
eas influence the atmosphere: from directly impacting the air
composition and consequently the radiative balance and cli-
mate (Huszar et al., 2016; Huszár et al., 2016) to the me-
teorological forcing cities represent, best known in terms of
the urban heat island effect. The concept of the urban heat
island (UHI) was introduced many decades ago (Oke and
Maxwell, 1975) and embodies that, due to different thermal,
radiative, hydrological and mechanical properties of urban
surfaces and due to anthropogenic thermal resources, tem-
peratures in the city centres are a few degrees higher than in
the city surroundings. This is true for averaged temperature
difference, but the impact is not uniformly distributed across
the day, and at specific times of day (typically evening and
night), the difference can exceed 10 �C (Oke, 1982).

Other observation- and model-based studies (e.g. Lee
et al., 2011; Huszar et al., 2014; Theeuwes et al., 2015) de-
scribe that not only is temperature affected by urban sur-
faces, but the wind speed is also significantly altered (Roth,
2000; Klein et al., 2001; Hou et al., 2013). Urban surfaces
further influence the structure of the boundary layer as well
(Angevine et al., 2003), along with the height of the plane-
tary boundary layer (PBLH), which is very important from
an air-quality perspective. It was also shown by Huszar et al.
(2014) that whole regions can be affected by urban meteo-
rological effects, and the magnitude of the temperature in-
crease can be compared to the magnitude caused by the cli-
mate change. It was also of interest to investigate the possi-
ble modifications of UHI in a changing climate. In the fu-
ture, due to the fact that global temperature is predicted to

Published by Copernicus Publications on behalf of the European Geosciences Union.

95



10656 J. Karlický et al.: Urban heat island modelling approaches

rise, together with cities growing and cities population ris-
ing, their inhabitants could be affected by more intensive,
frequent and longer heat waves, as described by Meehl and
Tebaldi (2004). To prevent these dangerous scenarios, many
mitigation measures are proposed and tested using climate
models (e.g. Fallmann et al., 2016), but the climate models
are still, despite their steady advancement, burdened by many
uncertainties and inaccuracies, so further development, eval-
uation and inter-model comparisons are still needed.

Last decade, many validation studies appeared where nu-
merical weather prediction and/or regional climate models
are coupled to various types of urban canopy models (UCMs;
e.g. Chen et al., 2011; Lee et al., 2011; Liao et al., 2014) in
order to capture different urban processes on local and re-
gional scale with an effort to describe especially the urban
heat island more accurately. These studies applied one of the
wide range of approaches to parameterize the urban mete-
orological phenomenon, from simply modifying the surface
parameters to represent an average value corresponding to
urban surface – so-called bulk parameterization (described,
e.g. in Chen et al., 2011), over models considering a single
urban layer and an idealized street canyon (e.g. Single-Layer
Urban Canopy Model – SLUCM; Kusaka et al., 2001), to
more sophisticated multi-layer models of urban environment
with ability to include different heights of buildings in the
city and to resolve the vertical structure of the urban canyon
(e.g. Building Environment Parameterization – BEP; Martilli
et al., 2002).

Due to the fact that not only the temperature is affected
by different urban surface, but also other variables, includ-
ing ones important from the air-quality perspective (e.g.
boundary-layer structure, turbulence), it is necessary also
to study the impact of the urban-induced meteorological
changes on air quality. Studies, evaluating this impact, usu-
ally use coupled meteorological, urban canopy and chemical-
transport models (Liao et al., 2014; Fallmann et al., 2016;
Huszár et al., 2018), and they conclude that inclusion of the
urban meteorological effects has an important impact on final
species concentrations, both primary and secondary ones.

Despite the urban canopy parameterization progress, and
how often they are implemented in the surface schemes, there
are still large uncertainties in modelling the mesoscale mete-
orological conditions within the urban environment. These
primarily emerge from the uncertainties given by the choice
of the urban canopy scheme. Moreover, additional sources of
uncertainties include the driving surface model and the me-
teorological model itself, uncertainties in the driving meteo-
rological data and the uncertainty of the choice of the urban
parameters. Urban models differ in the processes considered
and in the way they are implemented. It is widely accepted
that complex urban parameterizations that include more pro-
cesses are able to capture the urban phenomenon more accu-
rately. However, recently Best and Grimmond (2015) showed
that this is not a general rule. They concluded that there is a
“need to balance the requirement for complexity within mod-

els against what is actually required for a model to be fit for
purpose” and even a simple approach suffices if the most rel-
evant processes are included. This implies that the general
goal should not only be the continuous development of more
complex urban modelling approaches but also their intercom-
parison and contrasting with simpler techniques. Such inter-
comparisons are important in terms of driving models and
meteorological conditions as well. Finally, as background
climate is a strong factor influencing the UHI and other urban
effects (Zhao et al., 2014), long-term simulations are neces-
sary to reveal the long-term variability of these effects.

Our study aims to contribute to the abovementioned works
by looking at the uncertainty of UHI modelling associated
with selection of the driving meteorological model and the
underlying UCM. Another goal is to investigate the benefits
of more sophisticated urban parameterizations with respect
to simple approaches in light of the conclusions of Best and
Grimmond (2015). The work will focus not only on averaged
values but on variability and extreme values as well that are
crucial in assessing the urban impact on environment and hu-
man life. The work also presents the urban impact on poorly
observed or immeasurable variables in the city and its sur-
roundings, e.g. temperature and wind profiles or boundary-
layer height. Lastly, it evaluates also air-quality-related mete-
orological quantities that directly influence pollutant disper-
sion, which is an important precondition for urban air quality.
All these issues will be evaluated in a long-term perspective
using 10-year long simulations.

2 Methods

2.1 Models, urban parameterizations

In our study, two meteorological models are used, the
Weather Research and Forecasting (WRF) model and the Re-
gional Climate Model version 4 (RegCM4). The WRF model
(Skamarock et al., 2008) is a mesoscale, non-hydrostatic
limited area meteorological model, developed originally for
weather prediction, but also widely used as a regional cli-
mate model. All simulations used in this study are performed
by WRF version 3.7.1, which enables connection with bulk,
SLUCM, BEP and BEP/Building Energy Model (BEM) ur-
ban parameterizations (description below).

The second model used in this study, RegCM4, is de-
scribed in detail by Giorgi et al. (2012). RegCM4 is a
mesoscale, non-hydrostatic (hydrostatic dynamics included)
limited area regional climate model developed at the Inter-
national Centre for Theoretical Physics (ICTP). Simulations
performed for this study were executed by RegCM model
version 4.4, which offers connection with two different mod-
els of land-surface processes: Biosphere–Atmosphere Trans-
fer Scheme (BATS; Dickinson et al., 1993) and the more de-
tailed scheme called the Community Land Model version 4.5
(CLM4.5; Lawrence et al., 2011; Oleson et al., 2013). Both

Atmos. Chem. Phys., 18, 10655–10674, 2018 www.atmos-chem-phys.net/18/10655/2018/

96



J. Karlický et al.: Urban heat island modelling approaches 10657

land-surface schemes include parameterizations of the urban
canopy detailed further.

