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Smart tools of urban climate evaluation
for smart spatial planning

Hana STREDOVA **, Tomé4$ STREDA 2, Tomas LITSCHMANN ®

Abstract

Air temperature and humidity conditions were monitored in Hradec Krdlové, Czech Republic, by a network
of meteorological stations. Meteorological sensors were placed across a representative variety of urban and
suburban environments. The data collected over the 2011-2014 period are analysed in this paper. The
data from reference standard meteorological stations were used for comparison and modelling purposes.
Air temperatures at the points of interest were successfully modelled using regression relationships. The
spatial expression of point measurements of air temperatures was provided by GIS methods in combination
with CORINE land cover layer, and satellite thermal images were used to evaluate the significance of
these methods. The use of standard climate information has low priority for urban planners. The impact
of the urban heat island on city residents and visitors was evaluated using the HUMIDEX index, as it is
more understandable for urban planners than temperature conditions as such. The aim of this paper is the
modification, description and presentation of urban climate evaluation methods that are easily useable for
spatial planning purposes. These methods are based on comprehensible, easily available but quality data and
results. This unified methodology forms a theoretical basis for better urban planning policies to mitigate the
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urban heat island effects.
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1. Introduction

The urban population in 2014 accounted for 54% of
the total global population, and is expected to grow by
approximately 1.64% per year between 2015 and 2030. The
rate of urbanization is especially important for low- and
middle-income countries, as 70% of the world population
is forecasted to live in cities by 2050 (WHO, 2013). From
this point of view, urban climate research ranks highly as
a current topic in recent climatology, largely due to the
growing number of city inhabitants together with the
significant effects of climatic conditions on their health and
the risk of damages caused by extreme weather events.

In the case of air temperature, the city centre could be
about several degrees centigrade warmer than suburban
landscapes. It directly influences not only human health but
also causes negative economic consequences (Oke, 1997).
The urban heat island is a function of meteorological factors
(air temperature, precipitation, solar radiation, cloud cover,
air flow, evapotranspiration, etc.) and the character of the
city itself: the number of inhabitants and population density;
topography; altitude; water bodies; land cover - built-up area;
surface colour - their albedo; distances between buildings;
building heights; surface resistance; the surface geometry of
the city - the so-called "street canyon"; the "anthropogenic
heat" of heating and industry; surface retention; the
thermal capacity of materials; thermal conductivity and
humidity, etc. (Oke, 1997; Voogt, 2002; Landsberg, 1981).
The urban heat island effect becomes stronger during
warm, windless and cloudless days (Oke, 1982). An urban
area with a unique temperature regime (e.g. due to parking
lots, industrial objects, flat roofs, asphalt roads, etc., i.e.
isolated urban locations that produce “hot spots” within

a city) is occasionally referred to as a "micro-urban heat
island" (Aniello et al., 1995; Eksi and Uzun, 2013; Smargiassi
et al., 2009; Stathopoulou et al., 2004).

Knowledge of local geographical conditions and the
surface temperature regime allows for the identification
of places with thermal and/or thermodynamically-related
local climatic effects (Vysoudil et al., 2009). Ellefsen (1991)
identified 17 types of urban terrain zones (UTZ) to classify
the physical structure of cities. The method of urban
morphometry, that uses aerial photography, is applicable
to cities all over the world. Oke (2006) designed a simple
and generic classification of city zones to improve the
siting of meteorological instruments in urban areas. A
simplified classification of distinct urban forms according
to their ability to impact local climate is used to divide
city terrain into seven homogenous regions called “urban
climate zones” — UCZ (Srivanit, 2013). The “local climate
zone” (LCZ: Stewart and Oke, 2012) classification system
provides a research framework for urban heat island
studies and standardizes the worldwide exchange of urban
temperature observations. Lehnert et al. (2014) have set
up a classification of existing stations within local climate
zones (LCZ) for conditions of the Czech Republic.

Vysoudil and Ogrin (2009) present some possibilities of
application of a portable infrared camera for topoclimatic
research, especially for establishing the differences in
temperatures of the active surface layer. The impact of relief
is expressed in a much higher urban heat island intensity in
a city located in a valley bottom (including the city centre)
than in cities of comparable size but located in flat areas
(Bokwa, 2011). Satellite images, radar measurements and
aviation technology are widely used for studying urban
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climates (e.g. Voogt and Oke, 2003). Aerial and satellite
imagery can help researchers describe surface heterogeneity
and its influence on microclimate.

