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Osszefoglalas - A tanulmany a beépitett varosi felszin és a felszinkozeli 1égtér hdmérsékleti eloszlasa kozotti
kapcsolatot elemzi egy kozepes méretii varos, Szeged esetében. A varos sik, alfoldi teriileten fekszik és lakosainak
szama 160 ezer. Az adatgyiijtés kiilonboz6 iddjarasi helyzetekben, mobil mérésekkel tortént 1999. marcius és
2000. februar kozott. A vizsgalat célja az atlagos maximalis varosi hésziget teriileti szerkezetének megallapitasa
kriging eljarassal megszerkesztett izovonalak segitségével az egy éves periddusban, valamint az ezen beliil
megkiilonboztetett fiitési és nem fiitési idoszakokban. Az eredmények szerint a varosi hémérsékleti tobblet
izotermai meglehetdsen szabalyos, méghozza a kiilteriilettdl a belvaros felé ndvekedd koncentrikus alakot vesznek
fel, de a hésziget erdsségében megfigyelheté egy évszakos valtozas. A legnagyobb érték az egész iddszakban tobb
mint 2,6°C, a nem fiitési periodusban tobb mint 3,1°C és a fiitési periddusban pedig tobb mint 2,1°C. A
szabalyossagtol valo eltérések szoros kapcsolatban vannak a beépitettség mértékével.

Summary - This study examines the influence of urban factors on the surface air temperature field of the medium-
sized city of Szeged, Hungary, using of mobile measurements under different weather conditions between March
1999 and February 2000. This city with a population of about 160,000 is situated on a low, flat flood plain. The
efforts have been concentrated on investigating the maximum development of the urban heat island (UHI). Tasks
include the determination of spatial distribution of mean maximum UHI intensity, using of standard kriging
procedure in the one-year study period, as well as in the heating and non-heating seasons. The results indicate
isotherms increasing in regular concentric shapes from the suburbs toward the inner urban areas with a seasonal
variation in the UHI magnitude. In the city centre, the mean maximum UHI intensity reaches more than 2.6°C,
3.1°C and 2.1°C, respectively. As the patterns show, strong relationship exists between urban thermal excess and
built-up density.

Key words: maximum urban heat island, mobil measurements, spatial distribution, grid
network, built-up density, heating and non-heating seasons

INTRODUCTION

The temperature-increasing effect of cities caused by urbanisation (the so-called
urban heat island - UHI) is one of the most deeply examined field of climatology. Features
of the UHI are well documented from different cities mainly from the temperate zone (e.g.
Oke, 1997; Kuttler, 1998) and one of the most difficult aspect of this phenomenon is
studying of its peak development during the diurnal cycle.

Counting all weather conditions except rain, the main purpose of this study is to
investigate the effects and interactions inside the city on the surface air temperature, a few
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hours after sunset when the UHI effect is most pronounced. To achieve this aim, we
construct horizontal isotherm maps to show the average spatial distribution of maximum
UHI intensity in the investigated period, as a whole and in the distinguished so-called
heating and non-heating seasons. Then, we intend to reveal some obvious relationships
between temperature patterns and urban factors using built-up (artifically covered surface)
ratio within the city.

Further results - connected to the statistical elaboration of the same data set used in
this study - can be found in the second part of our investigation (Unger et al., 2001).

STUDY AREA AND METHODS

Szeged is located in the south-eastern part of Hungary on the Great Hungarian Plain
(46°N, 20°E) at 79 m above sea level. The terrain of the city and its countryside is a large
flat flood plain. The Tisza River passes through the city, otherwise, there are no large water
bodies nearby. This geographical situation (no orographic climate influences) makes
Szeged a good case for the study of a relatively undisturbed urban climate. Using K&ppen's
classification the area belongs to the climatic region Cf, which means a temperate warm
climate with a rather uniform annual distribution of precipitation (7able I). The regional
climate of Szeged has, however, a certain Mediterranean influence. It appears mainly in the
annual variation of precipitation, namely in every 10 years approximately 3 years show
some Mediterranean (relatively high autumn-winter rainfall) characteristics (Unger, 1999).

