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Abstract

A central strand of research work in the realm of urban physics aims at a better understanding of the vari-
ance in microclimatic conditions due to factors such as building agglomeration density, anthropogenic heat
production, traffic intensity, presence and extent of green areas and bodies of water, etc. This research has
been motivated in part by phenomena associated with climate change and urban heat islands (UHI) and their
implications for the urban microclimate. Note that the characteristics and evolution of the urban microclimate
is not only relevant to people’s experience of outdoor thermal conditions in the cities. It can be argued that the
solid understanding of the temporal and spatial variance of urban microclimate represents a prerequisite for
the reliable assessment of the thermal performance of buildings (energy requirements, indoor thermal condi-
tions). In this context, the present paper entails a three-fold contribution. First, the existence and extent of the
UHI phenomena are documented for a number of Central-European cities. Second, a number of variables
of the urban environment are identified that are hypothesized to influence UHI and the urban microclimate
variance. These variables, which pertain to both geometric (morphological) and semantic (material-related)
urban features are captured within a formal and systematic framework. Third, to support the process of design
and evaluation of UHI mitigation measures, the potential of both numerical (simulation-based) applications
and empirically-based urban microclimate models are explored.
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Introduction nificantly within a city depending on factors

such as urbanization, presence and density
An increasing number of people live in cities of industrial or commercial buildings, green
and are therefore influenced by the urban areas, bodies of water, etc. (Alexandri 2007;

microclimate. The microclimate varies sig- Grimmond 2007). Furthermore, the geom-
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etry, spacing, and orientation of buildings
and surrounding open areas greatly influence
the climate in the city (Unger 2004; Kleere-
koper et al. 2012; Shishegar 2013). Observa-
tions in many cities around the world point
to significantly higher urban temperatures
than the surrounding rural environment.
This circumstance is referred to as the urban
heat island (UHI) phenomenon (see, for exam-
ple: Oke 1981; Voogt 2002; Arnfield 2003;
Btazejczyk et al. 2006; Gaffin et al. 2008).
Increase in average temperatures is believed
to adversely affect the health of people liv-
ing in cities (Harlan et al. 2011). Additionally,
higher air temperatures have a direct effect
on the energy use due to increased deploy-
ment of air conditioning (Akbari 2005). In this
context, this paper presents the results of an
ongoing research project (Central Europe
Program 2011). First the existence and extent
of the UHI phenomena are documented for
a number of Central-European cities. There-
by, certain features of the urban environment
are hypothesized to influence UHI and the
urban microclimate variance. The related
variables, which pertain to both geometric
(morphological) and semantic (material-relat-
ed) urban features are captured within a sys-
tematic framework. Moreover, to support
the process of design and evaluation of UHI
mitigation measures, the potential of both
numerical  (simulation-based) applications
and empirically-based urban microclimate
models are explored.

Background

Numerous studies have been carried out
discussing and quantifying the UHI phe-
nomenon (see, for example: Arnfield 2003;
BtaZejczyk et al. 2006). Efforts have been
made to describe the characteristics and
patterns of UHI (Voogt 2002; Hart & Sailor
2007). Observations have shown that the
UHI phenomenon shows different character-
istics during different seasons (Gaffin et al.
2008) and that is pronounced differently dur-
ing the night and the day (Oke 1981). Fur-
thermore, the intensity of urban heat islands
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is believed to rise proportionally to the size
and population of the urban area (Oke 1972).
More recently, Gaffin et al. (2008) performed
a detailed spatial study of New York City’s
current UHI and concluded that summer and
fall periods were generally the strongest UHI
seasons, consistent with seasonal wind speed
changes in the area.

The UHI is defined as the difference
between urban and rural air temperature
(Oke 1972). Generally, heat island intensi-
ties are quantified in the range of 1 to 3 K,
but under certain atmospheric and surface
conditions can be as high as 12 K (Voogt
2002). Material properties of urban sur-
faces (Grimmond et al. 1991; Akbari et al.
2001) as well as anthropogenic heat emis-
sion (Taha 1997) can result in higher urban
temperatures.