The simplest way to capture the impact of urban surfaces is
to adapt values of parameters representing surface character-
istics such as roughness length, surface albedo, heat capacity,
soil thermal conductivity and green-vegetation fraction for
urban environment conditions, which represent a zero-order
effect of urban surfaces (Chen et al., 2011). By default, the
WRF model uses values of these parameters obtained by Liu
et al. (2006). This approach is most often called bulk param-
eterization (Chen et al., 2011; Lee et al., 2011), sometimes
also referred to as a slab model (Kusaka et al., 2001; Kusaka
and Kimura, 2004). Further, we will refer to it as the bulk
parameterization.

SLUCM (Kusaka et al., 2001; Kusaka and Kimura, 2004)
represents the next level of model approximation of the ur-
ban meteorological phenomena. Here, the city is assumed as
an infinitely long street canyon with different prescribed ori-
entations. This enables to include shadowing, reflections and
trapping of radiation. Further, this model distinguishes tem-
peratures of roofs, walls and roads, and profiles within these
surfaces. For wind, an exponential profile is assumed. The to-
tal sensible heat flux from all surfaces, the total momentum
flux and friction velocities are then returned back to the land-
surface and boundary-layer schemes of the driving models.
The CLMU (Community Land Model Urban) urban param-
eterization (Oleson et al., 2008), implemented in the RegCM
model under the CLM4.5 land-surface scheme, is also based
on canyon representation of urban areas and is conceptually
very similar to SLUCM.

The most sophisticated urban parameterization used in this
study is the multi-layer urban canopy model (BEP; Martilli
et al., 2002). Its main benefits lie in allowing the computa-
tion of vertical profiles of temperature, momentum and tur-
bulent kinetic energy within urban canyon explicitly, taking
into account the vertical distribution of the sources and sinks
of heat, momentum and moisture, and its direct interactions
with the boundary-layer parameterization.

The BEP urban model can be improved by using a scheme
that computes the energy exchange between the atmosphere
and the interior of the building. The WRF model implements
such a scheme, called BEM, developed by Salamanca et al.
(2009). In contrast to SLUCM, which enables only simple
inclusion of the anthropogenic heat (AH) with constant daily
profiles and annual profiles, the BEM allows both double-
sided energy exchange and computing of the AH depend-
ing on specific weather conditions, which makes the AH flux
more realistic. To achieve this, the BEM takes into consid-
eration the following processes: heat and radiation transfer
between indoor and outdoor areas, heat and radiation trans-
fer between indoor walls and floors, indoor heat generation
by human bodies and machines, and finally ventilation, heat-
ing and air conditioning (Chen et al., 2011).

Figure 1. Position of the model domain with model topography in
10 km resolution (m). Grid boxes with dominant urban land use are
marked in red colour. From the bottom, the cities of Munich, Prague
and Berlin are marked.

2.2 Experimental setups

All simulations performed within this study were run on a
160⇥120 domain centred over central Europe, with 10km⇥
10km horizontal resolution (Fig. 1). In vertical direction, 30
and 23 levels are considered for WRF and RegCM, respec-
tively. The model top is 50 hPa in both cases. The simulation
time span is 10 years (2001–2010), without any restart or
nesting procedure. It has to be noted that using finer resolu-
tion, the entire terrain, land cover and urban features would
be captured much better than is shown in Fig. 2, but it is not
possible to run long-term simulations on such large domain
because of high computational cost. Moreover, as seen from
these two figures, the main urban areas (which are analysed
here) are well resolved even at 10 km resolution. As meteo-
rological boundary conditions, the ERA-interim (Dee et al.,
2011) dataset is used. For static geographic data, standard
WRF and RegCM input USGS-based data are used. The stan-
dard WRF land-use input includes only one urban category
type. In the case of RegCM experiments with CLM4.5, urban
land-use percentage was derived from the 0.05� resolution
LandScan2004 data described by Jackson et al. (2010). They
provide urban canyon parameters and surface characteristics.
For the RegCM with the BATS/SLUCM, a 2km ⇥ 2km sub-
grid was applied for surface processes. Each sub-grid box is
considered to be covered by one land-use type. Urban and
suburban categories are considered. In order to have consis-
tent land-use data for both RegCM setups, we set the number
of urban and suburban sub-grid boxes to correspond to the
fraction defined in the case of the CLM4.5 urban setup. Ur-
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Figure 2. Same as Fig. 1 but with model topography and land use
in 1 km resolution (m), for comparison.

ban canopy parameters used by urban schemes are adapted
to urban environment in Prague and are listed in Table 1.

For the WRF model, simulations were performed with
its hydrostatic version. For the radiation transfer, the Rapid
Radiative Transfer Model for General Circulation Models
(RRTMG) scheme (Iacono et al., 2008) is used for both long-
and short-wave spectrums. Microphysical processes are re-
solved by the Morrison double-moment scheme (Morrison
et al., 2009). Further, the Noah land-surface model (Chen
and Dudhia, 2001) is chosen for the description of the land-
surface processes, surface layer processes are parameterized
according to Janjić (1994), planetary boundary layer is re-
solved by the Mellor–Yamada–Janjic scheme (Janjić, 1994),
and the Tiedtke scheme (Tiedtke, 1989) for convection is
used.

In the case of the RegCM model, also the hydrostatic ver-
sion is used. Radiation transfer is resolved by NCAR Com-
munity Climate Model Version 3 (CCM3; Kiehl et al., 1996).
The Holtslag scheme (Holtslag et al., 1990) is applied to
planetary-boundary-layer processes. For large-scale precip-
itation and convection, the SUBBEX (Pal et al., 2000) and
the Grell schemes (Grell, 1993) are used, respectively. As
already noted, the RegCM model includes two different pa-
rameterizations of land-surface processes, specifically the
more simple and older BATS (connected with SLUCM ur-
ban scheme), which is configured with 2km ⇥ 2km sub-grid
setting, and the more detailed CLM4.5 (connected with the
CLMU urban scheme).

The aim of this study is to determine the impact of cities on
climate. To this end, two types of simulations are performed:
firstly, simulations with cities (or urban surfaces in general)
using the unaltered geographic data and, secondly, simula-

tions where urban surfaces are removed from geographic
data and replaced by the dominating land-use category in its
surroundings (crops in the majority of cases). Unfortunately,
the models adopted do not allow for connection with all listed
urban models. However, all allowed and meaningful combi-
nations are considered. The summary of the simulations per-
formed is provided by Table 2.

