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Abstract—The aim of this study was to identify typical and

specific features of land surface temperature (LST) distribution in

the city of Krakow and its surroundings with the use of Landsat/

ETM? data. The paper contains a detailed description of the study

area and technical properties of the Landsat program and data, as

well as a complete methodology of LST retrieval. Retrieved LST

records have been standardized in order to ensure comparability

between satellite images acquired during different seasons. The

method also enables identification of characteristic thermal regions,

i.e. areas always colder and always warmer than a zonal mean LST

value for Krakow. The research includes spatial analysis of the

standardized LST with regard to different land cover types. Basic

zonal statistics such as mean standardized LST and percentage

share of hot and cold regions within 10 land cover types were

calculated. GIS was used for automated data processing and

mapping. The results confirmed the most obvious dependence of

the LST on different land cover types. Some more factors influ-

encing the LST were recognized on the basis of detailed

investigation of the LST pattern in the urban agglomeration of

Krakow. The factors are: emission of anthropogenic heat, insola-

tion of the surfaces depending first of all on land relief and shape of

buildings, seasonal changes of vegetation and weather conditions at

the time of satellite image acquisition.

Key words: Landsat, ETM?, land surface temperature,

single-channel algorithm, thermal regions, Krakow.

1. Introduction

Anthropogenic transformations of the natural

environment are especially visible in urban areas. One

of the most important and broadly studied effects of

urban climate is air temperature increase in the city in

contrast to the surrounding areas, triggered among

other factors by the emission of anthropogenic heat

and the higher heat capacity of urban surfaces. This is

the so-called urban heat island (UHI) effect, which is a

very significant, man-made, but inadvertent local

climate modification (OKE 1987). Apart from atmo-

spheric UHI, defined with the use of stationary and

mobile air temperature measurements, surface UHI is

distinguished due to the differences in surface tem-

perature, usually obtained via remote sensing.

Modification of air and surface temperature fields

significantly alters living standards for populations

around the world. It causes overheating of urban

areas, especially in summer, but it may also have

positive consequences, e.g. reducing energy use in

cold climates during winter. The UHI effect continues

to grow with ongoing, rapid urbanization. By 2050,

about 70 % of the global population will most likely

live in cities (UN-HABITAT Report 2010, 2012).

Significant progress has been made in satellite

remote sensing technology in recent years, as well as

in continuously improving accessibility to satellite

data, resulting in increasing application of this source

of information for the monitoring of different pro-

cesses occurring on the Earth’s surface and in the

atmosphere. Satellite remote sensing plays an

important role in detecting environmental changes,

including man-made transformations of the natural

environment. Moreover, as opposed to traditional

measurement and observation methods executed at

specific locations, satellite data are a source of

spatially continuous information, which is a huge

advantage of this technology. Remotely-sensed

images are especially useful for the investigation of
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surface thermal conditions in urban areas. Land sur-

face temperature (LST), the key variable describing

thermal conditions, can be retrieved from satellite

records. Various research activities on LST distribu-

tion based on satellite data were carried out for many

cities all over the world: North American cities like

Los Angeles, California (CARLSON et al. 1977; ROTH

et al. 1989), New York City (PRICE 1979), St. Louis,

Missouri (VUKOVICH 1983), Seattle, Washington and

Vancouver, British Columbia (ROTH et al. 1989),

Phoenix, Arizona (LOUGEAY et al. 1996), Huntsville,

Alabama (LO et al. 1997), and Houston, Texas

(STREUTKER 2002); Asian cities like Singapore

(NICHOL 1996), Zhujiang Delta urban areas (WENG

2001), Shanghai (TRAN et al. 2006; LI et al. 2009),

Tokyo, Seoul, Beijing, Pyongyang, Bangkok, Manila

and Ho Chi Minh City (TRAN et al. 2006); as well as

European cities like Athens (STATHOPOULOU and

CARTALIS 2009), Belgrade, Bucharest, Budapest,

Milan, Munich, Sofia, Vienna, Warsaw, and Zagreb

(PONGRÁCZ et al. 2010). A review of thermal remote

sensing applications in urban climate studies has been

performed by VOOGT and OKE (2003), WENG (2009)

and TOMLINSON et al. (2011).

Anthropogenic modifications of surface and air

temperature have been also studied in the city of

Krakow, in southern Poland, since 1970s. The

methods used are comprised of stationary network

measurements (e.g. LEWIŃSKA and ZGUD 1980; BOKWA

2010), thermal aerial photographs from airplane tra-

verses (e.g. LEWIŃSKA et al. 1990), mobile

measurements (e.g. BOKWA et al. 2008; BOKWA 2010),

measurements aimed to study the vertical thermal

structure of the urban boundary layer using sonar

(e.g. WALCZEWSKI and FELEKSY-BIELAK 1988), air-

borne meteorography observations (e.g. MORAWSKA-

HORAWSKA and CEBULAK 1981), and tethered balloon

measurements (e.g. LEWIŃSKA and ZGUD 1980).

However, for the research activities mentioned above,

no satellite data were used and moreover, the results

obtained cannot be used today for modern spatial

analyses due to the methods applied.