The Urban Heat Island
in central Europe

The present contribution focuses on the fre-
quency, magnitude, and time-dependent
(diurnal and nocturnal) UHI intensity distri-
bution (during a reference week) and the
long-term development of urban and rural
temperatures in seven Central-European cit-
ies, namely Budapest, Ljubljana, Modena,
Padua, Prague, Stuttgart, Vienna, and War-
saw. The magnitude of the UHI effect can
be expressed in terms of urban heat island
intensity (A0). This term denotes the tempera-
ture difference (in K) between simultaneously
measured urban and rural temperatures. The
specific aim of this paper is to identify and
evaluate the extent of the UHI effect and its
variance in the broader geographical context
of the participating cities.

Table 1 includes some general information
about our research project's participating
cities in terms of area, population, latitude,
longitude, and altitude. Additional informa-
tion concerning cities' location and topology
is provided in Table 2.

As mentioned before, UHI intensity
in observed urban areas was derived for a ref-
erence summer week (with high air tempera-
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Table 1. Information about the participating cities
. Area Population . . Altitude
City [km?] [millions] Latitude Longitude m]

Budapest 525 1.74 47°30'N 19° 03" E 90-529

Ljubljana 275 0.28 46°03'N 14° 30" E 261-794

Modena 183 0.18 44°39'N 10° 55" E 34

Padua 93 0.21 45° 25N 11°52'E 8-21

Prague 496 1.26 50°05' N 14° 25" E 177-399

Stuttgart 207 0.60 48° 46’ N 9°10'E 207-548

Vienna 415 173 48°12'N 16°22'E 151-543

Warsaw 517 1.70 52°13'N 21°00"E 76-122

Table 2. Information about the urban topology
City Topology

Vienna Vienna is located in north-eastern Austria, at the eastern most extension of the Alps in the
Vienna Basin.

Stuttgart Stuttgart’s center lies in a Keuper sink and is surrounded by hills. Stuttgart is spread across
several hills, valleys and parks.

Padua Padua is located at Bacchiglione River, 40 km west of Venice and 29 km southeast of Vicenza.
The Brenta River, which once ran through the city, still touches the northern districts. To the
city’s south west lie the Euganaean Hills.

Budapest The Danube River divides Budapest into two parts. On the left bank the Buda is located, with
over 20 hills within the territory of the capital, and on the right bank the flat area of Pest
is located with its massive housing, as well as commercial and industrial areas.

Prague Prague is situated on the Vitava river in the center of the Bohemian Basin.

Modena Modena is bounded by the two rivers Secchia and Panaro, both affluent of the Po River. The
Apennines ranges begin some 10 km from the city, to the south.

Warsaw Warsaw is located some 260 km from the Baltic Sea and 300 km from the Carpathian Moun-
tains. Furthermore, Warsaw is located in the heartland of the Masovian Plain.

Ljubljana Ljubljana is located in the Ljubljona Basin between the Alps and the Karst Plateau.

ture and relatively low wind velocity) selected
by each participating city independently. The
collected information included hourly data
on air temperature, wind speed, and precipi-
tation from two representative weather sta-
tions (one urban and one rural).

To obtain a long-term impression of the
urban and rural temperature development,
mean annual (urban and rural) temperatures
and UHI values were derived for a period
of up to 30 years, namely from 1980 to 2011
(Modena, Prague, Stuttgart, Warsaw), from
1994 to 2011 (Vienna, Padua), from 2000
to 2011 (Budapest).

Table 3 provides an overview of the time
periods used for both the short-term and

the long-term analyses. Table 4 provides
an overview of selected urban and rural
weather stations.

