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Summary: Urban areas considerably vary in land coverage, emission of pollutants and anthropogenic heat release
from the natural surroundings. As a result, an alteration of meteorological variables (e.g. temperature, wind,
moisture) is detected in the cities, which can fundamentally be observed with three methods: in-situ measurements,
numerical mesoscale meteorological models and remote sensing products. In this work, a satellite imagery (single-
channel algorithm) technique was utilized to investigate the spatial distribution of land surface temperature (LST)
and normalized vegetation index (NDVI) for the capital city of Hungary. The high-resolution thermal infrared band
(60 m) of Landsat 7 ETM+ (Enhanced Thematic Mapper Plus) provides a powerful tool to categorize different land
cover zones and to determine the thermal properties of land surface. Two dates (2 and 18 August 2014) and 11 Local
Climate Zones (LCZs) were selected to take into consideration the progress of vegetation and the dissimilarity of
land coverage in LST modification. The results suggest that the presence of vegetation leads to a significant LST
reduction. For instance, the thermal contrast between the LCZs of compact midrise (NDVI: 0.15) and dense trees
(NDVI: 0.73) passed 40 °C on 02 August, 2014. On average, the LST approached 40 °C in case of three LCZs
(compact midrise, compact low-rise, open midrise) and for 9% of the total study area.

Key words: Land surface temperature, Normalized Difference Vegetation Index, Landsat 7 ETM+, Local Climate
Zones, Single-channel Algorithm, NDVI Threshold Method

1. INTRODUCTION

After the industrial revolution, the population started to increase explosively, and this
process caused a rapid urbanization. Whilst 3% of the global population lived in urban areas
in the 1800s, nowadays this ratio exceeds 50%. The tendency will likely continue in the
forthcoming decades: according to some estimations (e.g. UN 2015), the expansion of urban
areas can reach 66% by the 2050s. Urbanization contributes to the change of land-use and
environmental factors. The natural landscape being replaced by artificial materials generated
a remarkable change in physical features: roads, pavements have lower albedo, higher
volumetric heat capacity and thermal conductivity compared to the natural sites.

The modification of the surface energy balance can also be observed in the urban
areas. Because of the lower albedo, less incoming (shortwave) radiation is reflected from the
ground, thus more heat (energy) is stored in the urban fabric. The reflected shortwave beam
is strongly absorbed and backscattered by the pollutants. Long wave components are also
attenuated by the absorbtion and re-emission of the aerosol particles. Traffic, industry,
domestic energy usage (heating, cooling, cooking etc.) induces a large quantity of
anthropogenic heat (AH) emission. Emission of stored and anthropogenic heat leads to an
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energy surplus in the inner cities. Subsequently, a temperature difference occurs between the
urban and rural areas, which is named the urban heat island (UHI) phenomenon. As reported
by most studies (e.g. Miao et al. 2009, Wang et al. 2013, Chen et al. 2014), the proportion of
AH release in a heat island may attain 30% depending on the land cover categories.

UHI is mostly developed under anticyclonic synoptic conditions, when the wind speed
is low and the insolation is not interrupted by clouds. As a result of complex physical
processes, the magnitude and the behavior of vertical heat island are diversified in the urban
boundary layer. Features of the surface heat island (SUHI) depend on the amount of incoming
radiation, hence the largest intensities can be found in summer at daytime, while the
conventional (canopy layer) heat island is strongest at nighttime due to the heat emission
from artificial materials. The frequency of heat waves tends to be higher in the forthcoming
decades (Field et al. 2014). The existing heat island increases, even more enhancing the
thermal load during the heat wave periods proportionally to the city-size (Gosling et al. 2007).
The other significant environmental problem is the photochemical transformation of
precursors (e.g. nitrogen-oxides, carbon monoxide, VOC). Consequently, the mortality rate
of urban habitants becomes larger afterwards (WHO 2004), which urges the decision-makers
to assign a reason to mitigation strategies. One of the most productive approach is the
establishment of green areas. Vegetation lowers the temperature by the shading effect and
reduces the air pollution by the stomatal exchange of CO,/O,. By the biophysical process of
evapotranspiration, plants distract latent heat from the environment cooling their local area
as well. Besides these direct effects, the greenery lowers the emission of pollutants by
decreasing the energy consumption of AC systems. The advancement of remote sensing has
opened a new dimension in the urban environment- and vegetation-related investigations.
Nowadays, large datasets are available for scientific and educational purposes, because the
satellites guarantee high-resolution and continuous data even where field observations are
not applicable or do not exist.