The city's population of 160,000 (1998) lives within an administration district of 281
km?® (Firbds, 1999). As for the city structure, its basis is a boulevard-avenue road system.
Number of different land-use types are present including a densely built centre with
medium wide streets and large housing estates of tall concrete blocks of flats set in wide
green spaces. Szeged also contains areas used for industry and warehousing, zones
occupied by detached houses, and considerable open spaces along the banks of the river, in
parks and around the city's outskirts (Fig. ).

Table 1 Monthly and annual means or sums of meteorological parameters in the region of Szeged
(1961-1990)

Parameter J | F | M| 4 M J J A S O | N| D | Year

Temperature (°C) -1.8(1.0(56(11.1]16.2(19.2]20.8|20.2|164|11.0(5.1]0.6| 10.4

Precipitation (mm) 29 257129 ] 40 | 51 | 72 | 50 | 60 | 34 [ 26 | 41| 40 | 497

Sunshine duration (h) | 62 | 87 [ 143 | 181 | 235 | 252 | 288 | 267 | 211 | 170 | 82 | 51 | 2029

Cloudiness (%) 70 |68 63 | 60 | 58 | 54 | 45 | 42 | 45 | 49 [ 69| 76| 58

Wind speed (ms™) 3313414037 (32292927 ]26]30]3.0(3.7| 32

Relative humidity (%) | 85 [ 82| 73 | 68 | 66 | 67 | 65 [ 67 | 70 | 73 |83 |87 | 74

Vapour pressure (hPa)| 49 16.5] 6.8 | 8.9 |123| 15 | 16 [15.8|13.2] 9.8 |7.6[5.8] 10.1

As the urban and suburban areas occupy only about 25-30 km?, our investigation
focused only on the inner part of the administration district (Fig. 7). This study area was
divided into two sectors and subdivided further into 0.5 km x 0.5 km square grid cells (Fig.
2). The same grid size was employed, for example, in a human bioclimatological analysis
of Freiburg, Germany, a city of similar size to Szeged (Jendritzky and Niibler, 1981) and in
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an other investigation of UHI in Seoul, Korea (Park, 1986). Sailor (1998) chose a 2 km x 2
km network for his hypothetical city, where he simulated the impacts of vegetative
augmentation on the annual heating and cooling degree days.
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Fig. 1 Characteristic land-use types and road network in Szeged: (a) road, (b) circle dike, (c) border of the study
area, (d) agricultural and open land, (e) industrial area, (f) 1-2 storey detached houses, (g) 5-11 storey apartment

buildings and (h) historical city core with 3-5 storey buildings
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Fig. 2 Division of the study area into 0.5 km x 0.5 km grid cells: (a) northern sector, (b) southern sector, (c)
overlap area and (d, e) measurement routes. The rural and central grid cell are indicated by R C, respectively and
the permanent measurement site at the University of Szeged is indicated as e.
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Therefore, our grid network can be regarded as a rather dense one. In the study area
there are 107 grid cells totalling 26.75 km?®, covering the urban and suburban parts of
Szeged (mainly inside of the circle dike that protects the city from floods caused by the
Tisza River). The outlying parts of the city, characterised by village and rural features, are
not included in the grid except for four cells at the western side of the area. These four cells
are needed in order to determine the temperature contrast between urban and rural areas.
The grid was established by quartering the 1 km x 1 km square network of the Unified
National Mapping System (EOTR) that can be found on topographical maps of Hungary at
the scale of 1:10,000.

The examination of the spatial and temporal distribution of surface air was based on
mobile observations during the period of March 1999 - February 2000. In case of surface
UHI and near surface air UHI investigations, the moving observation with different
vehicles (car, tram, helicopter, airplane, satellite) is an often used process (e.g. Johnson,
1985; Yamashita, 1996; Voogt and Oke, 1997; Klysik and Fortuniak, 1999; Tumanov et al.,
1999).