2.3 Observational data

For the basic validation of model outputs, the E-OBS
(v. 12.0) dataset (Haylock et al., 2008) is used. E-OBS in-
cludes a 0.25� ⇥ 0.25� resolution gridded data of tempera-
ture and precipitation for the whole modelled period. The
ECAD (European Climate Assessment and Dataset) data
(Klein Tank et al., 2002) including station-based temper-
ature means, maxima and minima are used for evaluating
the temperature differences between city centres and their
vicinity. Additionally, data supplied by the Czech Hydro-
Meteorological Institute (CHMI) provide hourly tempera-
tures as well as their daily averages and extremes for sta-
tions in both the centre and the vicinity of the Czech cap-
ital, Prague. Finally, radiosonde observations, provided by
the Department of Atmospheric Science of the University of
Wyoming and freely downloadable from its website (http:
//weather.uwyo.edu/upperair/sounding.html, last access: 30
May 2018), are used for basic evaluation of vertical profiles
of the temperature and wind speed above the chosen cities.

3 Results

3.1 Model validation

Figure 3 shows the seasonal model biases for temperature
means, maxima, minima and daily precipitation means (com-
pared to the E-OBS data). In general, model biases depend
mainly on the model type, eventually on the land-surface
scheme; the choice of different urban parameterizations and
the inclusion/exclusion of urban surfaces have only minor ef-
fect on the overall bias as only a small fraction of grid points
in the whole domain is covered by urban land-use type. The
temperature means are reproduced by the WRF model with
a bias up to around 1 �C. For the RegCM model coupled to
BATS, biases are mostly 1–2 �C, but for the RegCM model
combined with CLM4.5 land-surface model, they reach 2–
4 �C. Temperature extremes are generally captured with even
higher biases. In terms of average daily precipitation, the
WRF model captures the annual cycle more accurately; the
RegCM simulations exhibit large winter positive bias con-
trasting the E-OBS annual cycle. The values are also sub-
stantially overestimated in RegCM simulations, mainly in the
ones with the CLM4.5 land-surface model.

Figure 4 shows the spatial distribution of precipitation
biases for all seasons and for WRF–SLUCM, RegCM–
SLUCM and RegCM–CLM4.5 simulations. It is clearly visi-
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Table 1. Urban canopy parameters used in simulations. Values in brackets indicate different parameters used in RegCM simulations with the
SLUCM scheme, in which urban and suburban categories are considered.

Parameter Unit Value Used in

Building height m 17.5 (20.0, 15.0) SLUCM
Roof width m 17.5 (20.0, 15.0) SLUCM, BEP + BEM
Road width m 17.5 (15.0, 20.0) SLUCM, BEP + BEM
Anthropogenic heat W m�2 35.5 (50.0, 20.0) SLUCM
Urban fraction – 0.8 (0.9, 0.7) SLUCM, BEP + BEM
Heat capacity of roof J m�3 K�1 0.776 ⇥ 106 SLUCM, BEP + BEM
Heat capacity of building wall J m�3 K�1 1.02 ⇥ 106 SLUCM, BEP + BEM
Heat capacity of ground (road) J m�3 K�1 1.7 ⇥ 106 SLUCM, BEP + BEM
Thermal conductivity of roof J m�1 s�1 K�1 0.8 SLUCM, BEP + BEM
Thermal conductivity of building wall J m�1 s�1 K�1 1.28 SLUCM, BEP + BEM
Thermal conductivity of ground (road) J m�1 s�1 K�1 0.6 SLUCM, BEP + BEM
Surface albedo of roof – 0.30 SLUCM, BEP + BEM
Surface albedo of building wall – 0.27 SLUCM, BEP + BEM
Surface albedo of ground (road) – 0.16 SLUCM, BEP + BEM
Surface emissivity of roof – 0.70 SLUCM, BEP + BEM
Surface emissivity of building wall – 0.88 SLUCM, BEP + BEM
Surface emissivity of ground (road) – 0.92 SLUCM, BEP + BEM
Thickness of each roof layer m 0.05, 0.05, 0.05, 0.05 SLUCM
Thickness of each building wall layer m 0.05, 0.05, 0.05, 0.05 SLUCM
Thickness of each ground (road) layer m 0.05, 0.25, 0.50, 0.75 SLUCM
Roughness length for momentum over roof m 0.01 BEP + BEM
Coefficient of performance of the A/C systems – 3.5 BEP + BEM
Coverage area fraction of windows in the walls of the building – 0.2 BEP + BEM
Thermal efficiency of heat exchanger – 0.75 BEP + BEM
Target temperature of the A/C systems K 298 (±0.5) BEP + BEM
Target humidity of the A/C systems Kg Kg�1 0.005 (±0.005) BEP + BEM
Peak number of occupants per unit floor area person m�2 0.01 BEP + BEM
Peak heat generated by equipments W m�2 18.00 BEP + BEM
Street direction degrees from north 0, 90 BEP + BEM
Building heights m 10, 15, 20, 25 BEP + BEM
Building heights’ percentage % 10, 40, 40, 10 BEP + BEM

Diurnal AH profile 0.16 0.13 0.08 0.07 0.08 0.26 0.67 0.99 0.89 0.79 0.74 0.73
0.75 0.76 0.82 0.90 1.00 0.95 0.68 0.61 0.53 0.35 0.21 0.18

Diurnal heating profile of heat generated by equipment 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.5 1.0 1.0 1.0 1.0
1.0 1.0 1.0 1.0 1.0 1.0 0.5 0.25 0.25 0.25 0.25 0.25

Table 2. Summary of simulation experiment setups.

Experiment Abbreviation Model Urban inclusion Urban scheme Land-surface model

WRF–woU W–woU WRF No – Noah LSM
WRF–BULK W–B WRF Yes Bulk Noah LSM
WRF–SLUCM W–S WRF Yes SLUCM Noah LSM
WRF–BEP + BEM W–BB WRF Yes BEP + BEM Noah LSM
RegCM–SLUCM–woU R–S–woU RegCM No – BATS
RegCM–SLUCM R–S RegCM Yes SLUCM BATS
RegCM–CLM4.5–woU R–C–woU RegCM No – CLM4.5
RegCM–CLM4.5 R–C RegCM Yes CLMU CLM4.5

ble that great winter overall biases in RegCM precipitation
originate from mountainous regions (Alps). However, this

overestimation does not occur in the summer season, lead-
ing to flipped annual cycle of domain-averaged precipitation
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Figure 3. Averaged seasonal modelled temperatures (in �C) and precipitation (mm) for individual model simulations: black – WRF–woU,
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yellow – RegCM–CLM4.5–woU, orange – RegCM–CLM4.5. The green curve indicates the seasonal values given by E-OBS.