The quantification of urban heat island effects on
mesoclimate, and their possible influence on human beings
with respect to the size of the agglomeration, the level
of built-up areas and features of their surfaces etc., is a
principal current research question. Significant spatial
variability in the environment is the main obstacle to
modelling the urban climate because the natural surface
vegetation overlaps infrastructure and buildings. Bottyan
and Unger (2003) and Souch and Grimmond (2006)
claimed that besides meteorological conditions (radiative or
advective), factors such as the characteristics of the built-
up area, land use, topography and the presence of large
water bodies, markedly shape the spatial differentiation of
meteorological elements in a city.

The negative influence of the urban heat island on the
microclimate will likely increase. Urban development
standards need to be created by using existing knowledge and
developing tools for urban planning over long-term periods
(Jendritzky et al., 2003). This study provides knowledge of
standard and advanced microclimatic monitoring methods
as a helpful tool for urban planning.

2, Study rationale

The relations between extreme weather situations
(extreme temperatures, heat waves, etc.) and particular
health complications for a city’s inhabitants are clear. An
evaluation of satellite thermal images and mortality data
showed that a direct connection exists between mortality
risk and high surface temperatures on extremely hot days.
Mortality is strongly associated with the duration of heat
waves in summer, demonstrated in many locations: Tan
et al. (2007) for Shanghai; Karl and Knight (1997) for
Chicago; Dessai (2002) for Lisbon; Schar et al. (2004) for
Paris; and Smargiassi et al. (2009) for micro urban heat
islands in Montreal. The effect of relief and land use on
heat stress in Krakéw (Poland) was evaluated by Bokwa
and Limanéwka (2014). These authors’ results suggest
that in cities located on concave landforms, relief is at
least as equally important as land use in controlling the
spatial pattern of heat stress. Pokladnikova et al. (2009)
demonstrated another significant characteristic of the
urban climate in which heat waves are more frequent and
longer compared with suburban areas, based on a study
of medium-sized cities in the Czech Republic. Stieda
et al. (2014) analysed the number of “hot wave” days in
Hradec Krélové from 1961 to 2007; such days increased by
two days per decade. The term “heat wave” is relative to
the climatic conditions at a specific location. Therefore, the
World Meteorological Organization recommended that a
heat wave be defined as the period during which the daily
maximum air temperature over five consecutive days is at
least 5 °C higher than the normal average daily maximum for
a given period (Frich et al., 2002). The frequency, intensity
and duration of heat waves did not generally increase
during the 20'" century. In the 21% century, however, and
particularly in the second half, the situation will likely be
dramatically altered.

Traditional studies of heat islands typically do not
include bioclimatic aspects; therefore, these studies are of
limited use to urban planners. An evaluation of the effects
of anthropogenic changes on the thermal environment

that are related to human health and wellbeing is needed
(Jendritzky and Niubler, 1981). Numerous indices can
evaluate the influence of temperature, moisture and wind on
human bodies. For example, d’Ambrosio Alfano et al. (2011)
proposed the main comfort and stress indices caused by
the thermal environment. In addition to temperature- and
moisture-based indices, more complex indices account for
factors such as wind speed and global radiation. The use of
these metrics, however, is limited by the wide variability in
these factors in the urban environment (e.g. shaded or sunny
streets, perpendicular or parallel to wind direction, etc.).

Appropriate urban planning and building design
provides measures to reduce heat stress for individuals
living in cities and reduces the urban heat island effect.
The heat load becomes more extreme if the human body is
directly irradiated by solar radiation. Planning measures
that provide shade for pedestrians (e.g. trees, arcades
and narrow streets) can therefore reduce the heat load
(Jendritzky, 1988). Sziics (2013) investigated the extent to
which urban planning and the resulting morphology of the
built environment in Dublin influenced the microclimate
that was created by the wind regime.