Short-term analyses of the
observations

Figure 1 shows the cumulative frequency dis-
tribution of UHI values for the participating
cities for the aforementioned summer refer-
ence week. Figures 2 and 3 show for a refer-
ence summer day (representing the reference
week) the hourly values (local time) of urban
temperature and the hourly UHI values
respectively.
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Table 3. Overview for the data sets used for the analysis

Long-term climate data
Reference week

urban station rural station
Budapest 20-26.8.2011 2000-2011 2000-2011
Ljubljana 20-26.8.2011 1980-2011 1980-2011
Modena 20-26.8.2011 1980-2010 1980-2009
Padua 18-24.8.2011 1994-2011 1994-2011
Prague 8-14.7.2010 1980-2011 1980-2011
Stuttgart 20-26.8.2011 1981-2011 1980-2011
Vienna 20-26.7.2011 1994-2011 1994-2011
Warsaw 9-15.6.2008 1980-2011 1980-2011

Table 4. Overview for the selected urban and rural weather stations

Urban station Rural station
latitude longitude latitude longitude
Budapest 47° 28" N 19° 04" E 47° 14N 19°22'E
Ljubljana 46°07'N 14° 52" E 46°22'N 14°22'E
Modena 44° 39" N 10° 55" E 44° 50" N 11°17'E
Padua 45° 24" N 11° 53" E 45°20'N 11° 57" E
Prague 50°05' N 14°26'E 50°06'N 14° 15" E
Stuttgart 48°47'N 9°13'E 48° 41 N 9° 13 E
Vienna 48° 11" N 16° 22" E 47° 58 N 16° 30" E
Warsaw 52°13'N 20° 58" E 52°30"N 21°00' E
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Figure 1. Cumulative frequency distribution of UHI intensity for a one week summer period

The reference week data clearly demon- especially during the night hours (Fig. 3). How-
strate the existence and significant magni- ever, the time-dependent UHI patterns vary
tude of the UHI effect in participating cities, considerably across the participating cities.

Geographia Polonica 2014, 87, 4, pp. 505-516



Empirical and computational assessment of the Urban Heat Island phenomenon... 509

39

37

35

33

e \/ienna

31
29
27

e Stuttgart
e o« Padua

=« Budapest

6 [°C]

25 A
23

== == Prague

~ ~_.7

== == Modena

Warsaw

= eeeee Ljubljana

19 -
171; —
15

01:00 03:00 05:00 07:00 09:00 11:00 13:00 15:00 17:00 19:00 21:00 23:00

Time

Figure 2. Mean hourly urban temperature for a reference summer day
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Figure 3. Mean hourly UHI intensity distribution for a reference summer day

The UHI pattern differences are also vis-
ible in the cumulative frequency distribution
curves of Figure 1. In this Figure, a shift to the
right denotes a larger UHI magnitude.

Long-term analyses of the
observations

Figures 4 and 5 show the (mean annual)
urban and rural temperatures respectively
over a period of 30 years. Figure 6 shows the
long-term UHI intensity trend over the same
period. The historical temperature records
suggest an upward trend concerning both
urban and rural temperatures (Fig. 4, 5). Con-
sistent with regional and global temperature

trends, a steady increase in rural tempera-
tures of up to about 2.5 K can be observed
in all selected cities (with the exception
of Budapest). This might be due to the small
sample of data set obtained, as this par-
ticular weather station was installed in the
year of 2000. In the same 30-years period,
the mean annual urban temperature rose
somewhere between 1 K (Stuttgart) and 3
K (Warsaw). Note that, while both rural and
urban temperatures have been increasing,
the value of the UHI intensity has been rath-
er steady. Our data suggest increasing UHI
intensity trends in Warsaw and Ljubljana,
whereas a slight decrease can be discerned
from Stuttgart and Prague data (Fig. 6).
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Systematic framework

Within the aforementioned project, a system-
atic framework was developed to assess - for
a specific urban location, hereafter referred
to as urban unit of observation (U20) - the
urban heat island phenomenon, to specify
potential mitigation and adaptation meas-
ures, and to evaluate such measures via ade-
quate modelling approaches. The framework
involves the following steps:

1) Definition of ‘Urban Units of Obser-
vation’ (U20): These are properly bounded
areas within an urban setting selected as the
target and beneficiary of candidate UHI miti-
gation measures;

2) Description of the status quo of U20
in terms of a structured set of geometric and
physical properties;

3) Specification of the existing UHI inten-
sity;

4) Specification of the candidate mitiga-
tion measures in terms of projected changes
to the geometric and/or physical properties
captured in step ii above;

5) Prediction of the effect of mitigation
measures using empirically-based and/or
numeric models;

6) Expression of the mitigation measures’
impact in term of predicted changes in UHI
intensity;

7) Overall evaluation of the mitigation
measures’ effectiveness on the basis of mod-
elling results together with their estimated
financial and logistic ramifications.