First attempts to employ satellite data to study

LST distribution in Krakow were made by STRUZIK

(1998) and continued by HAJTO (2009). These studies

employed NOAA/AVHRR data with the sub-satellite

spatial resolution of approximately 1 km. WALAW-

ENDER and HAJTO (2009) reviewed and evaluated

different algorithms of LST retrieval from images

obtained by four different operational satellite radi-

ometers (Meteosat/SEVIRI, NOAA/AVHRR, Terra/

MODIS and Landsat/TM) and made a comparative

analysis of the created LST maps for the agglomer-

ation of Krakow. The study revealed a great potential

of Landsat data for urban-scale evaluation of thermal

contrast between different surface types in compari-

son to meteorological satellites, mainly due to the

relatively high spatial resolution. The research has

been continued in order to find out details on spatial

distribution of LST in Krakow and its surroundings

based on Landsat data (WALAWENDER 2009). Only two

multispectral Landsat TM and ETM? images were

used. Significant thermal contrasts between different

natural and anthropogenic land cover types were

identified. The warmest and the coldest objects were

indicated. In this study, however, only two cases were

taken into account and the images were processed

and investigated separately which is an evident

shortcoming.

The purpose of this study was to employ Landsat/

ETM? data and GIS techniques in order to evaluate

the spatial distribution of the LST in the agglomera-

tion of Krakow, in relation to different natural and

anthropogenic factors. The authors propose stan-

dardization of the LST values to identify thermally

characteristic regions (cold and hot spots). The stan-

dardization makes it also possible to compare LST

values retrieved from images acquired in different

atmospheric conditions. Hence, some aspects of

seasonal variability of LST over the vegetative period

and its dependence on land relief are discussed. The

research also takes into consideration weather con-

ditions at the time of satellite image acquisition.

2. Study Area

2.1. Geographic Location and Topography

The study area is located in southern Poland

(Malopolska region) and includes the city of Krakow

and its nearest surroundings (Fig. 1a–c). The area is

located at the junction of three large geographical
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Figure 1
Agglomeration of Krakow: a location of Poland in Europe, b location of study area in southern Poland (background layer NASA’s Earth

Observatory Blue Marble (2000) for July), c study area—agglomeration of Krakow with the nearest surroundings (background layer Landsat-

7/ETM? ‘True Color’ RGB Composite—July 26, 2000). Characteristic elements of the agglomeration are marked with green numbers : 1 Old

Town, 2 Center of the Nowa Huta district, 3 steelworks in Nowa Huta, 4 Krakow-Balice International Airport, 5 Skawina town, 6 Wieliczka

town, 7 Niepołomice town, 8 Zabierzow village. Light blue dot Krakow-Balice weather station. White line–Krakow administrative boundary
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regions and the relief is quite diversified. The extent

of the study area is approximately 1,505 km2 and it

was set so that it covered different types of urbanized

and natural surfaces that enabled the examination of

different factors controlling surface temperature pat-

terns. The city of Krakow is Poland’s second largest

city and the main economic and cultural center of the

Malopolska region. The territory of the city spreads

over 326.8 km2 (21.5 % of the whole study area) and

the number of registered inhabitants reached 759,137

in 2011 (Demographic Yearbook of Poland 2012).

The present shape of Krakow’s administrative border

(Fig. 1c) and inner urban structure are strictly linked

to the history of the city. Concentric development of

the city progressed until the mid-20th century,

interrupted when a huge steelworks and a new

residential area called Nowa Huta were built approx-

imately 12 km to the east of the Krakow’s city center.

As a result, the city has grown eastwards.

The relief of the study area is diversified (Fig. 2).

The city of Krakow is located in the Vistula (Wisla)

River valley. Only the southernmost districts of

Krakow are located in the Carpathian Foothills, and

the northernmost parts of the city belong to the

Krakow–Silesian Upland and the Malopolska

Upland. The Krakow–Silesian Upland in the north-

western part of the study area represents a typical

Jurassic landscape: limestone rocks and deep river

valleys covered with mixed forests. On the other

hand, the northeastern part of the study area, which is

the Proszowice Plateau (a part of the Malopolska

Upland) with very fertile soils, is almost completely

deforested and used mainly for agriculture. There are

a few isolated tectonic horsts in the western part of

the study area called the Krakow Gate (Brama

Krakowska). Some of these horsts are located within

the administrative limits of Krakow. The Vistula

River valley is very narrow there (up to 1 km) as

Figure 2
Hypsometry of the study area based on SRTM-3 elevation model resampled to 90 9 90 m resolution. Krakow administrative boundary

(black line), generalized river network are shown. Main geographic regions are labeled

916 J. P. Walawender et al. Pure Appl. Geophys.



opposed to the eastern part of the study area where it

widens up to 10 km. The eastern part of the study

area belongs to the Sandomierz Basin. The Carpa-

thian Foothills, i.e. the outermost part of the Polish

Western Carpathians, are located in the southern part

of the study area, formed by low hills with oval

slopes.

The elevation difference between the highest and

the lowest point within the study area reaches up to

300 m and the difference between the Vistula River

valley bottom and the tops of the nearby convex land

forms is on average about 100 m.

2.2. Land Cover Structure

Krakow and its nearest surroundings are highly

diversified in terms of land cover (Fig. 3). Land cover

structure by percentage share was calculated on the

basis of CORINE Land Cover database (see Sect. 3.2

for details) separately for the whole study area and

for the city of Krakow (Fig. 4). Most of the land

within the study area is used for agricultural purposes

(arable land, orchards, meadows)—nearly 80 %,

while urban fabric, industrial, commercial and trans-

portation facilities comprise only about 11 % of the

Figure 3
Land cover structure of the study area based on generalized CORINE Land Cover 2000 database
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total area. The rest is made up of forests and artificial

vegetated area (about 8 %), and also water bodies

(about 1 %). The proportion changes when taking

into account only the territory of Krakow: the

percentage of artificial surfaces raises up to 35 %

while the percentage of arable lands, orchards, and

meadows falls down to about 54 %, as there are less

forests and more artificial vegetated areas (mainly

parks and wooded cemeteries).