In order to collect data on maximum UHI intensity (namely the temperature
difference between urban and rural areas) at every grid cell, mobile measurements were
performed on fixed return routes once a week during the studied period (altogether 48
times) to accomplish an analysis of air temperature over the entire area. This one-week
frequency of car traverses secured sufficient information on different weather conditions,
except for rain. Table 2 contains the details of the one-year measurement campaign.

The division of the study area into two sectors was needed because of the large
number of grid cells. The northern and southern sectors consisted of 59 grid cells (14.75
km?) and 60 grid cells (15 km?) respectively, with an overlap of 12 grid cells (3 km?). The
lengths of the fixed return routes were 75 and 68 km in the northern and southern sectors,
respectively and took about 3 hours to traverse (Fig. 2 and Table 2). Such long and return
routes were necessary to gather temperature values in every grid cell and to make time-
based corrections. Temperature readings were obtained using a radiation-shielded LogIT
HiTemp resistance temperature sensor (resolution of 0.01°C), which was connected to a
portable LogIT SL data logger (DCP Microdevelopments and SCC Research) for digital
sampling inside the car. Since the data were collected every 16 s, at an average car speed of
20-30 km h' the average distance between measuring points was 89-133 m. The
temperature sensor was mounted 0.60 m in front of the car at 1.45 m above ground to avoid
engine and exhaust heat. This is similar to the measurement system used by Ripley et al.
(1996) in Saskatoon, Saskatchewan. The car speed was sufficient to secure adequate
ventilation for the sensor to measure the momentary ambient air temperature (Fig. 3).

After averaging the measurement values by grid cells, time adjustments to the
reference time were applied assuming linear air temperature change with time. This linear
change was monitored using the continuous records of the permanent automatic weather
station at the University of Szeged (Fig. 2). The linear adjustment appears to be correct for
data collected a few hours after sunset in urban areas. However, because of the different
time variations of cooling rates, it is only approximately correct for suburban and rural
areas (Oke and Maxwell, 1975). The reference time, namely the likely time of the
occurrence of the strongest UHI, was 4 hours after sunset (in CET - Central European
Time, see Table 2), a value based on earlier measurements in 1998 and 1999 (Boruzs and
Nagy, 1999). Consequently, every grid cell of 59 in the northern sector or every grid cell of
60 in the southern sector can be characterised by one temperature value for every
measuring night. These temperature values refer to the centre of each cell.

8



Urban temperature excess as a function of urban parameters in Szeged, Part 1: Seasonal patterns

Table 2 Survey of mobile measurements in the study area of Szeged (March 1999 - February 2000)

Sector No. Date Measuring | Reference Number of
period time (CET) measuring points
northern 1 02.03.1999 2h 56m 2130 663
2% 09.03.1999 - 2130 -
3* 31.03.1999 - 2200 -
4 15.04.1999 3h 09m 2230 708
29/30.04.1999 3h 04m 2245 686
6 13/14.05.1999 3h 05m 2300 692
7 25/26.05.1999 3h 15m 2315 731
8 09/10.06.1999 3h 16m 2330 736
9 23/24.06.1999 3h 07m 2330 699
10 05/06.07.1999 3h 12m 2330 700
11 21/22.07.1999 3h 19m 2330 763
12 03/04.08.1999 3h0lm 2315 666
13 17/18.08.1999 3h 04m 2245 682
14 29.08.1999 2h 59m 2230 669
15 14.09.1999 3h 07m 2200 699
16 29.09.1999 3h 12m 2130 719
17 12.10.1999 3h 14m 2100 725
18 26.10.1999 3h 12m 2030 717
19 12.11.1999 3h 10m 2015 711
20 06.12.1999 3h 08m 2000 701
21 07.12.1999 2h 59m 2000 668
22 04.01.2000 3h 08m 2000 704
23 14.01.2000 3h 04m 2015 689
24 19.01.2000 3h 05m 2030 691
25 01.02.2000 3h 05m 2045 693
26 15.02.2000 3h 06m 2100 694
southern 1 16.03.1999 3h 03m 2145 683
2 23.03.1999 3h 00m 2200 673
3 06.04.1999 2h 52m 2215 643
4 20.04.1999 2h 55m 2230 652
5 10/11.05.1999 2h 47m 2300 624
6 19/20.05.1999 2h 47m 2315 624
7 01/02.06.1999 3h 09m 2330 707
8 15/16.06.1999 3h 18m 2330 695
9 29/30.06.1999 2h 59m 2330 661
10 13/14.07.1999 2h 56m 2330 657
11 31.07/01.08.1999 3h 00m 2315 674
12 09/10.08.1999 3h 02m 2300 673
13 24.08.1999 2h 51m 2230 628
14 07.09.1999 2h 54m 2215 650
15 20.09.1999 2h 50m 2145 636
16 07.10.1999 2h 59m 2115 670
17 18.10.1999 2h 58m 2045 666
18 02.11.1999 3h 04m 2030 689
19 18.11.1999 3h 05m 2000 698
20 01.12.1999 2h 57m 2000 659
21 18.12.1999 2h 50m 2000 636
22% 11.01.2000 - 2015 -
23 25.01.2000 2h 48m 2030 630
24%* 03.02.2000 - 2045 -
25 08.02.2000 2h 54m 2100 649
26 22.02.2000 3h 00m 2115 672