To maximize thermal comfort in urban areas, climatic
aspects should be considered at all scales, from the design of
individual buildings to regional planning. The type of housing,
its density and optimal distances between buildings, the
geometric configuration and orientation of buildings, building
heights, the properties of the building materials and colours
of external surfaces, the orientation and size of windows,
settlement shading and radiation control, the use of open
space, and the functions and location of land use, all of these
factors might be considered during the urban planning process
to improve the urban microclimate (Koppe et al., 2004).

Microclimate tools have recently been used for the
simulation of microclimate in urban conditions, with respect
to the cooling effects of greening on urban microclimates, but
in-situ measurements of meteorological conditions for model
verification are necessary. Some possible uses of numerical
microclimate simulation tools (ENVI-met) for urban spatial
planning have been described for instance by Srivanit and
Hokao (2013). The average maximum temperature would be
decreased and be reduced by as much as 2.27 °C in the peak
of the summer when the quantity of trees was increased
by 20%. Similarly, an analysis in the United States on the
potential of vegetation to reduce summer cooling loads in
residential buildings in cities found that an additional 25%
increase in urban tree coverage saved 40% of the annual
cooling energy cost in Sacramento (Huang et al., 1987).

The development of Hradec Kralové was planned by the
architect Josef Gocar (1880-1945) in the early 1920s. His
regulation of the city, which commenced in 1925, included the
concept of using a significant amount of green spaces. The
implementation of the city development plan was recently
addressed in an evaluation of the impact of land cover
changes on the city microclimates. Therefore, the results
from the current study might be a helpful tool for urban
planning in Hradec Krélové and for preparing regional city
planning in areas with similar conditions. Stewart (2011),
however, has warned us that “If climate modelers, weather
forecasters, city planners, urban engineers and building
architects are to be convinced of the serious environmental
and social implications behind the urban heat island
effect, heat island researchers must first produce results
that can be trusted”. Such results should be based on
comprehensible, easily available but reliable quality data.
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They can be used when public vegetation planning and
nurturing is under discussion, as well as for negotiations
with other administrative bodies (the river authorities, the
road and motorway directorate, energy companies, etc.).

3. Data and methods

Hradec Kralové is a city with a population of nearly one
hundred thousand inhabitants and an area of 105.6 km?,
which makes it among the ten largest cities in the Czech
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Fig. 1: Mean annual temperature in Hradec Krdlové
during the period 1961-1990.
Source: Czech Hydrometeorological Institute

Republic. The landscape is predominantly flat with
an average altitude of 235 m a.s.l. The mean annual
temperature (1961-1990) is 8.7 °C, and the mean annual
total precipitation is 600.2 mm. The warmest months
are July (18.3°C) and August (17.8°C) (Fig. 1). The
ALADIN-Climate/CZ model predicted for the simulation
period 2021-2050 an increase in the mean annual
temperature of up to 9.9 °C. August was predicted to be
the warmest month, with a mean temperature of 21.0 °C.
The surrounding area is dominated by arable land and
suburban forests, such that the area of green vegetation per
inhabitant is one of the highest among large Czech cities.
In addition, the confluence of the Labe and Orlice Rivers
in the city centre significantly influences surrounding
climatic conditions.

3.1 Evaluation of urban (bio)climatic conditions
as a five-step process

Step I: A network of spatial monitoring points was
established in Hradec Kralové in August 2011 to analyse
the influence of surface properties (land cover and land use)
and their horizontal effects on temperature and humidity
conditions (Tab. 1; for geographic locations, see Fig. 6).
Temperature and humidity were monitored using sensors
located across a representative variety of urban and suburban
environments. The special network used U23 HOBO Pro V2
sensors located within a radiation shield at a height of two
meters above the ground. The measurement interval at all
stations was ten minutes.