Figure 4. Spatial distribution of averaged daily precipitation biases (mm) for individual seasons and simulations. The white colour indicates
missing reference data.

in RegCM simulations, compared to the E-OBS precipitation
cycle. On the other hand, WRF simulations tend to overesti-
mate mountain area precipitation particularly in the summer
season.

Another important question is how the models are able to
predict the temperature difference between urban area and
its non-urban vicinity. To evaluate this, we chose three big
cities, Berlin, Munich and Prague, as they are located inland
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Figure 5. Distributions of temperature differences (�C) between city centres and their surroundings in winter and summer seasons given
by station data (E), WRF–BULK (W), WRF–SLUCM (WS), WRF–BEP + BEM (WB), RegCM–SLUCM (RS) and RegCM–CLM4.5 (RC)
model simulations. TG denotes temperature means; similarly, TX and TN stand for maxima and minima, respectively. Whiskers indicate 5th
and 95th percentiles.

without significant orographic variation that would mask the
urban canopy effects. We took one station from each city cen-
tre (Berlin Mitte, Munich Bogenhausen and Prague Karlov)
and one from its surroundings (Berlin Schönefeld, Munich
Flughafen and Prague Ruzyně). To prevent the impact of dif-
ferent altitudes of the listed stations and grid points, adjust-
ment was performed using a standard temperature moist adi-
abatic gradient of 0.65 ⇥ 10�2 K m�1. As written above, the
urban versus rural temperature difference can vary substan-
tially depending on the specific weather conditions, time of
the day and year. We therefore focus on the distribution of
these differences (Fig. 5). The range between the 5th and the
95th percentiles is mostly well captured but often overesti-
mated in the simulation using the most sophisticated urban
model (WRF–BEP+BEM). Also, the distribution of differ-
ences is often substantially different for the W–BB simula-
tion compared to the rest of the analysis setups. On the other
hand, in terms of summer temperature minima, all WRF
simulations give distributions with the median significantly
shifted to higher values.

Over Prague, hourly temperature data are available for
both the city centre and from a station in the surrounding
area, which enables a detailed comparison of daily tempera-
ture cycles. Again, the adjustment of temperature to the sea
level was performed using the standard temperature lapse
rate. Results are shown in Fig. 6. Modelled values are often
significantly biased (e.g. winter minima and summer max-

ima by WRF, daily means by RegCM in spring, summer and
autumn). Furthermore, the diurnal temperature range is evi-
dently overestimated by the WRF model with the exception
of winter and underestimated by the RegCM model, which
is consistent with the domain-averaged temperature biases
(Fig. 3).

We are also interested in temperature differences between
the city centre and its surroundings. From this perspective,
models are qualitatively able to capture the evening and
nighttime city centre temperature increase in warmer sea-
sons. While the RegCM model tends to underestimate this
effect, WRF rather overestimates it in all simulations. Nearly
all simulations show a zero temperature difference for the
morning hours, in line with the station data. However, the
W–BB simulation manifests the UCI (urban cool island) in
the morning, occasionally observed during this part of the
day in Prague but not on average over each day. In the winter
season, the W–BB simulation also overestimates the temper-
ature difference during the whole day. From the perspective
of temperature differences, we can conclude that all urban
schemes give qualitatively good results and there is no signif-
icant improvement from using the more sophisticated urban
model, in comparison to the simple BULK scheme.

Because of the fact that we are also interested in the im-
pact of urban surfaces on the temperature and wind speed
profiles, we need evaluate also the model performance at
higher levels. Radiosonde observations are used for this pur-

www.atmos-chem-phys.net/18/10655/2018/ Atmos. Chem. Phys., 18, 10655–10674, 2018

101



10662 J. Karlický et al.: Urban heat island modelling approaches

0 6 12 18
hour

8
6
4
2
0
2
4
6
8

W
RF

-B
UL

K

DJF

0 6 12 18
hour

2
4
6
8

10
12
14
16
18

MAM

0 6 12 18
hour

12
14
16
18
20
22
24
26

JJA

0 6 12 18
hour

2
4
6
8

10
12
14
16
18

SON

0 6 12 18
hour

8
6
4
2
0
2
4
6
8

W
RF

-S
LU

CM

0 6 12 18
hour

2
4
6
8

10
12
14
16
18

0 6 12 18
hour

12
14
16
18
20
22
24
26

0 6 12 18
hour

2
4
6
8

10
12
14
16
18

0 6 12 18
hour

8
6
4
2
0
2
4
6
8

W
RF

-B
EP

+
BE

M

0 6 12 18
hour

2
4
6
8

10
12
14
16
18

0 6 12 18
hour

12
14
16
18
20
22
24
26

0 6 12 18
hour

2
4
6
8

10
12
14
16
18

0 6 12 18
hour

8
6
4
2
0
2
4
6
8

Re
gC

M
-S

LU
CM

0 6 12 18
hour

2
4
6
8

10
12
14
16
18

0 6 12 18
hour

12
14
16
18
20
22
24
26

0 6 12 18
hour

2
4
6
8

10
12
14
16
18

0 6 12 18
Hour

8
6
4
2
0
2
4
6
8

Re
gC

M
-C

LM
4.

5

0 6 12 18
Hour

2
4
6
8

10
12
14
16
18

0 6 12 18
Hour

12
14
16
18
20
22
24
26

0 6 12 18
Hour

2
4
6
8

10
12
14
16
18

Temperature in Prague city centre (red), vicinity (green), models (solid), ref. (dotted) 

Figure 6. Averaged daily temperature cycles (�C) in the Prague city centre (station Karlov, red) and its surroundings (station Ruzyně, green).
The comparison shown is of modelled (solid) and measured values (dotted). The time axis corresponds to UTC.

pose, although they have limitations; e.g. they do not pro-
vide data for city centre and its vicinity but only a single
measurement per city, which makes it impossible to evalu-
ate the difference between the profiles over the city centre
and its surroundings. The simple comparison of the averaged
model profiles with observed values for winter and summer is
shown in Figs. 7 (temperature) and 8 (wind speed). Given the
fact that substantial differences between specific model per-
formances occur only in the bottom part of the atmosphere
below 2 km (see further Figs. 12 and 13), the comparison
is performed for these altitudes only. Models generally cap-
ture both of the main features – the temperature decrease and
wind speed increase with the altitude. Individual WRF simu-
lations are close to each other and larger differences are mod-
elled only below 200 m, where the different urban param-
eterizations have strong influence. In summer, surface tem-
peratures of WRF simulations are significantly higher than
observed ones, probably caused by the fact that model data
are taken from an urban grid box (i.e. where urban land-use
type is dominating), in contrary to the character of the land
use where radiosonde measurements were obtained. RegCM
simulations are about 2 �C underestimated in the first kilo-

metre, in summer. In winter, an underestimation in the range
of 1–2 �C occurs in all experiments, except of the first 100 m.
Wind speed biases occur most often between 1 and 3 m s�1.
In summer, models perform with a higher accuracy, and the
spread of values is much smaller.