Numerous researches examine the connection between the NDVI and the LST using
Landsat 7 ETM+ data. Mallick et al. (2008) found reasonably strong relationship between
the two variables. The land cover category of dense vegetation (forest) and high dense built-
up showed the highest (R?=-0.752) and the lowest (R?>=-0.394) correlation in Delhi (India).
Alipour et al. (2008) compared the mono-window algorithm of Qin et al. (2001) and the
single-channel method of Jimenez-Munoz and Sobrino (2003). The results argued that both
algorithms captured the LST distribution well with an irrelevant difference (AR?=0.06).
Senanayake et al. (2013) introduced the Environmental Criticality Index (ECI) based on the
ratio of LST and NDVI. ECI presented inverse proportion to NDVI, thus the areas with lack
of vegetation might have high ‘environmental criticality’. Walawender et al. (2014)
confirmed that the land-cover characteristics (e.g. shape of buildings, availability of
vegetation) are the most decisive circumstances in the spatial distribution of LST. They
emphasized that the largest influence on LST can be observed at the end of the vegetation
period, when the greenery is greatly developed.

Urban environment research has been conducted in Budapest since the 1970s (Probald
1974, 2014). The studies have generally been focused on the comparison of in-situ
measurements and satellite observations. In the work of Pongracz et al. (2010), a
Terra/MODIS (Moderate Resolution Imaging Spectroradiometer) dataset was employed to
study the thermal conditions in Budapest and other Central European cities (e.g. Belgrade,
Bucharest, Milan, Munich, Sofia, Vienna, Warsaw, Zagreb). The largest SUHI appeared in
summer at nighttime; the monthly mean values reached 3—4 °C in Budapest. Fricke et al.
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(2014) investigated the relationship between LST and vegetation-cover on the district-scale.
MODIS measurements indicated that the SUHI was, on average, 1.5-2 °C higher in the
urbanized territories than in the encircling forests. Gabor and Jombach (2009) classified the
land surface of Budapest into 14 classes and calculated LST and NDVI using Landsat 5 TM.
The study showed that the highest LSTs were found in the categories of Intensive residential,
Commercial and railway junctions. In addition, the average temperature difference achieved
14 °C between Woodland and Commercial classes.

The main objective of our investigation is to analyze the role of greenery in thermal
load reduction by the comparison of NDVI and LST distribution in Budapest. To the best of
the author’s knowledge, Landsat 7 ETM+ data have not been applied to similar investigations
yet, therefore this work aims to provide a beneficial basis for further research. In this study,
after a short review of urban environment, the study area and the operation of Landsat 7
ETM+ are described in Section 2. Then the article gives a short explanation about the
calculation of NDVI and LST using the images of red, near infrared and thermal infrared
bands. Finally, maps and cross-section diagrams are represented to understand the spatial
pattern of NDVI and LST distribution for the 11 Local Climate Zones (LCZs) (Stewart and
Oke 2012) of Budapest.

2. MATERIALS AND METHODS

2.1. Description of the study area

Budapest (47,5°N, 19°E) is located in the Carpathian Basin in the northern part of
Hungary with an area of 525.2 km?. 1.76 million people have been living in the largest city
of Hungary recently, but the population has decreased by 10% in the last 2 decades (Census
of Hungary 2013). Budapest is surrounded by Pilis Mountainss and Szentendre Island in the
north, Pesti Plain and G&dol16 Hills in the east, Csepel Island in the south and Tétény Uphill
and Buda Hills in the west. The river Duna splits the city into two parts and creates the Obuda
Island, Margaret Island, Csepel Island. Buda Hills, the westernmost part of the study area
contain steep hills (the highest point is 528 m), whilst on the east side of Duna River the relief
is insignificant. The climate of Budapest is Cfb (Maritime temperate) and Dc (Temperate
continental) according to Képpen and Trewartha (K&ppen 1923, Peel et al. 2007) with a mean
annual temperature and a precipitation of 11.3 °C and 533 mm, respectively.