. . s Ellefsen Stewart and Oke (2006)
Location of Label Brief chara}cterlstlcs of the (1991) UTZ Oke (2012) LCZ UCz
measurement environment e e e e eps e
classification classification classification
Industrial zone significant proportion of horizontal .
50°11'43.159"N, 1 concrete and asphalt surfaces, partial Do4 LQ%hSB (I;r ge éotw -rise UCZ4
15°51'18.336"E grassland, sunlit spaces all day with scattered trees)
City park woody vegetation in the city centre,
50°12'21.884"N, 2 grass cover, full shade, near the con- Unclassifiable LC%aE éiﬁ:}t‘:i?d gees Unclassifiable
15°49'31.925"E fluence of two major rivers yp
Suburban forest f(ifsd }2;2:‘;;:(1;}113;3231{)1;1;225}’(Z?:;fst' in LCZ A (dense trees land
50°10'39.974"N, 3 § - Unclassifiable Unclassifiable
om 11 | the afternoon), absence of significant cover type)
15°54'14.036"E g
artificial surfaces
the historical part of the city centre,
Historic city centre enclosed area (courtyard) with verti- LCZ 3 low-ri
50°12'39.493"N, 4 cal surfaces and limited air flow, ar- A2 ith 2 .(gor‘npaﬁet‘low-rlse UCZ 2
15°49'55.76 7T"E tificial solid surfaces, insolation from with mid-rise built type)
morning until afternoon
location surrounded by residential
Urban residential zone buildings five stgneg hlgh,_woody. and .
50°12'52.516"N. 5 s}_u:ul_)by vegetation in the 1mrned1.ate De3 LCZ 2g (compact mid- UCZ3
15°49'39 781"E’ vicinity of the measurement location, rise with scattered trees)
’ grass cover, small summer swimming
pool, partially sunlit afternoons
Reference located according to the principles of
climatological location 6 meteorological station establishment, Do3 LCZ 9 (sparsely built uczs
50°13'21.367"N, the sensors are placed in a meteorolo- — built type)
15°47'15.969"'E gical shelter
Reference located according to the principles of
climatological location 7 meteorological station establishment, Do3 LCZ 9 (sparsely built uczs
50°10'39.01"N, the sensors are placed in a meteorolo- — built type)
15°50'18.98"E gical shelter

Tab. 1: Location of the measurement stations and characteristics of the environment
Source: authors and references in heading
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Data from standard meteorological stations of the
Czech Hydrometeorological Institute (CHMI) were used
as reference points. The CHMI stations at Locality 6 and
Locality 7 are standard meteorological stations at which the
air temperature and humidity are monitored at a height of
two meters above a grassland.

Step II: Data from the special meteorological points were
compared with the data from the reference climatological
stations of CHMI using regression analysis. Regression
relationships can be used for spot modelling of temperature
and humidity under urban climate conditions. Based on
the climatological data from the reference meteorological
stations, it is possible even without direct measurements
to estimate temperature and moisture conditions at the
measuring points. The ten-minute data over 2011-2014 were
evaluated using linear regression methods.

Step III: The impact of the local urban and micro-urban
heat island on city residents and visitors was evaluated
using the HUMIDEX index. HUMIDEX was used for the
first time in 1965 in Canada to describe how hot the weather
feels to the average person by combining the effect of heat
and humidity. The index provides an indication of a citizen’s
perception of the outdoor air as a consequence of a lack of
evaporation of perspiration during hot and humid weather
(Ghanghermeh et al., 2013).

The following equation was used to calculate HUMIDEX:
HUMIDEX =T + (0.5555) X (e — 10.0),

where T = air temperature (°C) and e = actual vapour
pressure (hPa).

An evaluation was conducted from August 2011 to
September 2014. Only the months June, July and August were
considered because temperature increases that might indicate
potential discomfort did not occur in the remaining months.

Ten-minute temperature and humidity data were used to
calculate hourly averages, and HUMIDEX was calculated
based on the hourly averages. The actual vapour pressure
e [hPa] was calculated from the temperature T [°C] and
relative humidity @ [%] data using well-known relationships.
The HUMIDEX scale used in this study is presented in Tab. 2.

Step IV: Point measurements of air temperature and
humidity (see Step I above) were interpolated using
standard GIS methods (ArcGIS 10.3, ESRI, Redlands,
California, USA). The layer of Coordination of Information
on the Environment (CORINE) land cover (Heymann et
al., 1994) from 2006 was converted into raster. The raster
was then reclassified by attaching every single pixel to one
of the six categories according to the supposed effect on
air temperature and humidity. This method is commonly
employed in climatology for the spatial expression of
climatological variables. The method is based on the
calculation of raster values from point measurements by
regression relations between the investigated variable

HUMIDEX range (°C) Degree of comfort

Less than 29 Comfort

30-34 Some possible slight discomfort

35-39 Some possible moderate discomfort
40-45 Possible strong discomfort

46-53 Possible very strong discomfort

Over 54 Danger of death; imminent heat stroke

Tab. 2: HUMIDEX scale (after Baum et al., 2009)

and the reclassified CORINE layer (Van Weverberg et
al., 2008). The universal linear kriging method (Papritz and
Stein, 2002; Zhang et al., 2011) was applied to interpolate
the measured values of the temperature and the values
calculated from the regression dependence. The resulting
raster was then smoothed by a low pass filter.