The historical center of Krakow is encircled by a

‘‘green belt’’, which is a city park, 4-km long and

from 50 to 120-m wide. Further outside from the

historical center, some more continuous urban fabric

is adjoined. Urban structures and the transport

network occupy here more than 80 % of the surface

area, and nonlinear areas of vegetation as well as bare

soil are exceptional (CORINE Land Cover Technical

Guide—Addendum 2000). New housing estates

(blocks of flats) are located in the south and in the

north of the city. Detached houses are spread

randomly among the blocks of flats or are located

in the suburbs. There are a few city parks, wooded

cemeteries and complexes of allotment gardens.

Huge industrial areas are located in the eastern part

of the city (steelworks in Nowa Huta) and in Skawina

(combined heat and power plant, previously also

aluminium plants). Other, smaller industrial objects

can be found in different locations all over the city,

similar to a few huge shopping malls.

Forests are located mainly in the northwestern

part of the study area covering ridges of the Krakow–

Silesia Upland and the tectonic horsts, in the broad,

eastern part of the Vistula river valley belonging to

the Sandomierz Basin and in the Carpathian Foothills

in the south. Water reservoirs, which are predomi-

nantly artificial (former gravel excavations places or

old river beds cut off the Vistula river during

hydrological regulation in the 20th century), are

located mainly in the vicinity of the city.

3. Source Data

3.1. Landsat Satellite Program, ETM? Sensor

Characteristics and Selected Imagery

Landsat is the longest running initiative providing

multispectral satellite images of the Earth in moder-

ate spatial resolution (15–120 m depending on

spectral band), managed jointly by the National

Aeronautics and Space Administration (NASA) and

the United States Geological Survey (USGS). The

history of the Landsat program reaches back to July

26, 1972, when the Earth Resources Technology

Satellite (ERTS), later renamed to Landsat-1, was

launched. Landsat satellites were primarily designed

to supply images of the Earth’s surface mostly for

detection of land cover changes. Currently, the USGS

Figure 4
Land cover structure within the study area (left) and in the Krakow city limits (right) by percentage share [description of land cover types (1–

10) in Fig. 3]
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Landsat archive constitutes the world’s largest col-

lection of moderate resolution satellite data, access to

which has remarkably improved after January 2009,

when the USGS made all Landsat images freely

available (USGS Landsat Website 2012).

Data used in this study were obtained by an

Enhanced Thematic Mapper Plus (ETM?) sensor

installed aboard Landsat-7. The satellite was suc-

cessfully launched on April 15, 1999. The satellite’s

orbit parameters are listed in Table 1. The sun-

synchronous orbit achieved by proper regulation of

the satellite’s altitude and inclination angle keeps

Landsat-7 flying over a particular area exactly at the

same local mean solar time. This means that illumi-

nation of the specified surface is the same every time

it is scanned by the satellite. This property is very

important for comparison of image sequences used in

this study.

A complete 16-day ground coverage cycle for

Landsat-7 was divided into 233 scanning paths

(indexing successive orbits) and 248 rows (indexing

scene centers). The standard, which is called the

Worldwide Reference System 2 (WRS-2), makes it

easier to find an appropriate Landsat-7/ETM? scene

of specific location in the world. An approximate

scene size is 170 km north–south by 183 km east–

west.

The ETM? instrument is a fixed ‘‘whisk-broom’’,

moderate resolution, multispectral imaging radiome-

ter operating in the visible (VIS), near-infrared (NIR),

short-wave infrared (SWIR), and thermal infrared

(TIR) portion of the electromagnetic spectrum. Data

are acquired in eight spectral bands (Table 2) with a

spatial resolution of 30 m, except for the thermal

band (60 m) and the panchromatic band (15 m)

(NASA Landsat Project Website 2012).

The main applications of all Landsat/ETM?

spectral bands were summarized by LILLESAND and

KIEFER (2000). In this study, thermal-infrared band

(band 6) data are used to retrieve LST, whereas

visible-red band (band 3) and near-infrared band

(band 4) are inputs for land surface emissivity

calculations. No data after May 2003 were taken into

consideration because one of the Landsat/ETM?

subcomponents—scan line corrector (SLC) failed

permanently, disabling the ability of the sensor to

maintain a rectilinear scanning pattern.

The source of the Landsat/ETM? image collec-

tion was the USGS Landsat data archive, accessed via

special online search and order tools: USGS Global

Visualisation Viewer (GLOVIS) available at: http://

glovis.usgs.gov and EarthExplorer (http://earthexplo

rer.usgs.gov/). The processing level of the down-

loaded data was 1T, which means the images were

radiometrically and geometrically corrected. Only six

fully valuable Landsat-7/ETM? images acquired in

different months of the vegetative period were chosen

(Table 3) out of all 37 Landsat-7/ETM? SLC on

scenes covering agglomeration of Krakow (WRS-2

coordinates: path 188, row 25) that existed in the USGS

Archive. The number of selected images was limited

because of strict selection conditions established to

ensure high quality of the results. As the main objective

was the delimitation of thermal regions in Krakow

area, only the images with no clouds, fog and a mini-

mum of smoke within the administrative border of the

city were taken into account.

