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Abstract

In 2014, urban climate monitoring systems were established in two neighboring European cities (Novi Sad,
Serbia; Szeged, Hungary) based on Local Climate Zones (LCZ) classification system, GIS model calculations
and fieldwork. Seven built LCZ types in the built-up area of Novi Sad (112 km2) and two LCZ land cover types in
nonurban environment in the vicinity of the city were delineated.

Urban climate monitoring system in Novi Sad consists of 27 stations equipped with air temperature and relative
humidity sensors distributed across all LCZs. This system provided 10-minute measured air temperature and
relative humidity data since June 2014.

Human comfort observations in different LCZs of the city and its surroundings were investigated for warmest
(tropical) and coldest (icy) day in 2014 in Novi Sad. Thermal comfort was assessed with the application of the
Physiologically Equivalent Temperature (PET) thermal index. Differences in PET index amongst LCZs can be as
high as 10-12 °C during nocturnal hours when comparing built-up areas of the city (e. g. compact midrise - LCZ
2) and nonurban areas (low plants - LCZ D and dense trees - LCZ A). In general, smaller differences occurred
between subsequent LCZ classes. These results suggest that urban climate monitoring system based on LCZ
scheme can be used for the thermal comfort research during extreme temperature days.
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1. Introduction

People living in urban areas experience various kinds of thermal stress during the year. Especially stressful are
extreme weather events, e.g. heat waves and cold spells. With the usage of field measurements and models it is
possible to quantify the human thermal conditions in urban areas. These are important data for urban planners
and decision-makers if they want to create lively urban areas for its residents.

Urban climate monitoring system in Novi Sad was developed in 2014 under IPA HUSRB Project (URBAN-
PATH, http://en.urban-path.hu). The system is based on LCZ concept (Stewart & Oke 2012) and consists of
temperature and relative humidity sensors deployed on 27 locations in seven built and two land cover LCZ types
(Unger et al. 2014) (Figure 1). Local climate zones are defined as "regions of uniform surface cover, structure,
material, and human activity that span hundreds of meters to several kilometers in horizontal scale" (Stewart &
Oke 2012). The usage of the LCZ scheme for urban heat island (UHI) and human thermal comfort assessment
was performed in a number of studies (Puliafito et al. 2013, Alexander & Mills 2014, Fenner et al. 2014, Lehnert
et al. 2014, Middel et al. 2014, Stewart et al. 2014, Leconte et al. 2015).

The aim of this study is to investigate intra-urban thermal comfort during extreme air temperature days. This
study provides data in the form of the calculated human thermal comfort index (PET) (Hoppe 1999) from selected
eight LCZs delineated in a Central European city. Results and conclusions can provide the insight into human
comfort conditions in different LCZs of the city and showcase the suitability of the LCZ concept for intra-urban
thermal comfort research.

2. Materials and methods

Novi Sad is a mid-sized city in the northern part of the Republic of Serbia, located on a plain from 80 to 86 m
above sea level. The river Danube flows along the southern and the south-eastern edge of the city, and its width
varies from 260 to 680 m (Savi¢ et al. 2013). The relatively narrow Danube-Tisza-Danube Canal passes through
the northern part of the city (Fig. 1). To the south of the Novi Sad urban area, the northern slopes of FruSka Gora
Mountain are located (the highest peak is 538 m a.s.l.) which descend steeply towards the Danube (Unger at al.
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2011). Novi Sad is the second Iar%est city in the Republic of Serbia with a population of 320 thousands (data from
2014) and built-up area of 112 km*.
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Fig. 1 Location of Novi Sad in Europe and Serbia (upper right - red square), its built-up area (down right) and the
LCZ and urban climate monitoring system map of Novi Sad (left). In the sites’ identification number the first digit
refers to the LCZ class (Stewart & Oke 2012) and the second one is an assigned number. Black dots are the
selected stations for the analysis presented in this paper.

The area is in Kdppen-Geiger climate region Cfb (temperature warm climate with a rather uniform annual
distribution of precipitation) (Kottek et al. 2006). The mean monthly air temperature ranges from -0.4 °C in
January to 21.7 °C in July. The mean annual amount of precipitation is 615 mm (based on the data from 1949 to
2013).