3.2 Benefits of more complex approaches of urban
parameterizations

In this section, we will show the long-term impact of urban
surfaces on meteorological conditions both near the surface
and at higher altitudes. This can give us an insight into the
impacts of urban environment on selected immeasurable me-
teorological variables. At the same time, we will evaluate
the benefits and/or disadvantages of the specific model ap-
proaches. First, the impact of urban surface on the temper-
ature is shown (Fig. 9). Daily temperature cycles pertain to
the city of Prague and its surroundings. More specifically, the
city centre value is taken from a grid point with a position
closest to the actual city centre and containing the urban land
use. The surroundings are defined as a square ring of grid
points with a distance of two grid points around the central
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Figure 7. The averaged temperature vertical profiles (in �C) over selected cities, given by models and radiosonde observations. The y axis
indicates the altitude in metres.
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indicates the altitude in metres.
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Figure 9. Averaged daily temperature cycles (�C) in the Prague city centre (red), in its surroundings (green) and those simulated with the
urban surface removed (black).

grid point. For comparison, values from the simulations with
urban land use removed are also taken into consideration, in
this case from both the central grid point and the square ring.

As stated in the previous section, all model approaches are
able to capture evening and nocturnal UHI in the warm sea-
son, although the magnitudes differ. The BULK model in-
creases summer temperature maxima more than the urban
canopy models, which is probably caused by disregarding
the three-dimensional character of urban areas. The winter
temperature cycles differ more between each other, which is
consistent with the substantial differences in the implemen-
tation of the anthropogenic heat production. The differences
between the temperature profiles and profiles given by non-
urban simulations over city surroundings are very low, indi-
cating that the impact of the city on its surroundings over a
distance of a few tens of kilometres is minor.

The impact of urban surfaces on the PBLH is plotted in
Fig. 10. It could be expected that the PBLH will be increased
by higher intensity of friction in the urban environment and
by increased buoyancy due to temperature increase. Model
results indeed show PBLH increase during the whole day ex-

cept morning hours, when temperature increases are mini-
mal, too. In winter, model results differ much more than in
the rest of the year, in agreement with the temperature pro-
files. Again, impact of the city to its surroundings is mostly
negligible, though in winter in the RegCM simulations, the
value is about a few tens of metres. There is a significant dif-
ference in the PBLH between the two models; e.g. the PBLH
is about 25 % lower in the RegCM model in comparison to
the WRF model in summer.

In terms of the urban surface impact on wind speed
(Fig. 11), the results show significant differences between
individual models and urban schemes. Only a minor im-
pact is detected in the WRF–BULK simulation, while much
higher impacts are detected in the WRF–SLUCM and WRF–
BEP + BEM simulations. On the other hand, impacts on the
RegCM simulations are low (especially in summer), despite
using the urban canopy model. There is a clearly visible
wind speed increase during daytime in all WRF simulations,
caused probably by thermal processes and convection. In
the evening, when the UHI manifests, these processes have
higher intensity in cities than in their surroundings. During
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Figure 10. Averaged daily cycles of the PBLH in the Prague city centre (red), in its surroundings (green) and as simulated with the urban
surface removed (black) in kilometres.

the evening, the differences in wind speed between city cen-
tres and their surroundings are also lower. In the RegCM sim-
ulations, summer wind speed daily amplitude is rather small
with hardly visible hourly variation.

Similarly to their effects on surface variables, the impacts
of urban surfaces on vertical profiles of meteorological vari-
ables are computed from the difference between simulations
with and without urban land use. In Fig. 12, the impact of
the urban surfaces on vertical distribution of temperature is
shown over three selected cities (Berlin, Munich and Prague).
In most of cases, this impact is visible up to the altitude of ap-
proximately 1 km in winter and 2 km in summer. In general,
the urban effects in simulations with RegCM propagate to
higher altitudes; however, the magnitudes close to the surface
are usually smaller than in WRF. In winter, they are mostly
between 1 and 2 �C on average. The W–BB simulation seems
to be the warmest over cities but as said, over higher altitudes,
the impact in RegCM is higher. In summer, the spread be-
tween models and urban parameterizations is smaller, mainly
due to the fact that anthropogenic heat (which is not included

in all experiments) plays a smaller role here. During this sea-
son, the effects in WRF sharply become small over the al-
titude of 200 m, while in the RegCM (in the R–S) experi-
ment, urban-induced temperature warming can be as much
as 0.5 �C at such altitudes.

Figure 13 shows the impact of the urban surfaces on the
vertical profile of the horizontal wind speed for Berlin, Mu-
nich and Prague. Again, the impact is distinct up to 1 or 2 km
and the highest impact is simulated in the WRF–BEP + BEM
experiment (decrease of the wind speed over 2 m s�1), where
the impact increases with height in the first model layers.
The remaining WRF simulations indicate less wind speed
decrease in the overall profile, with about 1.5 m s�1 in the
W–S and about 0.5 m s�1 in the W–B simulation in winter,
and about 1 m s�1 in the W–S and up to 0.5 m s�1 (but with
a small wind speed increase at the surface up to 0.3 m s�1) in
the W–B simulation in summer, respectively.

The RegCM simulations, in general, generate smaller im-
pacts compared to WRF. The CLMU scheme gives an impact
between 0.5 and 1.5 m s�1. The RegCM simulation with the
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Figure 11. Averaged horizontal wind speed daily cycles (m s�1) in the Prague city centre (red), in its surroundings (green) and as simulated
with the urban surface removed (black).

SLUCM scheme shows, however, a very small surface wind
speed reduction (up to 0.5 m s�1).