In this framework, the notion of U20
is applied to systematically address the
local variation of the urban climate through-
out a city. A spatial dimension (diameter)

Table 5. Variables to capture the geometric properties of an U20

Geometric properties

Definition

Sky View Factor

Aspect ratio

Built area fraction

Unbuilt area fraction
Impervious surface fraction
Pervious surface fraction
Mean building compactness
Built surface fraction

Wall surface fraction

Roof surface fraction

Mean sea level

Fraction of sky hemisphere visible from ground level

Mean height-to-width ratio of street canyons

The ratio of building plan area to total ground area

The ratio of unbuilt plan area to total ground area

The ratio of unbuilt impervious plan area to total ground area
The ratio of unbuilt impervious surface area to total ground area
The ratio of built volume (above terrain) to total building plan area
The ratio of total built surface area to total built area

The ratio of total wall area (above terrain) to total built area

The ratio of total roof area to total built area

Average height above sea level

Table 6. Variables to capture the surface and material properties of an U20

Surface/material properties

Definition

Reflectance/albedo
Emissivity

Thermal conductivity
Specific heat capacity

Density

Anthropogenic heat output

Fraction of reflected direct and diffuse shortwave radiation

Ability of a surface to emit energy by radiation (longwave)

Property of a material’s ability to conduct heat, given separately for
impervious and pervious materials

Amount of heat required to change a body’s temperature by a given
amount, given separately for impervious and pervious materials
Mass contained per unit volume, given separately for impervious and
pervious materials

Heat flux density from fuel combustion and human activity (traffic,
industry, heating and cooling of buildings, etc.)

Geographia Polonica 2014, 87, 4, pp. 505-516
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of approximately 400 to 1000 m has been
targeted for U20, indicating common fea-
tures in view of geometry, massing, or other
aspects of the physical structure. As the
urban microclimate is believed to be influ-
enced by different urban morphologies, struc-
tures, and material properties, a set of relat-
ed variables were identified and included
in our framework.

Toward this end, a set of essential geomet-
ric and physical features was derived (Tab. 5,
6) based on past research (Nowak 2002; Pir-
inger et al. 2002; Burian et al. 2005; Ali-Toud-
ert & Mayer 2006; Kiesel et al. 2013; Mah-
davi et al. 2013). The geometric properties
are meant to capture the urban morphology
of an U20 (Burian et al. 2005). The physical
properties describe mainly the thermal char-
acteristics of urban surfaces. These proper-
ties are often considered as fundamental
factors in view of the heat balance of urban
systems (Rosenfeld et al. 1995).

To derive the specific values of the above-
mentioned variables for the selected urban
areas, we used data provided by the city
of Vienna in a form of a Digital Elevation
Model (DEM). The DEM consisted of a terrain
and a surface model, including building foot-
prints in form of closed polygons associated
with building height data (which indicates the
height of the building eaves). QGIS (Quan-
tum GIS 2013), an open source Geographic
Information System, was used to visualize,
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manage, and analyse the data. A specific set
of algorithms was developed (Glawischnig
et al. 2014) and further used for the quantita-
tive analysis of the microclimatic attributes.
Note that the efficient computation of urban
morphology variables requires detailed urban
databases containing comprehensive spatial
information. However, such data is at times
difficult to obtain. Some local municipalities
and commercial vendors provide digital data-
sets. The number of such data repositories
is expected to increase in future.

Evaluation of UHI mitigation
measures

Once U20s and their respective variables
are defined, potential mitigation measures
(Tab. 7) may be expressed in terms of respec-
tive changes to the variable attributes. For
example, introduction of green roofs or green
facades in an U20 would modify the varia-
bles pertaining to surface albedo, emissivity,
thermal conductivity, specific heat capacity,
and density.