The selected images represent six different stages

of the vegetative period (from early March to mid-

August) with different plant cover and weather

Table 1

Landsat-7 orbit parameters (IRISH 2003)

Regime Circular, repetitive, near-polar,

sun-synchronous

Inclination 98.2�
Altitude 705.3 km (±5 km)

Equatorial crossing time 10:00 am (±15 min) local time

(descending node)

Orbital period 98.8 min (*14.5 orbits/day)

Revisit time 16 days (233 orbits)

Table 2

ETM? spectral bands

Band number Spectral range

Nominal Wavelength (lm)

1 Visible-blue 0.45–0.52

2 Visible-green 0.52–0.60

3 Visible-red 0.63–0.69

4 Near-infrared 0.76–0.90

5 Shortwave-infrared 1.55–1.75

6 Thermal-infrared 10.4–12.5

7 Shortwave-infrared 2.08–2.35

8 Panchromatic 0.50–0.90
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conditions before and at the time of the satellite data

acquisition. Weather conditions at the time of

satellite images acquisition were analyzed on the

basis of measurements and observations made at the

weather station Krakow-Balice (latitude, 50�4800700N;

longitude, 19�4800700E; height, 237 m a.s.l.; Fig. 1c—

blue dot). It is the only station in the Krakow area

with meteorological measurements and observations

provided every hour. The meteorological records

were also used for atmospheric correction during LST

retrieval. The atmospheric parameters are listed in

Table 4. Near-real conditions at the time of images

acquisition were simulated by calculating mean air

temperature and mean relative humidity of observa-

tions made at 9:00 and 10:00 UTC.

3.2. Auxiliary Datasets

Apart from the Landsat-7/ETM? data, multiple

other digital geo-datasets were used in the study,

including:

• CORINE Land Cover 2000 (CLC2000) PL—

vector database containing land cover data of

Poland observed between 1999 and 2001. EU

CORINE Land Cover data fulfill thematic and

geometric standards. The scale of datasets is

1:100,000 and the smallest mapping unit is 25 ha

Table 3

Basic characteristics of the Landsat-7/ETM? scenes used in the

study

Date Scene center

scan time (UTC)

Sun

azimuth

(�)

Sun

elevation

(�)

Cloud

cover (%)

Mar 7, 2001 9:22:47 153.9 31.3 0

Apr 21, 2000 9:24:44 151.7 48.8 3

May 7, 2000 9:24:38 149.9 53.6 1

May 26, 2001 9:22:16 146.1 57.3 1

Jul 26, 2000 9:23:39 144.3 54.9 16

Aug 17, 2002 9:20:37 147.5 49.3 12

Table 4

Weather conditions at the time of images acquisition. Air temperature and relative humidity at the time of image acquisition were estimated

as the mean value of the observations done at 9:00 and 10:00 UTC

Atmospheric parameter Date of landsat image acquisition

Mar 7, 2001 Apr 21, 2000 May 7, 2000 May 26, 2001 July 26, 2000 Aug 17, 2002

Air temperature (�C)

9:00 UTC 2.5 19.3 19.6 14.0 24.3 20.3

10:00 UTC 5.3 21.9 21.1 14.6 25.3 22.2

Mean 3.9 20.6 20.4 14.3 24.8 21.3

Relative humidity (%)

9:00 UTC 68 72 49 45 52 80

10:00 UTC 55 53 38 38 49 69

Mean 62 63 44 32 51 75

Visibility (km)

9:00 UTC 6 8 30 50 30 8

10:00 UTC 10 20 30 50 50 10

Cloud cover (%)

9:00 UTC 0 12 0 62 12 12

10:00 UTC 0 12 0 88 25 12

Wind direction:

9:00 UTC E SW NE NE NE SW

10:00 UTC Variable S E Variable Variable –

Wind speed (m/s)

9:00 UTC 1 1 5 2 1 1

10:00 UTC 2 1 5 2 2 0

Atmospheric phenomena

Current Mist Mist, Cu clouds Clear sky Ci clouds Cu and Ci clouds Mist, Cu and Ac clouds

Past Clear sky Fog Clear sky Increasing

cloudiness

Increasing

cloudiness

Fog
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(BIELECKA and CIOłKOSZ 2004). Source of data: EEA

Data and Maps (2012).

• GMES European Urban Atlas PL003L v.1.1—

vector database providing pan-European compara-

ble land use and land cover data for Large Urban

Zones with more than 100,000 inhabitants. Code

PL003L means agglomeration of Krakow. Mini-

mum mapping unit is 0.25–1 ha (GMES—

Mapping Guide for a European Urban Atlas v.

1.01 2010).

• SRTM Digital Elevation Model v4.1—hole-filled,

seamless near-global coverage gridded elevation

data processed by the International Centre for

Tropical Agriculture (CIAT) from original USGS/

NASA SRTM-3 data. They are provided in mosa-

iced 5� 9 5� tiles with spatial resolution of 3 arc

seconds, which is approx. 90 9 90 m (JARVIS et al.

2008).

• High-resolution color orthophotomaps—a set of 21

georeferenced aerial photographs with spatial res-

olution of 0.25 m (image scale 1:5,000) covering

selected regions of special interest within the study

area. The photographs were acquired on 25 and 28

July 2009 (Geoportal 2012).

There were two reasons for employing vector

CORINE Land Cover Dataset in order to estimate the

land cover structure in the agglomeration of Krakow.