Step V: Spatial heterogeneity was evaluated by using
thermal satellite imagery. The output from thermal remote
sensing was compared with and evaluated by ground
monitoring results.

Surface temperature data were processed using a mono-
window algorithm, which considers a single frame in
a thermal spectrum. The mono-window algorithm for
processing images from the LANDSAT-8 (TIRS sensor)
satellite consists of two steps (Weng et al., 2004). In this case,
the brightness temperature represents the temperature of
an absolutely black body at a given wavelength and radiation
intensity. Within a selected range, however, the earth does
not behave as an ideal emitter, and its emissivity is extremely
variable over space. Therefore, a correction is necessary.
In accordance with Mallick et al. (2008), the emissivity
correction used CORINE Land Cover 2012 (CLC 2012)
classes with known average emissivity values.

4. Results and discussion
4.1Step |

Table 3 shows that Locality 4 was warmest according
to most of the temperature variables. This locality thus
showed the highest urban heat island. Incoming solar
radiation caused intensive warming of artificial surfaces at
Localities 4 and 1. The coldest point in terms of mean values
was Locality 3 (by up to 5°C). However the outstanding
feature of this locality is higher thermoregulation of
vegetation cover and thus the absolute minimum value was
recorded in Locality 1 due to the surface emissivity.

Locality 2 had the most intense cooling effect during
extremely high temperature episodes and had the smallest
temperature amplitude. Locality 1 had the highest extreme
values due to artificial surfaces. The (ir)regulation of solar
radiation, albedo, emissivity and air temperature on the
temperature of asphalt surfaces and near-surface air layer
was previously reported in detail (St¥eda et al., 2011). The
asphalt temperatures surpassed 70 °C, particularly on days
with significantly high levels of radiation.

The relative humidity is shown in Table 4. Humidity at
the typically humid Locality 3 rarely dropped below 40%, and
values higher than 95% prevailed. The typical night-time
(day-time) value of 100% (lower than 100%) at Locality 1 is
associated with rapid cooling (warming) of the air. The dew
point temperature was attained as a result of the cooling.

The evolution of the air temperatures and their differences
on an extraordinary hot day are shown in Figure 2. The
positive effects of the land cover at Localities 2, 3 and 5
on extreme temperature reductions are obvious. The air
temperatures at Localities 1 and 4 were significantly higher
than those measured at the CHMI reference station.

4.2 Step

The relationship between the air temperature at
the CHMI meteorological station (Locality 7) and the
meteorological measurement in the city centre with the
highest air temperature (Locality 4) was determined. The
relationship (r? = 0.9765) was characterized by the linear
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1 22323 11.0 10.8 - 22,6 39.5 3.8 17.6 -1.5 32.1 62.2 9.2
2 22320 10.6 11.0 -19.1 35.7 3.6 17.0 -17.0 29.1 54.8 8.5
3 22102 9.7 9.6 - 225 37.3 2.7 16.0 -8.1 29.9 59.7 8.8
4 22319 12.0 12.1 -17.7 41.1 4.7 18.6 - 6.6 33.3 58.8 9.3
5 22320 11.0 11.2 - 18.6 36.2 4.2 17.4 -71 30.0 54.8 8.7
6 22322 10.4 10.6 -20.1 36.8 3.6 16.9 -8.1 30.0 56.9 8.8
7 22024 10.7 10.8 - 184 37.2 4.0 17.0 -17.5 30.0 55.6 8.7
Tab. 3: Basic statistical analysis of the air temperature over the entire period (August 2011-October 2014). Note:
maxima are in bold, minima are in italics. Source: authors
£ = . g g z g g g 5
— o™ =]