11 Local Climate Zones were distinguished on the basis of the land cover of Budapest,
following the work of Stewart and Oke (2012). This technique is based on uniform geometric
(sky view factor, aspect ratio, building surface fraction, impervious surface fraction, natural
surface fraction, pervious surface fraction, height of roughness elements, terrain roughness
class) and thermal/radiative/metabolic (surface admittance, surface albedo, anthropogenic
heat output) properties of a local (few kilometer expanse) area. The LCZ technique employs
three aspects during the classification process (built types, land cover types, variable land
cover properties) creating 20 categories (see more in Stewart and Oke 2012). Budapest was
classified into 11 LCZs (Table 1) of which the largest is the LCZ of large low-rise (25.9%).
The historical city center and its narrow environment are dominated by commercial and
residential buildings with continuous urban fabric (compact midrise, compact low-rise).
Large low-rise, open midrise and open low-rise categories are located in the outer residential
belt, where the vast majority of the population lives. The southeastern and the southwestern
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part of the city includes meadows, arable lands and agricultural areas (low plants, bare soil).
The largest continuous forests are placed in the Buda Hills (dense trees), and remarkable
vegetation is found in the major parks of Budapest (scattered trees: Orczy-park, Népliget,
Varosliget).

Local Climate Zones
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Fig. 1 Spatial distribution of the LCZs and the situation of the northwest-southeast and southwest-
northeast cross-sections (detailed in Chapter 3.3.) in Budapest. The markers denote those places that

have been numbered in Fig. 4 and Fig. 5

Table 1 Extension of the Local Climate Zones in Budapest

LCZ LCZ name Percentage of area
LCZ2 compact midrise 1.1
LCZ3 compact low-rise 2.4
LCZ 4 open midrise 5.6
LCZ5 open low-rise 19.7
LCZ 8 large low-rise 25.9
LCZ9 sparsely built 6.3
LCZ A dense trees 152
LCZB scattered trees 9.6
LCZD low plants 10.5
LCZF bare soil 1.1
LCZ G water 2.9

2.2. Description of the meteorological data and the Landsat 7 ETM+ satellite

As a result of the USGS (United States Geology Survey) data policy, Landsat 7 data
can be downloaded free of charge since 1 October, 2008. The images are geometrically and
radiometrically corrected in order to take the geolocation and the systematic (sensor) errors
into account. In order to represent the urban effect and the peak period of vegetation, two
distinct dates were chosen (2 and 18 August 2014). On both days, high-pressure formation
dominated the Carpathian Basin. The maximum of 2-m temperature exceeded 25 °C
(2 August: 31.9 °C; 18 August: 25.4 °C) and no precipitation occurred. The low cloud
fraction (0 octa during the observations) favored for high insolation, therefore strong SUHI
could be formed.

The Landsat satellites were constructed to satisfy various scientific interests in the
field of agriculture, forestry, geology and meteorology. They have been operating since 1972,
when the Landsat 1 was launched. Data acquisition of Landsat 7 has been started on 15 April
1999 on-board with the ETM+ (Enhanced Thematic Mapper Plus) sensor. Landsat 7 is on
sun-synchronous orbit (inclined 98.2°) and supplies a temporal resolution of 16 days. ETM+
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was originally developed for Landsat 6 and contains several improvements compared to the
previous sensor (TM — Thematic Mapper; Landsat 4 and Landsat 5). This sensor possesses a
new panchromatic band and a refined thermal infrared band with the spatial resolutions of 15
m and 30 m respectively and it consists of eight bands altogether. The scan line corrector
(SLC) of ETM+ malfunctioned on 31 May 2001 resulting data-free black strips at the edge
of images and about 22% data-loss for each pass (Chandler et al. 2009). A large number of
methods (Storey et al. 2005 Zhang et al. 2007, Zeng et al. 2013) were constructed in order to
recover missing pixels (e.g. kriging local histogram comparison method, weighted linear
regression method, triangulation method) based on statistical comparison of the existing and
the absent values.