First of all, Landsat ETM? images acquired between

1999 and 2001 were primarily used to develop the

CLC2000 (BIELECKA and CIOłKOSZ 2004). Secondly,

the CLC2000 was used and validated many times

during numerous research activities (STATHOPOULOU

et al. 2004; STATHOPOULOU and CARTALIS 2007;

YILMAZ 2010; PETRIŞOR et al. 2010; MAUCHA and

BÜTTNE 2006), and is an accepted source of informa-

tion about land cover among many professionals.

Initially, the generalized CLC2000 layer was further

used in the study to calculate the minimum, maxi-

mum and mean LST for ten land cover types.

4. Methods and Tools

The Landsat ETM? radiometer measures energy

ranging from the visible part of the electromagnetic

spectrum to the far infrared. The visible wavelengths

are solar energy, which is reflected from the objects

on the Earth’s surface or clouds and aerosols that can

be found in the atmosphere, whereas far infrared

wavelengths are emitted terrestrial energy (SCHO-

WENGERDT 2007) as a function of the object’s

temperature and its emission capacities.

Figure 5
ETM? band 6 (thermal) 8-bit greyscale image of the study area (left) and image composite of three infrared bands of the ETM? radiometer

RGB = 654 (right) (acquisition date July 26, 2000)
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A sample 8-bit thermal image showing the study

area in shades of grey is presented below (Fig. 5, left).

In this image, darker pixels refer to colder objects and

brighter pixels to warmer objects. The grey-scale

image, however, is difficult to read by the human eye.

An image that is much easier to interpret can be

obtained by mixing spectral responses of three infrared

bands in one RGB composite (Red, band 6; Green,

band 5; Blue, band 4). This visualization technique can

be applied to combine images with different pixel sizes.

The infrared RGB composite (Fig. 5, right) depicts the

warmest objects in red and the coldest in very dark

grey, blue and violet, which is a much more intuitive

color scale for the surface temperature interpretation.

This color composite has to be, however, carefully

interpreted as it gives the possibility of observing land

below cirrus clouds, which are visible in the northwest

corner of the thermal band image presented below

(Fig. 5). The cirrus clouds are present in the composite

image (turquoise-green colors) but are not easy to see

due to the visible component of the short infrared red

bands that penetrates partly through the thin clouds.

Interpretations of thermal characteristics of the surface

below cirrus clouds are very risky as the radiation

registered by the satellite sensor comes not only from

the Earth’s surface but also from the clouds.

Both the grey-scale image and the color composite

provide only qualitative information about thermal

patterns of the surface. It means that colder and war-

mer objects can be identified but no particular

temperature values for each pixel. Therefore, for more

detailed research, the digital number of the Landsat

ETM? thermal image has to be converted to the LST.

4.1. Land Surface Temperature (LST) Retrieval

The procedure used in this study in order to derive

LST from the selected Landsat/ETM? data includes

the following steps:

Conversion of pixel values of the Landsat thermal

data in level 1 product generation system (LPGS)

format to at-sensor spectral radiance (Ls) in W m-2

sr-1 lm-1 according to the following equation:

Ls ¼ gain � DNþ bias; ð1Þ

where DN is a digital number (the pixel value); and

gain (the slope of the radiance) and bias (the intercept

of the radiance) are the DN conversion coefficients—

for Landsat-7 ETM? band 6: gain = 0.037205 and

bias = 3.16 (CHANDER et al. 2009).

Application of inverted Planck’s Law to transform

the at-sensor spectral radiance to at-sensor brightness

temperature Ts (IRISH 2003):

Ts ¼
K2

ln K1

Ls
þ 1

� � ð2Þ

where: K1 and K2 are specific thermal band

calibration constants—for Landsat-7 ETM?: K1 =

666.09 W m-2 sr-1 lm-1 and K2 = 1282.71 K

(CHANDER et al. 2009).

Conversion of the at-sensor spectral radiance to

at-sensor brightness temperature assumes that the

earth’s surface is a black body with an emissivity

value equal to 1 (LI et al. 2011).

Estimation of LST values with single-channel

(SC) algorithm (JIMÉNEZ-MUÑOZ and SOBRINO 2003;

SOBRINO et al. 2004; JIMÉNEZ-MUÑOZ et al. 2009;

CRISTÓBAL et al. 2009):

LST ¼ c
� 1

e
ðw1Ls þ w2Þ þ w3

�
þ d ð3Þ

where e is the land surface emissivity (LSE); c and d
are the Planck’s function dependent parameters; and

w1, w2 and w3 are the atmospheric functions.

The parameters c and d were estimated using the

following equations:

c ¼ c2Ls

T2
s

k4Ls

c1

þ 1

k

� �� 	�1

ð4aÞ

d ¼ �c � Ls þ Ts; ð4bÞ

where c1 and c2 are the Planck’s radiation constants

(c1 = 1.19104 108 W lm4 m-2 sr-1;

c2 = 1.43877 104 lm K); and k is the effective

wavelength (k = 11.27 lm for Landsat-7/ETM?

band 6).

The SC Algorithm incorporates correction of

atmospheric influence and takes into account differ-

ent emission properties of various land surfaces.