1 20782 79 85 18 100 66 95 31 100 85 19
2 20779 83 88 23 100 72 97 39 100 77 17
3 22044 85 91 19 100 76 98 36 100 81 17
4 20778 75 79 18 100 63 89 29 100 82 18
5 20779 78 83 20 100 67 92 35 100 80 17
6 22322 74 79 16 100 64 88 30 100 81 18
7 22287 75 79 19 100 62 90 32 100 81 18

Tab. 4: Basic statistical analysis of the air humidity over the entire period (August 2011-October 2014). Note: maxima

are in bold, minima are in italics. Source: authors

regression equation Y =1.0594 x X + 0.7285 (where
Y = air temperature at the measurement point, and X = air
temperature at the CHMI standard meteorological station).
As shown, air temperature can be quite easily modelled by
regression models based on nearby meteorological stations,
if available. Due to the low density of meteorological
stations, air temperature modelling in small cities also
requires sophisticated models employing variables such as:
distance to the urban area, topographic position, land-cover
diversity, building density and northness index (Ivajnsi¢
et al., 2014).

The relationship between air humidity at these
stations was defined by the linear regression equation
Y =0.9503 X X + 3.229 (where Y = air humidity at the
measurement point, and X = air humidity at the CHMI
standard meteorological station). The dispersion values
around the linear trend line were significantly larger
compared with the air temperature. The coefficient of
determination was high (r?> = 0.8812), indicating a close
relationship; however, modelling the relative humidity
(based on simple regression using data from the reference
station) resulted in significant errors and, therefore, the use
of this procedure is limited.

4.3 Step il

In Step III, the HUMIDEX index was calculated for all
sites during the months of June, July and August. Graphical
and basic statistical evaluations are given in the box-plots
(Fig. 3). The highest values were obtained at localities with
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Fig. 2: Evolution of the air temperature during the
hottest day (28" July 2013) Source: authors

the highest proportion of artificial surfaces (Locality 1 and
Locality 4), as expected. The critical values were achieved
only in rare extreme cases (less than 25% of all cases).

HUMIDEX limits of 35°C and 40-45°C have been
proposed in Europe and Canada, respectively, to reduce
the risks of excessive heat. Some results, however, show
that HUMIDEX frequently results in an underestimation
of the potential danger in the workplace and an unreliable
comfort prediction occurs when this index is used in indoor
situations (d’Ambrosio Alfano et al., 2011).
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The differences in the daily HUMIDEX between the
sites are shown in Figure 4. In Locality 1, discomfort
over artificial surfaces was first recorded in the early
morning and then peaked in the afternoon. Discomfort in
Locality 4 started approximately one hour later because
enclosed spaces were shaded by buildings early in the
morning. The daily evolution of discomfort in the forest
(Locality 3) is interesting: until noon, the discomfort was
identical to the CHMI stations, while in the afternoon,
when the sensor was no longer overshadowed by trees, the
frequency of discomfort increased significantly. This result
corresponds fairly well with the findings of Litschmann and

| | ! ! | | |
Locality 1 Locality 2 Locality 3 Locality 4 Locality 5 Locality 6 Locality 7

Fig. 3: The range of HUMIDEX values for each locality
during July and August 2011-2014 (hourly data) and
associated descriptive statistics (i.e., median, minimum,
maximum, first quartile, and third quartile); plotted
with Software Grapher, Golden Software, Colorado
Source: authors

3/2015, Vol. 23

Hadas (2003) and Mayer (1996). Mayer (1996) evaluated the
effect of trees in street canyons in Munich (Germany) by
comparing street canyons (north-south) with and without
trees. This author reported a small effect on air temperature
measured at a height of 1.10 m above ground level, but
the physiologically equivalent temperature was reduced
from 46 °C to 31 °C, which reduced the heat stress by 40%.

July had the highest incidence of discomfort based on the
HUMIDEX index. Locality 4 contained the most extreme
places, similar to the concrete and asphalt in Locality 1.
August 2013 was the worst month in terms of thermal
comfort (Tab. 5). In contrast, the summer of 2012 was
characterized as relatively pleasant without significant
extremes. Erratic values were recorded in 2014. Compared
with other years, June and August were relatively cool with
a low incidence of discomfort, while July was characterized
by the highest frequency of discomfort.