3.3 Consequences to pollutant dispersion

Although this study is not investigating the impact of the ur-
ban surfaces on air quality, e.g. by using a coupled meteoro-
logical and chemical-transport model, we would like to out-
line a basic concept of how the urban surfaces impact the air
quality due to modified weather and climate conditions. To
achieve this, we will evaluate impacts of the urban surfaces
on variables which describe the ability of the atmosphere to
disperse pollutant plumes. First, this ability is given by the
cleaning effect of the wind in the boundary layer, and sec-
ondly by convection and thermally inducted turbulence. To
quantify these effects, we chose two indexes used by CHMI.
The cleaning effect of the wind is described by the Ventila-
tion Index (VI; Hardy et al., 2001):

VI = PBLH · v, (1)

where v is the mean (in vertical) wind speed within the
boundary layer. The dispersion effect of convection and tur-
bulence is quantified by the Stability Index (SI; Bubník et al.,
1998), which indicates the vertical stability of the atmo-
sphere:

SI = T2 m � T850 hPa

H850 hPa
, (2)

where T2 m is the ground temperature, T850 hPa the tempera-
ture at the 850 hPa level and H850 hPa the mean altitude of the
850 hPa level.

Due to the fact that the wind speed is decreased by cities
and conversely the PBLH is increased, it is not possible to
simply infer the impact of cities on the VI. Its magnitude de-
pends on the specific weather situation and the time of even-
tual coincidence between small or high values of the rele-
vant variables. The time series of the VI does not follow the
Gaussian distribution, so mean values may not be sufficiently
representative and an entire distribution of the VI has to be
shown. Distributions of all simulations are plotted separately,
instead of relative changes between urban surface included
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Figure 12. The impact of the urban surface inclusion on the temperature vertical profile (in �C) over selected cities. The y axis indicates the
altitude in metres.

3.0 2.5 2.0 1.5 1.0 0.5 0.0 0.5

20

50

100

200

500

1000

2000

5000

10 000

D
JF

Berlin

3.0 2.5 2.0 1.5 1.0 0.5 0.0 0.5

20

50

100

200

500

1000

2000

5000

10 000
Munich

3.0 2.5 2.0 1.5 1.0 0.5 0.0 0.5

20

50

100

200

500

1000

2000

5000

10 000
Prague

3.0 2.5 2.0 1.5 1.0 0.5 0.0 0.5

20

50

100

200

500

1000

2000

5000

10 000

JJA

3.0 2.5 2.0 1.5 1.0 0.5 0.0 0.5

20

50

100

200

500

1000

2000

5000

10000

3.0 2.5 2.0 1.5 1.0 0.5 0.0 0.5

20

50

100

200

500

1000

2000

5000

10 000

Wind diff. Urban–non-urban, vertical profiles above

Figure 13. The impact of the urban surface inclusion on the wind speed vertical profile (m s�1) over selected cities. The y axis indicates the
altitude in metres.
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Figure 14. Seasonal distributions of the Ventilation Index (VI; in 103 m2 s�2) for the city of Prague, given by all simulations. The day
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values of the estimated density function of the distribution.

or excluded simulations, because of density function values
decreasing to zero. Seasonal distributions of the VI for the
city of Prague are displayed in Fig. 14. In winter, there is a
significant difference between the VI distributions given by
the WRF and RegCM simulations. The RegCM model gives
much flatter distributions and thus more favourable from the
perspective of the pollutant dispersion. However, despite this
great difference, all simulations indicate that the urban inclu-
sion has a small positive impact on the VI. In summer, the
differences between WRF and RegCM are smaller. Here, the
inclusion of urban canopy effects increases the VI too, lead-
ing again to more favourable dispersion conditions.

The seasonal distributions of the SI for the city of Prague
are shown in Fig. 15. Again, entire distributions for all sim-
ulations have to be plotted, because of the non-Gaussian dis-
tribution of the SI and its low values outside the main peaks.
The negative values of the SI indicate the temperature inver-
sion, i.e. a highly stable state of the atmosphere, with adverse
conditions for the pollutant dispersion. Higher values of the
SI imply more dispersive conditions. Values of the SI greater
than 1 ⇥ 10�2 K m�1 indicate unstable state, the best from
the perspective of pollutant dispersion. The winter SI distri-
butions show a very sharp local maximum for zero SI, which
is probably related to frequent occurrence of elevated tem-
perature inversions. The position of the second maximum de-
pends on the specific simulation. Generally, simulations with
the urban surfaces shift the maximum towards higher values,
indicating a positive impact of urban surfaces on the winter
SI. In summer, a local maximum around zero also appears.
During the summer nights, the inclusion of the urban surfaces
increases the value of the SI, but in the daytime, the effect is

only minor or negative (for the W–BB simulation). In sum-
mary, the urban surfaces slightly increase the SI and improve
the meteorological conditions to favour pollutant dispersion.

For the other cities considered, the VI and SI distributions
are almost the same as over Prague, so only the Prague data
are shown and discussed.

4 Discussion

The WRF simulations are characterized by the mean tem-
perature biases lower than 1 �C (Fig. 3), making them a rea-
sonable basis for the analysis of the effects of urban sur-
faces. Mar et al. (2016), using the WRF model over Europe,
reached lower temperature biases for their domain, but these
values are highly dependent on the chosen physical parame-
terizations, domain parameters and the area of interest, as de-
scribed by Katragkou et al. (2015). This is true for both tem-
perature and precipitation biases. The RegCM simulations
with the BATS land-surface scheme give temperature biases
that are comparable to Huszar et al. (2016), who also em-
ployed the RegCM model with the BATS scheme. The high-
est temperature biases from all simulations were detected for
the RegCM model with the CLM4.5 scheme. The precipi-
tation is captured much better by the WRF model than by
the RegCM model, which exhibits high precipitation over-
estimation. The annual cycle given by the RegCM simula-
tion with the BATS is distinctly different from the cycle pre-
sented by Huszár et al. (2016), with the precipitation max-
ima occurring in winter instead of summer, given by Huszár
et al. (2016) as well as the observational E-OBS data. For the
CLM4.5 scheme, the precipitation characteristics are sim-
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ilar in shape, with strongly expressed biases. Torma et al.
(2011) and Zanis et al. (2015), using an earlier version of the
RegCM and performing experiments with similar resolution,
concluded that the Grell convective scheme tends to overes-
timate precipitation over mountainous regions. Another con-
tributing factor can be the too-wet model atmosphere caused
by increased evaporation, which is indeed observed in the
BATS scheme (Winter et al., 2009). Thirdly, overestimation
of precipitation can be attributed to the autoconversion and
raindrop evaporation rate – these parameters were tuned by
Torma et al. (2011), who tried to reduce the precipitation bias
in the RegCM. However, even with this tuning, some positive
precipitation still remained. The observed temperature bias
links to the precipitation bias: a too-wet model atmosphere
leading to increased cloudiness and/or precipitation result-
ing in lower insolation reducing the surface temperatures. In
terms of the WRF model, probably the neglect of the realistic
temporal and spatial distributions of aerosols caused the sum-
mer temperature maxima overestimation, because the radia-
tion scheme in the WRF uses values of scattering properties
based on constant aerosol profiles, which is far from those
over highly polluted urban areas.