Fig. 2 Aerial photographs illustrating selected measurement sites (white dot in the middle of the photo) with a 500
m environment diameter in Novi Sad. First number — LCZ class number, second number — station’s identity
number in the given LCZ class: 2-2 (compact midrise), 3-1 (compact low-rise), 5-6 (open midrise), 6-5 (open low-
rise), 8-1 (large low-rise), 9-2 (sparsely built), A-1 (dense trees), D-1 (low plants).

In this study we use PET to evaluate the human bioclimatological comfort sensations in different LCZs during
the warmest and coldest day in Novi Sad in 2014. Representative station for each LCZ was selected (Fig. 2) and
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their urban environment was modeled in RayMan model (Matzarakis et al. 2007). The exception was LCZ 10
(heavy industry) because station 10-1 did not work during the analyzed days. Selected days were August 13"
and December 31% with prevailing anticyclonic conditions. August 13" was the warmest day in Novi Sad in 2014
with Tmax higher than 30 °C (tropical day) on all stations. December 31% was the coldest day in Novi Sad in 2014
with Trax lower than 0 °C (icy day) on all stations. The input data for the calculation of PET are hourly air
temperature, relative humidity and wind speed for selected days. The temperature and relative humidity are
measured by the station network, while the wind speed for Novi Sad are from daily WRF model (Michalakes et al.
2004) predictions initiated at 0 UTC for the Pannonian Basin using and NOAA/NCEP global forecast (GFS) (EMC
2003). The wind speed was corrected using the roughness length calculated by the Roughness Mapping Tool
(Gal & Unger 2009). Radiation fluxes were calculated in the RayMan model. Time is given in Universal Time
Coordinated (UTC) in the analyses.

3. Results and discussion

3.1. Thermal comfort during tropical day

Human thermal comfort conditions in dlfferent LCZs of the city and its surroundings were analyzed based on
the calculated PET values on August 13" 2014.

From Fig. 3 the number of hours (h) W|th different thermal stress classes can be examined. It can be noticed
that heat stress classes (PET > 23 °C) are most frequent in built LCZs ranging from 15 h in low-rise LCZs (3 and
6) to 17 h in midrise LCZs (2 and 5). The heat stress classes are less frequent in sparsely built areas (LCZ 9)
followed by non-urban areas (LCZ D and LCZ A). Contrary to this, cold stress classes (PET < 18 °C) are most
frequent in non-urban (from 8 h in LCZ D to 9 h in LCZ A) and sparsely built LCZs (6 h). Built LCZs had fewer
occurrences of cold stress (e.g. 1 h in LCZ 2) compared to sparsely built and non-urban LCZs. The comfortable
level of human comfort sensation was noticed during nocturnal hours and ranged from 3 h in LCZ 5 (open
midrise) to 6 h in LCZ 2 (street canyon).
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Fig. 3. Distribution of PET classes (in hours) for different grades of thermal perception by human beings
(According to Matzarakis & Mayer 1996) in LCZs of Novi Sad on August 1 3" 2014.

The highest heat load is calculated for LCZ 2 at 13 UTC (PET = 45 °C) and the lowest for LCZ A at 4 UTC
(12.6 °C). When comparing average daily PET of every LCZ (APET,cz«,) obtained differences can suggest
similarity or contrasts of the thermal environment of LCZs. PET differences were smallest between LCZ 2 and 3
(0.2°C),LCZ6 and 3 (-0.4 °C), LCZ9 and D (0.7 °C), LCZ 5 and 2 (0.9 °C) and LCZ A and D (-1.7 °C). It can be
noticed that smallest differences occurred between subsequent LCZ classes (LCZ 2 and 3). In general, thermal
differences increased for dissimilar LCZs types (e.g. LCZ 2 and LCZ A) (Tab. 1). The warmest LCZ was open
midrise (LCZ 5) due to its micro-location on crossroads (Fig. 2) with high irradiation during the day.

Tab 1. Average difference between pairs of LCZ types APET, cz,., for August 1 3™ 2014 in Novi Sad. Differences
are presented as the LCZ type in column minus the LCZ type in row.