4.4 Step IV

Detailed measurements of meteorological conditions in
a heterogeneous urban environment are very expensive.
Additionally, the meteorological components of a city cannot
be measured at the level of detail required for bioclimatological
assessments. Modelling appears to be the most appropriate
method to generate the data needed for urban planning
purposes with the aim of creating and safeguarding healthy
conditions. Re-designing a city on a large scale is typically
illusionary, however, and planning measures are usually
restricted to a small part of a city (Koppe et al., 2004).

The spatial expression of point measurements of air
temperature is obtained using the CORINE layer and GIS
interpolation method, as shown in Figure 5. Although the
expression generalizes the air temperature distribution,
the air temperature difference between the city centre and
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Year Month | Locality 1 | Locality 2 | Locality 3 | Locality 4 | Locality 5 | Locality 6 | Locality 7 | Average
2011 VIII 15 14 7 23 17 14 15 15
2012 VI 11 11 10 15 10 8 8 10
2012 VII 19 15 15 19 14 12 12 15
2012 VIII 19 12 11 23 13 10 10 14
2013 VI 14 10 10 17 10 8 9 11
2013 VII 24 16 15 28 15 9 10 17
2013 VIII 39 33 31 41 36 31 30 34
2014 VI 8 6 7 11 7 6 6 7
2014 VII 27 22 21 32 23 14 14 22
2014 VIII 9 5 6 10 6 4 4 6
Average 18 14 13 22 15 12 12 15

Tab. 5: Relative frequency (%) of HUMIDEX categories relating to "some possible moderate discomfort",

non

'possible

strong discomfort" and "possible very strong discomfort" in individual months.

Source: authors

surroundings is obvious. The cooling effect of vegetation
and water bodies is also shown. Manik and Syaukat (2015)
applied a similar approach (i.e. GIS interpolation of in-
situ monitoring data and CORINE layer with subsequent
comparison with remote sensing - see Step V) in their
analysis of the spatial distribution of air temperature in
Bandar Lampung and Jakarta. With respect to urban
environment heterogeneity, its area and relatively low
number of meteorological stations, however, the mapping
expression and distribution of temperature or air humidity
using the CORINE layer is only generalized output with
simple orientation information value. To maximize the
informative value, more punctual data of land cover in GIS
are needed. The precise modelling of urban microclimate
requires a combination of in-situ measurement with
microclimate simulation tools.

During a hot day (20" August 2012; Fig. 5), the daytime
air temperature difference between central and suburban
parts of Hradec Kralové exceeded 5°C and 4°C during
the night. As a comparative example, the maximum night
difference between central f.odZ and nearby suburban areas
reached 8 °C in winter (Fortuniak et al., 2006).

4.5 Step V

The spatial heterogeneity of the surface temperature
in Hradec Kralové and its surroundings was evaluated
using remote sensing. The results of the satellite thermal-

image evaluation (July 27, 2013, 9:53 GMT) are presented
in Table 6 and Figure 6. The absolute highest surface
temperature (39.9 °C) was recorded at Locality 5, and the
lowest (31.9 °C) was recorded at Locality 2.

The surface temperature at Locality 5 was influenced by
an industrial zone, highways and building surfaces. The
characteristics of the residential area and greenery, however,
reduced the air temperature at ground level.

An analysis of the surface characteristics, as represented
by the amount of vegetation cover, demonstrates the control
of the land surface temperature variability (56-67% of the
explained variance) by the degree of urbanisation, which was
represented by building density (37-40% of the land surface
temperature variance), following Dobrovolny (2013).