Correction of atmospheric influence requires

site-specific atmospheric parameters (atmospheric

transmissivity—s, up-welling atmospheric radi-

ance—L: and down-welling atmospheric radiance—

L;) which are calculated by means of a web-based tool
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called an Atmospheric Correction Parameter Calcu-

lator (ACPC) (BARSI et al. 2003, 2005). The ACPC is

available online at http://atmcorr.gsfc.nasa.gov. This

tool uses the National Center for Environmental Pre-

diction (NCEP)-modeled atmospheric global profiles,

MODTRAN 4.0 radiative transfer codes and the

integration algorithms. The ACPC requires a partic-

ular date, time and location as input. It is also possible

to define local conditions (altitude, pressure, air tem-

perature and relative humidity) that determine

interpolation of the modeled atmospheric profile. In

this work, data from the weather station at Krakow-

Balice were used.

The computed site-specific atmospheric parame-

ters (s, L: and L;) were then used to calculate

atmospheric functions (w1, w2 and w3) which were

necessary input variables for the SC formula (3). The

atmospheric functions were defined as follows:

w1 ¼
1

s
ð5aÞ

w2 ¼ �L# � L"

s
ð5bÞ

w3 ¼ L# ð5cÞ

Retrieval of land surface emissivity records was

performed with the use of normalized difference

vegetation index thresholds method (NDVITHM)

(SOBRINO and RAISSOUNI 2000; SOBRINO et al. 2008).

NDVITHM is one of several approaches used to

estimate LSE based on normalized difference vege-

tation index (NDVI) (VAN DE GRIEND and OWE 1993;

VALOR and CASELLES 1996). NDVI (ROUSE et al. 1973;

TUCKER 1979) is a band ratio defined on the basis of

radiation properties of chlorophyll (strongly absorbs

visible light for photosynthesis) and cell structure of

the leaves (strongly reflects near-infrared radiation).

It gives information about green vegetation coverage.

For Landsat/ETM? data, NDVI is calculated as a

combination of bands 3 and 4:

NDVI ¼ Band4� Band3

Band4þ Band3
ð6Þ

The NDVITHM uses certain NDVI values (thresh-

olds) to distinguish between soil pixels (NDVI \
NDVIS), pixels of full vegetation (NDVI [ NDVIV)

and mixed pixels (NDVIS B NDVI B NDVIV)

considered to be a mixture of soil and vegetation

(SOBRINO et al. 2008).

In this work, the general assumptions of the

NDVITHM were simplified. Values of NDVIS = 0.2

and NDVIV = 0.5 proposed bySOBRINO and RAISSO-

UNI (2000) for global conditions (applicable over any

area in the Earth) were assumed. Using the NDVIS

and NDVIV values proportion of vegetation (PV),

also referred to as fractional vegetation cover—FVC,

was derived from NDVI according to CARLSON and

RIPLEY (1997):

PV ¼
NDVI� NDVIS

NDVIV � NDVIS


 �2

ð7Þ

The cavity effect due to surface roughness was

corrected using a term Ck , given by:

Ck ¼ 1� eSkð Þ � eVk � F
0 � 1� PVð Þ; ð8Þ

where F0 is a geometrical factor (ranging between 0

and 1) depending on the geometrical distribution of

the surface; in this work, the mean value for rough

and heterogonous surface F0 = 0.55 was chosen

according to SOBRINO et al. (1990). No accurate

atmospheric correction is needed when using a scaled

NDVI values for estimation of the FVC (SOBRINO

et al. 2008).

Emissivity of soil pixels (NDVI \ NDVIS) is set

to 0.96 (PV = 0 and Ck = 0, so e = eSk = 0.96,

where eSk is the assumed emissivity of bare soil) and

emissivity of full vegetation pixels (NDVI [ ND-

VIV) is set to 0.99 (PV = 1 and Ck = 0.005, so

e = eVk ? Ck = 0.985 ? 0.005 = 0.99, where eVk

is the assumed emissivity of full vegetation). Emis-

sivity of mixed pixels (NDVIS B NDVI B NDVIV)

was computed according to the formula (SOBRINO

et al. 1990):

e ¼ eVk � PV þ eSk � 1� PVð Þ þ Ck ð9Þ

There have been several studies performed on

validation and intercomparison of NDVITHM against

other methods (SOBRINO et al. 2008). A comparison

between NDVITHM and three other LSE algorithms

(TISIBL, TS-RAM and Dday) applied to NOAA/

AVHRR data over the Iberian Peninsula provided

very low values of root mean square error (RMSE)

ranging between 0.01 and 0.02 (SOBRINO et al. 2001).

The results achieved after applying NDVITHM to
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Landsat/TM data over the Requena-Utiel site (Valen-

cia, Spain) were compared to in situ measurements

obtaining the RMSE below 0.01 (SOBRINO et al.

2004). Application of NDVITHM to AHS imagery of

4-m spatial resolution during the DESIREX 2008

experimental campaign over the city of Madrid

(Spain) in comparison with two other LSE method-

ologies (TES and TISI) showed the lowest

RMSE = 0.06 with the use of in situ data from the

urban surfaces (OLTRA-CARRIÓ et al. 2012). Although

NDVITHM does not appear to be the best LSE

estimation method to be applied for urban studies, it

is considered as the most appropriate option for

Landsat/TM or ETM? data (SOBRINO et al. 2004,

2008; RODRIGUEZ-GALIANO et al. 2012), even to

estimate urban LST pattern (XIAO et al. 2007;

MACKEY et al. 2012) because, unlike the other

mentioned LSE algorithms, it does not require

thermal band or a nighttime image. It should also

be noted that the NDVITHM underestimates emissiv-

ity values for water bodies (SOBRINO et al. 2008), as

they range between 0.90 and 0.93 and should be close

to 1 within visible and thermal infrared wavelengths.