The histograms of temperature differences between city
centres and their surroundings (Fig. 5) show that models
are able to capture the different intensity of the UHI, de-
pending on the specific weather conditions. Model ranges
of temperature differences are often even higher compared
to the reference data. The urban parameters (Table 1) were
chosen to describe the urban environment corresponding to
the city of Prague. This can be one of the reasons why the
UHI was captured with the highest agreement for this city

and this stresses the importance of accurately setting ur-
ban canopy parameters. While Sarkar and De Ridder (2011)
showed that the summer UHI intensity is underestimated
by simple urban model in the city of Paris (by 0.5 �C), an
equivalent WRF–BULK simulation indicates clear overes-
timation of the averaged summer UHI intensity. Trusilova
et al. (2016) and Sharma et al. (2017) arrived at the same
conclusion that suggests our results. Our results are well in
line with the urban-canopy-induced temperature increases
modelled by Trusilova et al. (2008) for central Europe, who
used a single-layer urban canopy model, although our WRF–
SLUCM simulation, which is closest to their setup, shows
rather overestimation. The W–BB simulation has a slightly
different character in this regard, exhibiting oversensitivity
to the urban canopy forcing as it reacts to urban surface with
a much stronger increase of the winter temperature, the sum-
mer UCI and winter minima compared to other models. This
feature can be partly seen in Liao et al. (2014), where the
BEP + BEM also gives the highest summer temperature min-
ima and increases the winter temperature mean. However,
in their study, which focused on the Chinese urban environ-
ment, the BEP + BEM scheme gives daily temperature pro-
files that are the closest ones to the reference data. This may
indicate that input data can be one of the reasons why this ur-
ban canopy model performs less accurately. Further, the too-
strong response in the BEP + BEM setup can also be caused
by unfulfilled preconditions in the central European cities:
e.g. no air conditioning but instead use of window blinds.

In all simulations, negative winter temperature biases
(Fig. 6) are consistent with biases in Fig. 5. This is also
true for higher summer temperature maxima given by the
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WRF model, and for lower temperatures in spring, summer
and autumn given by the RegCM model, especially with the
CLM4.5 scheme. The diurnal temperature range (DTR) is
overestimated in the summer season similarly to Liao et al.
(2014). In the RegCM model, the DTR is underestimated,
contrary to Huszar et al. (2014), where the DTR is rather
overestimated. In terms of differences between the city and
the surrounding areas, there is a good agreement in the sum-
mer morning minimum of temperature difference, except for
the W–BB simulation, in which due to the oversensitivity of
the urban effects, a strong UCI occurs. The lower intensity
of the evening and nocturnal summer temperature increase
given by the RegCM model is very similar to Huszar et al.
(2014).

In general, simulations are able to capture the summer
evening and nocturnal UHI (Figs. 6 and 9), with somewhat
lower intensity of this phenomenon in the RegCM simula-
tions. The BULK model gives the highest summer tempera-
ture maximum, which is in agreement with Liao et al. (2014).
Also the evening and nocturnal UHI is the most intense in
the WRF–BULK simulation, same as observed in Sharma
et al. (2017), who also compared urban parameterizations
in the WRF model for summer episodes for different urban
types. In winter, there is a more notable difference between
specific simulations. The simple BULK scheme has only a
small impact of the urban environment (Fig. 9), in compar-
ison to other simulations with urban canopy schemes. This
is probably caused by disregarding anthropogenic heat. Re-
garding the temperatures, advantages of more complicated
urban environment schemes seem to be only minor; perhaps
the most evident improvement occurs with the winter UHI.
Our results rather indicate that the most sophisticated scheme
(BEP+BEM) often overemphasizes the urban effects, e.g.
the summer morning UCI, which can only appear if specific
weather conditions occur (Theeuwes et al., 2015), or the in-
creased winter UHI. This conclusion contrasts with the re-
sults of Trusilova et al. (2016), where the multi-layer scheme
is the only scheme that is able to correctly capture the sum-
mer UHI daily cycle. All model simulations produce the tem-
perature maximum time shift about 1–2 h for the Prague city
centre, in all seasons. This is in agreement with idealized
temperature profiles for urban and rural areas given by Oke
(1982) and also with observed values for the Prague area,
shown by Huszar et al. (2014) or partly in Fig. 6 (besides
summer).

In terms of the urban environment impact on the planetary-
boundary-layer height, the differences between specific sim-
ulations are more apparent. As expected from the underlying
physics and as shown in Fig. 10, the PBLH urban increase
is generated by higher intensity of friction and by increased
turbulent mixing caused by temperature increase. In win-
ter, despite the low intensity of UHI, the PBLH is increased
mainly by greater friction. Conversely, in the summer morn-
ings, when the UHI is zero, there is no PBLH increase in any
simulation, because the absolute value of the PBLH is too

high to be impacted by friction. The BEP + BEM simulation
gives the greatest increase of the PBLH, which is consistent
with Liao et al. (2014).

The impact of the urban surfaces on the wind speed in
10 m is also highly dependent on the used urban scheme and
the model (Fig. 11). Only a low negative impact, mostly less
than 1 m s�1, is indicated in all RegCM simulations. This is
consistent with the results by Huszar et al. (2014) and also by
Huszár et al. (2018), with smaller impacts in summer than in
winter. Except for the BULK scheme, the WRF model gives
a greater wind speed reduction for the city (between 1 and
2 m s�1), for all seasons and times of day. The reduction is
found to be the highest in the WRF–BEP + BEM simulation,
which is consistent with Liao et al. (2014), despite smaller
differences between the W–S and the W–BB simulations in
our experiments. Regarding the wind speeds, there are sig-
nificant differences between profiles given by specific urban
schemes, stressing the high uncertainty of parameterization
of wind within urban environment.

Similarly to impacts of urban surfaces on the 2 m temper-
ature, the WRF model with the BULK and SLUCM schemes
produces only small changes in overall temperature profile,
in winter (Fig. 12). The W–BB simulation and both RegCM
simulations alter the profile more significantly. In summer,
the impacts on individual simulations are much more similar
to each other. A weak negative impact at higher altitudes, be-
tween 2 and 10 km, indicated by Huszar et al. (2014) in their
RegCM simulation, also appears, but the magnitude is neg-
ligible. As in Fig. 5, the overestimated average winter UHI
at low levels (caused probably by unfulfilled preconditions
for the AH flux computation) in the WRF–BEP + BEM sim-
ulation leads to the opposite annual cycle of the UHI inten-
sity in Prague, which contrasts with observations. The UHI
annual cycle is also opposite for both RegCM simulations,
which is caused by slightly overestimated winter UHI and
slightly underestimated summer UHI. In RegCM, the AH
was prescribed as annual mean and monthly disaggregation
factors, which decompose this annual value into monthly val-
ues. From the results, we can conclude that the winter AH re-
lease is probably too high leading to the UHI overestimation
in winter.