Stations 2-2 3-1 5-6 6-5 9-2 A-1 D-1
2-2 - -0.2 0.9 -0.7 -1.7 -4.2 -2.4
31 0.2 - 1.2 -0.4 -1.5 -3.9 -2.2
5-6 -0.9 -1.2 - -1.6 -2.6 -5.1 -3.4
6-5 0.7 0.4 1.6 - -1.0 -3.5 -1.8
9-2 1.7 1.5 2.6 1.0 - -2.5 -0.7
A-1 4.2 3.9 5.1 3.5 2.5 - 1.7
D-1 2.4 2.2 3.4 1.8 0.7 -1.7 -
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In order to quantify relative differences in diurnal thermal comfort between urban and non-urban areas, we
have compared hourly PET values in each selected LCZ with hourly PET values in LCZ D (low plants) (APET,cz.
p). Fig. 4 shows that all LCZs, in general, had higher PET values compared to LCZ D during late afternoon and
nocturnal hours. Maximum PET difference was 10.2 °C between LCZ 2 and LCZ D at 23 UTC. This suggests that
urban areas are substantially uncomfortable during the night compared to the low plant (rural) areas in the vicinity
of the city. In the early morning hours (7-8 UTC) all LCZs had smaller heat loads compared to LCZ D and this
continued until the midday hours for all LCZs except LCZ 3 and LCZ 5. LCZ D had higher heat loads (up to 8.8
°C) during the majority of the day when compared with LCZ A (dense trees).
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Fig. 4. Mean hourly PET differences between selected LCZs and LCZ D (APET,cz.p) in Novi Sad during the
tropical day (August 13", 2014).

3.3. Thermal comfort during icy day

December 31% was the coldest day in Novi Sad in 2014. Thermal comfort was characterized as "very cold"
(PET < 4 °C) during the whole day in all LCZs. The highest cold load was calculated for LCZ D at 23 and 00 UTC
(PET =-24.7 °C) and the lowest for LCZ 3 at 10 UTC (PET = -7.7 °C). Urban LCZs were warmer compared to the
LCZ D during the major part of the day with smaller diurnal temperature ranges. Maximum PET difference (9.6
°C) occurred between LCZ 2 and LCZ D in the period 5-6 UTC. Only in the period 11-13 UTC, majority of the
urban LCZs had lower PET compared to the LCZ D (Fig. 5).

Intra-urban analysis (APET,cz.,) for icy day showed that smallest difference (0.1 °C) in average daily PET
occurred between similar LCZs (e.g. LCZs 6 and 8). Largest difference of 6.3 °C occurred between urban and
non-urban LCZs (LCZ 2 and D) (Tab. 2).

Tab 2. Average difference between pairs of LCZ types APET, cz..,for December 31 2014 in Novi Sad.
Differences are presented as the LCZ type in column minus the LCZ type in row.

Stations 2-2 3-1 5-6 6-5 8-1 9-2 A-1 D-1
2-2 - -1.9 -1.6 -3.0 -3.1 -5.1 -5.6 -6.3
31 1.9 - 0.3 -1.1 -1.3 -3.2 -3.7 -4.4
5-6 1.6 -0.3 - -1.4 -1.5 -3.5 -4.0 -4.7
6-5 3.0 1.1 1.4 - -0.1 -2.0 -2.5 -3.2
8-1 3.1 1.3 1.5 0.1 - -2.0 2.4 -3.1
9-2 5.1 3.2 3.5 2.0 2.0 - -0.5 -1.2
A-1 5.6 3.7 4.0 2.5 2.4 0.5 - -0.7
D-1 6.3 4.4 4.7 3.2 3.1 1.2 0.7 -
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Fig. 5. Diurnal variation of human bioclimatic characteristics expressed via PET index in selected LCZs in Novi
Sad on icy day (December 31%, 2014).

4. Conclusions

The results presented here are to assess the human thermal comfort conditions in different LCZs during
extreme temperature days. The data originated from the urban climate monitoring system developed in Novi Sad
(Serbia). PET differences between subsequent LCZs are less than 1.6 °C and up to 5.1 °C for dissimilar LCZs on
tropical day. On icy day, PET differences are up to 2.0 °C between close LCZs and up to 6.3 °C between
dissimilar LCZs. Noticed differences in human thermal comfort conditions revealed that LCZs have unique
thermal conditions for humans that correspond to LCZs surface characteristics (e. g. building height and spacing,
pervious surface fraction). Results from this short-term study justified the division of urban areas into LCZs.
Nevertheless, further UHI and human thermal comfort investigations are needed in order to evaluate and improve
the proposed LCZ scheme.

Long-term studies of human thermal comfort from urban climate networks based on LCZ division could locate
heat stress, comfortable and cold stress areas in the cities. This would be a valuable contribution for urban
planning strategies in order to counterattack the adverse effects of urban climate and climate change.