* no data available because of technical difficulties
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Fig. 3 The measurement car with the temperature sensor (under the white cover)

We determined urban-rural air temperature differences (UHI intensity) by cells
referring to the temperature value of the grid cell (the most western cell in the investigated
area), where the synoptic weather station of the Hungarian Meteorological Service is
located. This grid cell (labelled R) containing this station was regarded as rural (Fig. 2),
because the records of this station were used as rural data in the earlier studies on the urban
climate of Szeged (e.g. Unger, 1996, 1999). The 107 points (the above mentioned grid cell
centerpoints) cover the urban parts of Szeged and they provide an appropriate basis to
interpolate isolines. The isolines, therefore, can show detailed descriptions of thermal field
within the city at the time of the strongest effects of urban factors. In order to draw the
isotherms, a geostatistical gridding method, the standard kriging procedure was used.

The parameters of land-use for the grid cells were determined by GIS (Geographical
Information System) methods combined with remote sensing analysis of SPOT XS images
(Mucsi, 1996). Vector and raster-based GIS database were produced in the Applied
Geoinformatics Laboratory of the University of Szeged. The digital satellite image was
rectified to the EOTR using 1:10,000 scale maps. The nearest-neighbour method of
resampling was employed, resulting in a root mean square value of less than 1 pixel.
Because the geometric resolution of the image was 20 m x 20 m, small urban units could be
assessed independently of their official (larger scale) land-use classification. Normalised
Vegetation Index (NDVI) was calculated from the pixel values, according to the following
equation:

NDVI = (IR-R)/(IR+R)

where /R is the pixel value in the infrared band and R is the pixel value in the red band. The
range of NDVI values is from -1 to +1 indicating the effect of green space in the given
spatial unit (Lillesand and Kiefer, 1987). Built-up, water, vegetated and other surfaces were
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distinguished according to the NDVT value. The spatial distribution of these land-use types
of each grid element was calculated using cross-tabulation.

The ratio of the built-up area to the total area by grid cells in 25% increments is
displayed in Fig. 4. This figure shows, that, for example, the location of the Tisza River
(low built-up ratio) is clearly recognised with its east-to-south curve in the south-eastern
part of the study area (see also Fig. I).

SPATIAL DISTRIBUTION OF THE MAXIMUM UHI

In this part of the investigation not only the one-year period will be investigated, but
within this period we distinguish the so called heating (between 16 October and 15 April)
and non-heating (between 16 April and 15 October) seasons.