2.3. Calculation of NDVI and LST

First, every pixel from the downloaded images was converted from DN (digital
number) to spectral radiance (L) in order to receive measurable physical quantities Egs. 1,
2, 3. Before the calculation of spectral radiance, the theoretical maximum and minimum of
digital numbers and spectral radiances have to be estimated with post-calibration creating the
gain (G) and the bias (B) parameters.

— Lmaxi_Lminl (1)
DNmax_DNmin

B:Lmini_G.DNmin (2)

L,=G-DN-B 3)

In order to determine the NDVI, the spectral radiance has to be converted into spectral
reflectance (4) by employing the following equation for the red (0.631-0.692 pm) and the
near infrared bands (0.772—0.898 um):

z-L,-d’
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The sun elevation angle (6s), the mean solar irradiance and the mean Sun-Earth
distance (d) were obtained from metadata. The vegetation reacts separately for the different
wavelength of electromagnetic radiation. The leaf pigments (chlorophyll) absorb the red (and
the blue) portion of visible spectrum, while the near infrared part is reflected. It is worth
noting that the phenological phase and the environmental conditions (heat and moisture
stress) are primary factors in shaping the rate of reflection. In autumn, the leaves reflect less
NIR (and more visible) radiation than in spring. Myriads of investigations (Jordan 1969,
Rousse et al. 1974, Gitelson 2004) aimed to capture the step of reflection at the border of
NIR and red spectrum of electromagnetic radiation. One of the most common index is NDVI,
which can be estimated with this expression:

NDVI = Puir ~ Prep. ©))
Prep T Pk

The land surface emissivity (6) expresses the ability of thermal energy emission for a
given material, thus this parameter is required to calculate the land surface temperature. Since
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both the NDVI and the LSE are interpreted as a characteristic of land cover, the emissivity
can be predicted with this vegetation index producing the so-called NDVI Threshold Method
(hereinafter THM) (Sobrino et al. 2004). THM uses predetermined values of emissivity and
NDVI for soil (¢4=0.92, NDVI=0.2) and vegetation (£,,=0.99, NDVI,=0.5). To take the
water and urban surfaces into consideration, new LSE values (€,=0.96, £,~0.92) were
introduced.

&, NDVI<NDVI,
g, =1¢,+(s,—&,)P, NDVI,< NDVI < NDVI, (6)
&, NDVI <NDVI,

The P, term (7) is the fractional vegetation cover on mixed land cover areas (Carlson
and Ripley 1997), and ranging from 0 (NDVI=NDVI) to | (NDVI=NDVI,):

(7

v
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NDVI, ~ NDVI,

Sobrino et al. (2008) found that the THM underestimates the emissivity of water,
snow, ice and rocks. To consider the limitation of method for water bodies, a new emissivity
value (0.97) was set, when NDVTI is less than -0.3. Besides the THM, the TES (Temperature
emissivity separation; Gillespie et al., 1998) and the TISI (Temperature independent spectral
indices; Becker and Li 1990) algorithms are also valuable tools to compute the LSE. Oltra-
Carrio et al. (2012) analyzed the land surface temperature pattern with different emissivity
estimations for grass, bare soil and artificial surfaces and showed that the TES
(RMSE=1.6 K) and the TISI (RMSE=1.7 K) performed better than the THM (RMSE=2.3 K).
Nevertheless, the TES can only be used with at least four TIR image, and the TISI is designed
with observations from daytime and nighttime, therefore the THM tends to be the most
suitable method in our case.