A correlation analysis revealed a relationship between both
the surface temperature and immediate air temperature,
where r = 0.784 or r = 0.985, respectively, upon exclusion
of Locality 5 (i.e. the locality with a heterogeneous habitat;
therefore thermal remote sensing is likely to be influenced
by the sensor resolution). The correlation coefficient
between surface temperature and the air temperature
sum (Kysely et al., 2000) and air average temperature
(from midnight to 9:53 GMT) was 0.696 and 0.707,
respectively. The correlation coefficient between the
immediate and average air moisture was — 0.519 and
— 0.475, respectively. A similar temperature pattern was
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Fig. 5: Average air temperature during the day (left) and night (right) of a hot day

Source: authors
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Locality 1 | Locality 2 | Locality 3 | Locality 4 | Locality 5 | Locality 6 | Locality 7
Instantaneous air temperature (°C) 35.3 29.8 30.1 34.1 32.1 31.8 31.6
Instantaneous air humidity (%) 34 53 48 40 44 36 37
Air temperature sum (°C) 1502 1413 1299 1582 1489 1418 1448
Average air temperature (°C) 22.8 21.4 19.7 24.0 22.6 21.5 21.9
Average air humidity (%) 73 7 83 65 70 70 66
TRS surface temperature (%) 38.7 31.9 32.9 374 39.9 35.3 33.8

Tab. 6: Meteorological conditions of measurement localities in terms of thermal remote sensing (TRS)

Source: authors

Legend
- 11100: Continuous Urban fabric (S.L. > 80%)
- 11210: Discontinuous Dense Urban Fabric (S.L.: 50% - 80%)
- 11220: Discontinuous Medium Density Urban Fabric (S.L.: 30% - 50%)
11230: Discontinuous Low Density Urban Fabric (S.L.: 10% - 30%)
11240: Discontinuous very low density urban fabric (S.L. < 10%)
11300: Isolated Structures

12100: Industrial, commercial, public, military and private units

12210: Fast transit roads and associated land
12220: Other roads and associated land

- 12230: Railways and associated land

45

12300: Port areas

12400: Airports

13100: Mineral extraction and dump sites
13300: Construction sites

13400: Land without current use

14100: Green urban areas

14200: Sports and leisure facilities

20000: Agricultural, semi-natural and wetland areas
mll 30000: Forest

p 50000 Water

Fig. 6: Satellite thermal image of Hradec Krdlové and adjacent surroundings with measurement locality network

(right part) and land cover map (left part)

Source: Left part with legend: CORINE layer; Right part: LANDSAT-8, scene LC81910252013208LGNO0 and authors

obtained by interpolating point measurements (Fig. 5). In
contrast, Geleti¢ and Vysoudil (2012) compared the surface
temperature field with the air temperature recorded at
weather stations within and near the city of Olomouc. Their
analysis showed that the description of spatial differences in
surface temperatures of a city and its surroundings, based
on an evaluation of thermal imagery, was inconclusive. Soil
temperature data series measured at selected stations of the
same metropolitan station system of Olomouc were analysed
by Lehnert (2013), but the impact of the urban landscape on
the soil temperature regime was not demonstrated.

5. Conclusions and policy implications

Local governments have limited possibilities of influencing
climate change mitigation, with measures such as education,
taxes, a fee policy, and other economic instruments

(incentives or disincentives). The greatest influence of
local governments, however, is evident in their decisions
on urban form, primarily through urban planning and land
use regulation. The methodology for urban climate study
demonstrated here, with the necessary data processing,
should be a worthwhile tool for local authorities. Such a
unified methodology can be employed to develop a theoretical
basis for better urban planning policies to mitigate the urban
heat island effects.

Some of the constituent activities could be as follows:

a. Pre-screening based on thermal images and land-use to
determine the crucial places for direct monitoring;

b. Establishment of a monitoring network, monitoring
as such (for at least two years), and subsequent use
of regression analysis with the existing (reference)
measurements. In-situ meteorological monitoring is
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indispensable for precise meteorological monitoring and
model verification as well. Air temperatures at locations
of interest can be subsequently modelled with a high
degree of reliability using regression relationships. In
addition, the effect of land cover was reflected in the
humidity relationships, although modelling relative
humidity using only simple regression results in
relatively large errors;

c. Calculation of climatological variables including
bioclimatological ones (with direct connections for
humans) such as the HUMIDEX index. Climate
considerations often have little effect on urban
planning. Although urban planners are interested in
climatic aspects, the use of climate information has low
priority. This is why taking the HUMIDEX values into
consideration can change practice, as its influences on
humans are more understandable than temperature
conditions as such; and

d. The spatial expression of point air temperature and
humidity measurements is enabled by GIS methods,
but with limited accuracy due to urban environment
heterogeneity and the density of the monitoring network.
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