This is a serious disadvantage which requires further

corrections.

The underestimated LSE values were corrected

with a self-developed, three-step procedure:

• Arithmetical division of band 4 (NIR) image by

band 3 (VIS red) image in order to classify ‘water

pixels’.

• Extraction of the depiction result by a water mask

created using GMES Urban Atlas PL003L Dataset

(removal of pixels wrongly classified as water

bodies). GMES Urban Atlas was used to create the

water mask instead of CLC Land Cover because of

a smaller mapping unit which is 0.25 ha in urban

areas and 1 ha in other areas (GMES—Mapping

Guide for a European Urban Atlas v. 1.01 2010).

Water class includes: lakes, fish ponds (natural,

artificial), rivers (incl. channeled rivers) and canals.

• Assignment of a new value of 0.995 for the

extracted ‘water pixels’. This value was assumed

taking into account very low reflectance (up to

1 %) of water bodies in thermal infrared spectral

range around the effective wavelength of Landsat/

ETM? band 6 (SALISBURY and D’ARIA 1992;

MODIS UCSB Emissivity Library 2012; ASTER

Spectral Library 2012).

The retrieved LSE (e) output records are one of

the necessary inputs for the SC formula (3).

The single-channel method has been approved

and commonly applied for thermal conditions

research in urban areas by numerous researchers all

over the world (GABOR and JOMBACH 2009; LI et al.

2010; LIU and ZHANG 2011). In this study, the whole

procedure was performed automatically using ESRI

ArcGIS Desktop 10.1 with the Spatial Analyst

extension and an additional Landsat TRS toolbox

created beforehand (WALAWENDER et al. 2011, 2012).

4.2. Accuracy Assessment of the SC Algorithm

The best solution to validate the single-channel

algorithm would be to compare the retrieved LST

values with in situ ground-truth measurements of the

LST (QIN et al. 2001). Unfortunately, it is very difficult

to obtain ground-truth LST data comparable to the

Landsat/ETM ? thermal image pixel size of 60 m. The

single-channel algorithm has been, however, previously

validated for Landsat TM band 6 using ground-truth

data by JIMÉNEZ-MUÑOZ and SOBRINO (2003) showing

root mean square deviations (RMSD) lower than 1.5 K

for different land cover types. An alternative approach

using simulated data introduced by SOBRINO et al.

(2004) obtained the RMSD of 1.0 K. In this study, the

level of LSE influence on LST estimates was evaluated

by subtracting all the six output LST maps, estimated

with the use of LSE and retrieved with the NDVITHM

from a new set of maps, created with exactly the same

procedure but applying constant LSE value of 0.97 for

each pixel within the whole study area. The value of

0.97 is a rounded mean zonal LSE of all pixels of all six

LSE maps derived with NDVITHM. Consequently,

maximum differences between the LSE values

retrieved by modified NDVITHM (masked surface water

bodies) and the LSE constant value reached 0.025. The

results showed that for the vast majority of pixels

(between 96 and 100 % depending on a scene), LST

difference is less than 1 K, which is less than single-

channel algorithm error estimated by JIMÉNEZ-MUÑOZ

and SOBRINO (2003) and by SOBRINO et al. (2004).
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4.3. Standardization and Geoprocessing of the LST

Values

Interpretation of LST distribution in the city of

Krakow is not a very easy task because of the combined

influence of environmental and anthropogenic factors

such as diversified relief, urban land cover mosaic

including complex building structures, seasonal

changes of vegetation, and variability of atmospheric

conditions (weather types). The role of the proposed

standardization of the LST values is to enable:

• Objective evaluation of the LST pattern derived from

images acquired in different atmospheric conditions

and in various phases of the vegetative period.

• Delimitation of more general LST features (ther-

mally characteristic regions).

• Comparative analysis of the LST spatial variability

in relationship to different land cover types for six

case studies.

4.3.1 LST Standardization Procedure

Technically, standardization of the LST raster data-

sets means determining by how many standard

deviations (SD) is the LST value of every single

pixel in each of the selected cases below or above

mean LST value of the whole LST sample. The

whole LST sample means all the LST pixels in each

of the six gridded LST datasets that fall within the

administrative border of Krakow. Standard scores of

the land surface temperatures (LSTS) were calculated

by subtracting the zonal mean LST value for the

whole LST sample (LSTl) from an individual LST

pixel value (LSTx) in each of the gridded LST

datasets and dividing by the sample’s standard

deviation (LSTr), which was also calculated for the

whole LST sample:

LSTS ¼
LSTx � LSTl

LSTr
ð10Þ

Figure 6
Comparison of LST and LSTS distributions
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The LST distributions for the selected case studies

were close to normal so there was no need to

transform input data. After standardization, the

distribution of each LSTS variable is characterized

by an expected value (mean) equal to 0 and a SD

equal to 1 (Fig. 6).

The spatial extent of the LST sample was

restricted to the administrative border of Krakow

because in this study the focus was on delineating the

thermal regions within Krakow’s urban areas. Such

restriction is acceptable as long as the proportion

between artificial and semi-natural surfaces is more

or less equal within the area of Krakow (Fig. 4), as

the method is sensitive to zonal mean and standard

deviation values (Eq. 10).