It can be seen in Figs. 4, 5 and 6 that built-up density has a significant influence on
the spatial patterns of the mean maximum UHI intensity (which is at 4 hours after sunset as
supposed). The most obvious common features of these patterns are that the isotherms
show almost regular concentric shapes with values increasing from the outskirts toward the
inner urban areas. A vigorous deviation from this concentric shape occurs in the north-
eastern part of the city, where the isotherms stretch toward the suburbs. This can be
explained by the influence of the large housing estates with tall concrete buildings located
mainly in the north-eastern part of the city with a built-up ratio higher than 75% (Fig. I).

For the one-year period (Fig. 4), as it was expected, the highest differences (more
than 2.5°C) are concentrated mainly in the densely built-up city centre (>75%) covered by
about 2.5 grid cells (about 0.6 km?). The strongest intensity (2.60°C) occurs in the central
grid cell (C). A mean maximum UHI intensity of higher than 2°C indicates significant
thermal modification. In this period in Szeged, the extension of the area, characterised by
significant thermal modification, is about 19 grid cells (4.5-5.0 km?®), which is about 18% of
the total investigated area.

In the non-heating season, the spreading out of the isolines of 2.25°C and 2.5°C to
the north-west of the centre, and the isolines of 1.5°C and 1.75°C to the south-west are also
caused by the high built-up ratio of more than 75% (Fig. 5). The highest differences (more
than 2.75°C) are concentrated in the densely built-up city centre (>75%) covered by about 8
grid cells (2 km?). The greatest intensity (3.18°C) is to the north of the central grid cell (C)
in an adjacent cell. The mean maximum UHI intensity of higher than 2°C relatively large
compared to the size of the study area. It covers about 40 grid cells (10 km?), which is
about 37% of the investigated area.

In the heating season, the high built-up ratio of more than 75% also caused the
streching out of the isoline of 1.5°C to the north-west, and the isolines of 1°C and 1.25°C to
the south-west (Fig. 6). The highest differences (more than 2°C) are concentrated in the city
centre (>75%), covered by less than 2 grid cells (0.5 km?), which is only about 2% of the
total area. The strongest intensity (2.12°C) occurs in the central grid cell (C).
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Fig. 4 Spatial distribution of the mean maximum UHI intensity (°C) and built-up density of the study
area by grid cells (ratio of the built-up area to the total cell area: a/ 0-25%, b/ 25-50%, ¢/ 50-75% and
d/ 75-100%) during the studied one-year period (March 1999 - February 2000) in Szeged
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Fig. 5 Spatial distribution of the mean maximum UHI intensity (°C) during the non-heating season

(16 April - 15 October) in Szeged
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Fig. 6 Spatial distribution of the mean maximum UHI intensity (°C) during the heating season
(16 October - 15 April) in Szeged

CONCLUSIONS

The seasonal spatial distribution of the maximum urban heat island and its
relationship with built-up density is investigated in the present study. The results indicate
that:

o The spatial patterns of the maximum UHI intensity have regular concentric shapes and
the isotherms increase from the outskirts towards the central urban areas in all the
three studied periods.

e The anomalies in the regularity are caused by the alterations in the built-up density.

o There are significant differences in the magnitudes of the seasonal (heating and non-
heating) patterns. The area of the mean maximum UHI intensity of higher than 2°C -
indicates significant thermal modification caused by urbanisation - is 18 times larger
in the non-heating than in the heating season (2% and 37%, respectively).

The seasonal differences may be formed rather as a consequence of different
weather characteristics in the two seasons than as a consequence of heating or non-heating
of inhabitants. This explanation is supported by Klysik and Fortuniak (1999) who found
similar differences in the UHI intensities between warm and cold seasons in L6dz, Poland.
As in Poland, in Hungary (particularly in the Szeged region) the climate conditions in
winter, conducive to the formation of UHI, are less common (Table 1). Thus, the role of
appropriate weather conditions (stronger solar radiation income, more frequent clear sky
and weak wind in the warmer, therefore non-heating season) is more pronounced in the
development of UHI than the building heating in urban areas. Consequently, in case of
Szeged, the significance of artifical heating in the development of UHI is rather limited.
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