Several methods were designed to calculate LST temperature by using satellite
observations such as the single-channel algorithm (Jiménez-Munoz and Sobrino 2003), the
mono-window algorithm (Qin et al. 2001), the split-window algorithm (Qin and Karnieli
1999) and the dual-angle method (Gu and Gillespie 2000). In this study, the single-channel
algorithm (hereinafter SC) was applied, because this method does not employ such
atmospheric parameters as water vapor content, effective mean temperature or at least 2
thermal bands like the mono-window and split-window algorithms. Only three parameters
(band average atmospheric transmission, effective bandpass downwelling and upwelling
radiance) are required for SC, which are provided by the MODTRAN atmospheric correction
parameter calculator (Barsi et al. 2003). The MODTRAN claims the date (in YMDM format)
and the location (latitude, longitude) compulsorily, since the surface conditions (e.g. altitude,
air temperature, pressure and relative humidity) may be given optionally. If the surface
conditions are not available, the values are interpolated from the observations of NCEP
(National Center for Environment Prediction).

To derivate the surface temperature with SC, first, the brightness (or at-sensor)
temperature (Tg) can be computed by inverting the Planck’s Function:
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=t (8)

ln(Kl + lj
LZ.

where K; (666.09 W m? sr! um™) and K, (1282.71 K) are Landsat 7-specific calibration
constants. In the next step, the MODTRAN outputs are used to determine i, W2, V3
atmospheric functions and vy,  parameters as follows:
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where ¢; (1.19104 108 W um* m? sr'!) and ¢, (1.43877 10* um K) are constants and A is the
effective wavelength of Landsat 7 for band 6 (A=11.27 um) (NASA 2015). Finally, the
equation of land surface temperature can be obtained:

1
TS:7|:€(V/1LA+W2)+W3:|+5 (14)

3. RESULTS

3.1. NDVI distribution patterns and quantitative results

On the two distinct dates (2 and 18 August 2014), the NDVI distribution indicated a
positive gradient from the downtown (0.1-0.3) to the suburb (0.4-0.6), where the compact
built-up structure is replaced with detached houses, in addition, the presence of natural
surfaces becomes dominant (Fig. 2). The inner districts (e.g. Terézvaros, Jozsefvaros,
Ferencvaros, Lipotvaros) are characterized by the lowest NDVI (around 0.1), while areas
with higher elevation (e.g. Buda Hills) and larger forests showed greater values (around 0.6).
Green spots in the inner city, with a typical NDVI value of 0.5, refer to the major parks (e.g.
Népliget, Varosliget, Orczy-park) and recreational areas of Budapest (e.g. Margaret Island,
Gellért Hill). Transport junctions, logistic centers, industrial territories are responsible for the
isolated low-valued points in the suburb. Despite the similarities between the two dates, the
vegetation reached the peak of its phenologic phase and biological activity on 2 August,
accordingly higher NDVI were calculated at this time.

This assumption is confirmed by the NDVI values for the 11 LCZs, shown in Table
2. On 2 August, the average NDVI was 0.44, which is 16% higher than on 18 August (0.37).
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The land cover zone of compact midrise indicated the lowest NDVI values (0.15 and 0.02)
due to the presence of dense and large buildings and high impervious surface fraction. On
the other hand, the greatly vegetated areas such as dense trees (0.73 and 0.70) or scattered
trees (0.61 and 0.58) presented the highest NDVI. Areas with high NDVI can be interpreted
as the most homogeneous region of Budapest based on the standard deviation rates (e.g. dense
trees 0.09 and 0.11). Contrarily, the transitional categories (e.g. open low-rise, large low-rise)
displayed the most complex land features (standard deviations: 0.12 and 0.16 for open low-
rise; 0.18 and 0.23 for large low-rise) due to the mixture of medium-density residential and
natural surfaces.