Acknowledgment

The study was supported by the Hungary-Serbia IPA Cross-border Co-operation EU Programme
(HUSRB/1203/122/166 — URBAN-PATH) and the Serbian Ministry of Education, Science and Technological
Development (project no. 43002). We want to thank Vladimir Markovi¢ for his contribution in making some of the
Figures.

References

Alexander J.P., Mills G., 2014: Local Climate Classification and Dublin's Urban Heat Island. Atmosphere, 5, 755-774

EMC, 2001: The GFS Atmospheric Model. NCEP Office Note 442, 14 p

Fenner D., Meier F., Scherer A., Polze A., 2014: Spatial and temporal air temperature variability in Berlin, Germany, during
the years 2001-2010. Urban Climate, 10, 308-331

Gal T., Unger J., 2009: Detection of ventilation paths using high-resolution roughness parameter mapping in a large urban
area. Build Environ, 44, 198-206

Héppe P. 1999: The Physiological Equivalent Temperature - A Universal Index for the Biometeorological Assessment of the
Thermal Environment. Int J Biometeorol, 43-2, 71-75

Kottek M., Grieser J., Beck C., Rudolf B., Rubel F., 2006: World map of the Képpen-Geiger climate classification updated.
Meteorol Z, 15, 259-263

Leconte F., Bouyer J., Claverie R., Petrissans M., 2015: Using Local Climate Zone scheme for UHI assessment: Evaluation of
the method using mobile measurements. Build Environ, 83, 39-49

Lehnert M., Geleti; j., Husak J., Vysoudil M., 2014: Urban field classification by "local climate zones" in a medium-sized
Cebtral European city: the case of Olomouc (Czech Republic). Theor Appl Climatol, DOl 10.1007/s00704-014-1309-6



ICUCS9 - 9" International Conference on Urban Climate jointly with 12" Symposium on the Urban Environment

Matzarakis A., Mayer H., 1996: Another kind of environmental stress: Thermal stress. WHO Newsletter 18: 7-10

Matzrakis A., Rutz F., Mayer H., 2007: Modelling radiation fluxes in simple and complex environments: application of the
RayMan model. Int J Biometeorol, 51, 323-334

Mayer H., Héppe P., 1987: Thermal comfort of man in different urban environments. Theor Appl/ Climatol, 38, 43-49

Michalakes, J., J. Dudhia, D. Gill, T. Henderson, J. Klemp, W. Skamarock, and W. Wang, 2004: The Weather Reseach and
Forecast Model: Software Architecture and Performance, to appear in proceedings of the 11th ECMWF Workshop on the
Use of High Performance Computing In Meteorology, 25-29 October 2004, Reading U.K. Ed. George Mozdzynski

Middel A., Hab K., Brazel A. J., Martin C.A., Guhathakurta S., 2014: Impact of urban form and design on mid-afternoon
microclimate in Phoenic Local Climate Zones. Landscape and Urban Planning, 122, 16-28

Puliafito S., Bochaca F., Allende D., Fernandez R., 2013: Green areas and microscale thermal comfort in arid environments:
A case study in Mendoza, Argentina. Atfmos Clim Sci, 3, 372-384

Savi¢ S., MiloSevi¢ D., Lazi¢ L., Markovi¢ V., Arsenovi¢ D., Pavi¢ D., 2013: Classifying urban meteorological stations sites by
"Local Climate Zones": Preliminary results for the City of Novi Sad (Serbia). Geographica Pannonica, 17-3, 60-68

Stewart I.D., Oke T.R., 2012: Local Climate Zones for urban temperature studies. Bulletin of American Meteorological Society,
93, 1879-1900

Stewart I.D., Oke T.R., Krayenhoff E.S., 2014: Evaluation of the "local climate zone" scheme using temperature observations
and model simulations. Int J Climatol, 34, 1062-1080

Unger J., Savi¢ S., Gal T., 2011: Modelling of the Annual Mean Urban Heat Island Pattern for Planning of Representative
Urban Climate Station Network. Advances in Meteorology, doi:10.1155/2011/398613

Unger J., Savic S., Gal T., Milosevic D., 2014: Urban climate and monitoring network system in Central European cities. Novi
Sad (ISBN: 987-86-7031-341-5), 101 p