Maybe it is the impact of urban surfaces on the wind speed
profile (Fig. 13) where individual models/parameterizations
differ the most, and not only in the shape of the profile but
also in the magnitude both near the surface and at higher
elevations up to a few hundreds of metres. Correct simula-
tion of wind profiles and the whole structure of the planetary
boundary layer (PBL) in the urban environment is crucial for
air-quality-oriented studies and our results indicate that large
uncertainty lies in the selection of the model–UCM pair.

In terms of the impact of the urban surface on the venti-
lation index (Fig. 14), there is one important question: why
are the winter distributions given by the RegCM model flat-
ter than distributions given by the WRF model? One reason
is that the negative impact of the urban surface on the surface
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wind speed is much weaker in the RegCM model and also the
averaged RegCM surface wind speeds are higher in cities as
well as in their surroundings (Fig. 11). The second reason is
that the PBLH computed by the RegCM model is higher dur-
ing the night, when weather conditions unfavourable to pol-
lutant dispersion usually occur. The RegCM–SLUCM simu-
lation gives the highest winter PBLH during all times of day.
The winter urban VI increase can be explained by the in-
creased PBLH, which means that the averaged wind speed is
computed from a thicker boundary layer, so the lower surface
wind speed in the city impacts the VI only slightly, due to the
general wind speed increase with the altitude and the low im-
pact of cities on the wind speed profile (Fig. 13). In summer,
the small increase of the urban VI is caused mainly by the
PBLH urban increase, manifesting for only some parts of the
day. However, during the night, when the PBLH has the low-
est value, the urban PBLH increase occurs and the urban VI
is also increased. Despite the prevailing positive urban sur-
face impacts on the VI, the impact may be negative during
some parts of the day. For instance, in morning hours, when
the intensity of the UHI is zero, the urban PBLH is not in-
creased, but the wind speed is decreased, leading to decreases
in urban VI.

The impact of the urban environment on the SI (Fig. 15)
shows several interesting features. A strong peak in the SI
distribution appears for zero SI in all seasons and times of
day. In winter, the frequent occurrence of elevated tempera-
ture inversions probably induces this maximum. In summer,
rainy episodes are likely responsible, due to great thermal ca-
pacity of water equalizing the surface and the 850 hPa tem-
perature. Conversely, a windy episode should cause strong
mixing; the SI then falls between the values of the adia-
batic gradient for dry or saturated air, i.e. between 0.6 and
1 ⇥ 10�2 K m�1. It is therefore not easy to explain the distri-
bution maximum during the summer days given by all WRF
simulations that occurs for SI greater than 1 ⇥ 10�2 K m�1

(strongly convective conditions). Perhaps the near-surface
temperature increase in the afternoon could cause this strong
temperature gradient. It is not evident why the R–S–woU
simulation does not create the zero SI peak in winter.

The increase of the VI and SI in the city and improved
weather conditions with regard to the pollutant dispersion
are consistent with the results by Liao et al. (2014), who
showed a decrease of PM10 species concentration in simu-
lations with the BEP and BEM schemes against the single-
layer urban canopy scheme, in both winter and summer. Sim-
ilarly, Huszár et al. (2018) described a small NO and NO2
decrease induced by the urban environment. Conversely, the
O3 concentration increases in the city, due to better mixing
of primary pollutants caused by higher boundary layer and
by greater intensity of the turbulence in the urban environ-
ment. Also, Liao et al. (2015) and Tao et al. (2015), who
applied a coupled meteorological and chemical-transport
model (WRF-Chem) with the SLUCM and BULK methods,
found that the low-level concentrations of primary pollutants

decrease and ozone increases after the inclusion of urban sur-
faces. We can assume that the urban environment impact on
the surrounding rural VI and SI will be negligible, because
the impact of cities on the rural temperature, PBLH and wind
speed is also mostly negligible.

5 Conclusions

We performed series of simulations with the WRF and
RegCM models, together with different descriptions of the
urban environment. The simulations were focused on the area
of central Europe, with 10 km horizontal resolution, over the
2001–2010 period. Effects of cities were detected from dif-
ferences between results of simulations with and without ur-
ban surfaces included. The validation of urban impacts on
the temperature was performed using the station data from
ECAD and from the Czech Hydro-Meteorological Institute.

Our study shows that, in the long-term averages, all urban
schemes are able to capture the main urban meteorological
feature, the evening and nighttime city temperature increase
(called UHI), which mainly occurs in the summer season
with the intensity of 2–3 �C on average. Moreover, all models
also reproduce the morning temperature equality of the city
and its surroundings. From the perspective of the tempera-
ture, there is no significant improvement of model outcomes
stemming from the use of a more complicated urban scheme.
This is true not only for averaged daily temperature profiles
in the city against its surroundings but also for entire distribu-
tions of their differences, including daily extremes. In winter,
the city temperature increase is significantly affected by the
anthropogenic heat computation process.

The impact of the urban environment on the PBLH and on
the surface wind speed is more dependent on the used model
and urban parameterization. For example, during summer, at
noon, the PBLH is about 25 % lower in RegCM simulations
than in the WRF simulations. In terms of the wind speed, the
impact of the city is lower in the RegCM simulations (re-
duction of only about 1 m s�1), in comparison to the WRF
simulations with the urban canopy scheme (reduction of 1–
2 m s�1). Temperature and wind speed profiles are impacted
by cities up to approximately 2 km, with mostly decreasing
tendency from the surface values to zero. The values of the
urban-induced impacts on the lowest model layers mostly
follow up the values of these impacts at the surface. Due to
the absence of reference data for these poorly observed vari-
ables, we are unable to assess which model setup gives the
best results. However, our results are mostly consistent with
the outcomes of previous studies and should therefore pro-
vide a reasonable basis for the study of the effects of urban
surfaces.

The evaluation of the indices describing meteorological
conditions from the perspective of the pollutant dispersion
showed that the urban environment slightly improves these
conditions in comparison to the non-urban setup, except dur-
ing the summer days. This is true for both the cleansing effect
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of the wind and the dispersion effect of convection and turbu-
lence. However, it must be stressed that only the concentra-
tion of primary pollutants can be decreased by urban effects
(e.g. particulate matter, sulfur and nitride oxides), and not the
secondary pollutants that are created in the atmosphere (e.g.
ozone), as shown by Huszár et al. (2018).
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