>z

= 0.2

Fig. 2 Spatial distribution of the Normalized Difference Vegetation Index in Budapest on 2 (a)
and 18 (b) August 2014

Table 2 Mean and standard deviation of NDVI in 11 Local Climate Zones of Budapest on 2 and 18

August 2014
LCZ name 02.08.2014. 18.08.2014.
Mean Std. dev. Mean Std. dev.

compact midrise 0.15 0.11 0.02 0.14
compact low-rise 0.38 0.09 0.28 0.12
open midrise 0.39 0.13 0.31 0.16
open low-rise 0.47 0.12 0.39 0.16
large low-rise 0.46 0.18 0.39 0.23
sparsely built 0.55 0.12 0.50 0.16
dense trees 0.73 0.09 0.70 0.11
scattered trees 0.61 0.14 0.58 0.17
low plants 0.54 0.13 0.51 0.17
bare soil 0.48 0.20 0.40 0.25
water 0.07 0.38 -0.11 0.49

3.2. Distribution of land surface temperature

The 30-m resolution of the thermal band enables to determine the spatial pattern and
the magnitude of the LST distribution in Budapest. It is clearly seen in Fig. 3 that the diversity
of surface geometry generates a 30 °C interval in LST temperature on 2 and 18 August as
well. The historical city center suffers a significant heat surplus because of high building and
impervious surface fraction. By increasing the natural surface fraction, the surface
temperature decreases rapidly, therefore the lowest LST can be found in the woodlands of
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Buda Hills and in the outer districts. The local parks act as oases with high LST gradient
along their border creating an ideal venue for recreational and leisure activities. Islands of
Budapest (e.g. Margaret Island, Csepel Island) are also designated as cold spots for the sake
of higher natural surface fraction and the cooling effect of the River Danube. The higher
LSTs occurred on 2 August, when the maximum of 2-m temperature was the greatest as
stated in the Bulletin of Hungarian Meteorological Service (Table 2). By this time, the
thermal contrast decreased between the different land cover categories. It is worth pointing
out that the LST values remained lower during the pass time of satellite in the downtown.
Partly, this effect may likely be explained by the shading effect of high buildings. On the
other hand, the relatively lower sun elevation angle could not let the surface being heated-up
as much as on the previous date.

Fig. 3 Spatial dist

and 18 (b) August 2014

The quantitative results suggest that the highest LST was 50-60 °C provoking a vast
thermal load for the LCZ of compact midrise (Table 3). Compact low-rise (40.8 °C and
40.6 °C) and open midrise (40.0 °C and 38.6 °C) LCZs are also separated from the other
groups due to their higher thermal exposure (Table 4). The substantially larger, but less
populated classes like open low-rise (33.2 °C and 34.4 °C) and large low-rise (35.9 °C and
33.4 °C) were less affected by the high LST. Decrease of the impervious surface fraction
delays the run-off, enhances the evaporation, the heat capacity and the albedo, and hence
contributes to a huge (surface) temperature alteration. As a result of these impacts, the LST
was about 40 °C lower in dense trees category on 2 August compared to the compact midrise
class. The cooling potential of the three vegetation-related LCZs (dense trees, scattered trees,
low plants) attained 12 °C and 9.43 °C on both dates, in contrast with the other 7 categories
(except for the water class). After all, it must be highlighted that the green areas and parks
not only play a role in urban planning, but also reduce the LST.

3.3. Cross-section diagrams of the land surface temperature

The LST maps extended for the entire city (or the study area) do not always give back
the topographical aspect of the thermal field, so cross-section diagrams have to be created to
analyze the cold and hot spots in Budapest (Fig. 1). Actually, we tried to concentrate on the
first date (2 August), when the SUHI proved to be the most pronounced. The cross-sections
move along a 29 km (20 km) long line from northwest to southeast (from southwest to
northeast) by hitting 8 (6) well-separated area of the city.
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Starting from northwest (Fig. 4), Pesthidegkut consists of medium-density residential
areas, and characterized by an LST of about 25 °C, then the relief is dominated by the greatly
vegetated Buda Hills, where the surface temperature decreased further (23 °C). A significant
increase occured in Torokvész (30 °C) and Orszagut (35.1 °C) due to the existence of high-
density residential and commercial areas. The maximum of LST together with the maximum
of impervious and building surface fraction and the minimum of natural surface fraction
produced a notable thermal load in the downtown (e.g. Lipotvaros, Erzsébetvaros). The
equable course of LST dropped to up to 20-25 °C in the middle of the ‘downtown’ domain
as a result of a large green space, called Szabadsdg Square. The same processes can be
considered in Outer Ferencvaros (e.g. Népliget Park at about 17.5 km), where housing estates,
row housing, panel blocks and parks made the landscape diversified with approximately a 30
°C wvariation in LST. The external parts of southeast Budapest (Kispest, Pestszentlérinc)
displayed a decreasing magnitude of the thermal field.