Table 7 provides a concise summary
of the most common mitigation measures.
These measures can be divided into three
main realms of interventions: buildings, pave-
ments, and vegetation. Table 7 also includes
a detailed description of expected benefits
of such measures.

Table 7. A summary of principal mitigation measures

Category Measure Expected benefit
Buildings Cool roofs High solar reflectance and high thermal emissivity
Green roofs Shading (intensive green roofs) and evapotranspiration
Reducing ambient air temperature, shading properties, nat-
Green facades 9 remp ’ g properties,
ural cooling, control airborne pollutants, energy efficiency
. | R in ling/heating | r ing ambient air tem-
Fagade construction and retrofit educing cool g/ eot|' 9 oad, reducing ar bient air te
perature, improving building envelope quality
Geometry of urban canyon (new . . . . .
- Y yon ( Fresh air advection, cool air transport into the city
projects)
Pavements Cool pavements Decreasing ambient air temperature
Pervious pavements Storm water management
Green areas Planting trees within the urban | Shading and evapotranspiration, lower peak summer air
canyon temperatures, reducing air pollution
Parks, green areas
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Finally the impact of those mitigation meas-
ures can be estimated based on appropriate
calculation tools and modelling methods. For
this purpose we considered two principal
approaches: statistical analysis of empiri-
cal data and numeric (typically CFD-based)
computational models. Correlations between
measured urban heat island intensity in dif-
ferent locations within an urban environment
and the physical features of these locations
can be exploited to derive empirically based
estimation methods. For numeric computa-
tion, different simulation tools can be applied,
ranging from regional climate models to sin-
gle-building models (Mirzaei 2010). To illus-
trate the application of the framework, a case
study from the aforementioned EU project
is presented below. The case study concerns
a U20 in the centre of Vienna, Austria. Fig-
ure 7 shows the existing attributes of the vari-
ables for this U20 together with the changes
in these variables as a consequence of three
envisioned mitigation measures: 1) Plant-
ing trees within the urban canyon; 2) Green
roofs; 3) A combination of measures 1 and 2.
In this case, the estimation of the implications
of the mitigation measures was conducted
using ENVI-met 4.0 as a numeric simulation
application (Huttner & Bruse 2009). Given
the known constraints of numerical models,
especially in terms of domain size, resolution,
and the range of variables they can consider,
the accuracy of the simulation-based predic-

tions strongly rely on systematic calibration
processes (Maleki et al. 2014). Figure 8 shows
the modelling results in terms of predicted
reduction of UHI index in the course of a ref-
erence summer day.

Conclusion

We presented the results of an ongoing EU-
-supported project concerned with the extent
of the UHI phenomena in a number of Cen-
tral European cities. The objectives of this
project are to provide a common understand-
ing of the UHI effects and to conceive and
evaluate appropriate mitigation and adap-
tation measures. Shortterm and long-term
data with regard to urban and rural tempera-
tures demonstrate the existence and signifi-
cant magnitude of the UHI effect in a num-
ber of Central European cities. Furthermore
observations based on hourly data display
distinguished patterns implying larger UHI
intensities during the night hours. To address
the need for effective means of evaluating
and mitigating UHI effects, a systematic
framework was developed and tested within
the collaborative context of an EU project.
Thereby, a number of geometric (morphologi-
cal) and semantic (material-related) variables
of the urban environment were identified
that are hypothesized to influence UHI and
the urban microclimate variance. The deploy-
ment of this framework and a CFD-based
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Figure 7. The existing values of the U20 variables for the Vienna case study together with modified
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Figure 8. The modelled mean hourly temperature difference (‘Innere Stadt’, Vienna)

urban climate modelling tool was exemplified
using the case of an urban unit of observa-
tion in the city of Vienna. Ongoing work fur-
ther explores and statistically analyses the
link between UHI intensity and salient urban
variables such as urban density and mor-
phology, block layout, canyon geometry, sur-
face properties, vegetation, bodies of water
industrial sites, transportation systems and
infrastructures. This work is expected to not
only provide empirical data for the validation
of numeric models, but also to support the
formulation of simplified approaches toward
estimation of mitigation measures effective-
ness in view of UHI phenomena.
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