Buda Hills Orszagut Outer Ferencvaros
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Fig. 4 Cross-section diagram of the land surface temperature along the northwest-southeast direction
(02.08.2014. 09:30:53 UTC). The numbers (from 1 to 8) refer to the location of each places marked in

Fig. 1
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Fig. 5 Cross-section diagram of the land surface temperature along the southwest-northeast direction
(02.08.2014. 09:30:53 UTC). The numbers (from 1 to 6) refer to the location of each places marked in
Fig. 1
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Similar to our previous case, an increasing trend is outlined along the southwest-
northeast axis to the end of Downtown (Fig. 5) (Budadrsi Airport: 32.2 °C, Kelenfold:
33.5 °C, Szentimrevaros: 37.9 °C, Downtown: 58.3 °C). The line, however, crosses cold
spots such as the foreground of Sas Hill (at about 4.5 km) and Gellért Hill (at about 7000 m).
Zuglo consists of two major land cover zones: open midrise (housing estates, apartments,
panel blocks) and open low-rise (family housing) resulting in a bimodal LST distribution.
Rakospalota indicates a nearly constant value of LST, though the panel blocks (at about
17,000 m) trap the heat intensely during the summer months and consequently contribute to
a huge thermal load. Based on the results of the two cross-sections, it is evident that the most
decisive factor in the governing of the thermal field is the natural surface fraction and the
elevation in Budapest.

4. CONCLUSIONS

In this study, the relationship of land-use and land surface temperature was examined
using fine-resolution Landsat 7 ETM+ images taken on 2 and 18 August 2014 in Budapest.
It is well known that intense urbanization and anthropogenic activity (e.g. transportation,
industry, heating/cooling) generate a special climate on the meso- and microscales. The
vegetation attenuates this environmental influence by shading, as well as a higher albedo and
evapotranspiration related to the artificial surfaces. The goal of this analysis was to quantify
the impact of greenery on LST reduction and to explore the cold and hot spots in the 11 Local
Climate Zones (Stewart and Oke 2012) of Budapest. The NDVI values indicated a positive
gradient towards the external areas. On 2 and 18 August 2014, the lowest NDVI was found
in the LCZ of compact midrise with 0.15 and 0.02, respectively, while the dense trees
category showed the highest (0.61 and 0.70) values. Due to the less phenologic development
of the vegetation on the later date, NDVI, on average, decreased by 15% between the two
observations. In three LCZs (compact midrise: 63.5 °C and 38.2 °C; compact low-rise:
40.8 °C and 40.6 °C; open midrise: 40.0 °C and 38.6 °C), the LST exceeded 40 °C at most
times inducing a pronounced thermal field. Contrarily, the external areas (e.g. woodlands,
meadows, agricultural parcels) and parks diminished the LST up to 25-35 °C. The results
suggest that the thermal contrast between areas with different natural/building surface
fraction became lower, when the meteorological conditions favoured a greater LST. Overall,
it has to be noted that the LST alteration is primarily driven by the fraction of natural,
impervious and building surfaces. Cross-section diagrams reveal that the magnitude of LST
was higher in the Buda side in case of identical elevation as a result of the enhanced natural
surface fraction. On the other hand, the territories on the Pest side have more complex surface
structures, consequently the course of LST presents a large variety within a narrow region.
Nevertheless, the importance of vegetation in LST reduction essentially depends on the
season of the year, the period of the day and the location of the study area, thus our analysis
cannot be generalized, but provides only site-specific information about the thermal field of
Budapest.
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