4.3.2 Delimitation of Thermal Regions

A set of maps showing standardized LST pattern in

the agglomeration of Krakow for each of the six case

studies was created. Furthermore, for each standard-

ized land surface raster dataset, local functions of

raster analysis were used in order to calculate the

frequency of LSTS pixels. Thermally stable regions

[with LSTS always (6/6 case studies) higher or

always lower than the zonal mean LSTl of Krakow]

were determined. Additionally, the stable hot regions

and stable cold regions were divided according to the

strength of the thermal stability into three categories

(spots) defined by a number of standard deviations.

Pixels classified sometimes as hot and sometimes as

cold, depending on a date, were considered as

unstable (Table 5). Local raster analysis tools (map

algebra, reclassification, local statistics) available in

ArcGIS Desktop Spatial Analyst were used to

delineate thermal regions. A map of thermal regions

in the agglomeration of Krakow was created. Seven

most characteristic cold and hot spots were analyzed.

4.3.3 Spatial Analysis of Standardized Land Surface

Temperature

Zonal statistics were calculated in order to examine

the relationship between standardized LST patterns

and land cover types within administrative border of

Krakow. Two quantifiers were introduced: mean

standardized LST for the defined land cover classes

and percentage share of the hot and cold spots in each

of defined land cover class. The CLC2000 dataset

was used instead of the GMES Urban Atlas because

the minimum mapping unit of the GMES land cover

dataset (0.25 ha) is too small and some of the

elements, e.g. linear objects such as roads, are too

narrow with respect to the 60-m resolution of the LST

raster datasets and are for that reason inappropriate

for calculation of the zonal statistics.

5. Results

5.1. Case Studies

The six selected images represent various stages

of the vegetative period. LST in the area of Krakow is

greatly diversified into what can be clearly seen in the

maps (Fig. 7). Two main centers of very high heat

emission can be distinguished. These are: Krakow

city center and the steelworks in Nowa Huta with the

whole industrial infrastructure (compare Figs. 1c, 7,

Fig. 8). The temperature higher than the average

mean value for Krakow regardless of season and

Table 5

Categories of thermal regions and strength of thermal stability

Thermal region Category of thermal stablity Thermal spot name

Stable hot 6/6 ?[2 SD very hot spot

6/6 ?[1 SD hot spot

6/6 ? 0–1 SD warm spot

Unstable Diversified

Stable cold 6/6 ? -1–0 SD cool spot

6/6 ? B-1 SD cold spot

6/6 ? B-2 SD very cold spot

SD standard deviation, 6/6 means that a certain pixel was classified to the same category in all 6 analyzed images
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atmospheric conditions can be also observed in areas

occupied by other, smaller factories and industrial

units as well as huge shopping centers. On the other

hand, the Vistula river, surface water reservoirs,

forests, bigger city parks and wooded cemeteries

(Figs. 2, 5) are generally characterized by much

lower temperatures than the average, and for that

reason are also easily recognizable in the maps. The

temperature of the areas with other types of land use

shows seasonal variability. Specifically, the thermal

properties of arable land vary seasonally.

On March 07, 2001, the role of a particular land

cover type in controlling the surface temperature was

additionally modified by snow, which covered the

upland located in the northern part of the study area.

Another interesting aspect refers to the temperature of

the rural areas located to the northeast of the city. In

spring (images April 21, 2000; May 07, 2000 and May

26, 2001), the thermal contrast between this region and

the city of Krakow is very small. The LST is nearly the

same as in the city center or in the area of steelworks.

This effect is driven by intensive agriculture, which

developed in this region due to high soil fertility and

very good climate conditions. There are almost no

forests. The area is generally used for vegetable

cultivation and in spring the plant cover is relatively

sparse yet. Consequently, the bare soil surface exposed

to solar radiation warms up very quickly. The thermal

contrast between the city and the surroundings increases

as the plant cover gets denser (July 26, 2000) and then

blurs again after harvest (August 17, 2002).

Thermal contrast between the city and the

surroundings was mostly visible on July 26, 2000,

when air temperature was also the highest (about

25 �C at the time of image acquisition). The reason

for that was greater heat storage of urban surfaces

during a sunny and very warm summer day because

of specific thermal properties (i.e. heat capacity and

conductivity) of man-made materials. In addition,

heat accumulation in the city is also caused by the

complex 3-dimensional nature of the urban surface,

especially within the continuous urban fabric as a

consequence of daytime radiative surplus of street

canyon structure energy balance. Moreover, emission

of anthropogenic heat from industrial and communal

processes may strengthen the effect. This, however,

plays a more significant role in winter time.

Detailed analysis of the relationship between the

standardized LST and land cover types (Table 6)

shows that the LST of urban fabric, industrial and

commercial areas, as well as airport and large railway

areas is always (6/6) higher than the zonal mean LST

in Krakow. Continuous urban fabric is the warmest

land cover class with mean standardized LST greater

than 1.3 SD for each case, excluding May 26, 2001

(mean LSTS = 0.99 SD). The LST values in this class

are very high (mean LSTS [ 2.2 SD), particularly

during hot summer days (July 26, 2000 and August

17, 2002). The strong overheating in this class is

caused most of all by very high heat capacity of

predominant artificial surfaces such as asphalt, con-

crete and roof sheeting, but also a very small share of

vegetation. More vegetation (urban greenery) can be

found in between discontinuous urban fabric and,

therefore, the temperature is lower (0.10 SD \ mean

LSTS \ 0.61 SD). Interestingly, industrial and com-

mercial areas are not the warmest, although the maps

prove that the hottest pixels are linked with metallur-

gical furnaces, factory chimneys and large, flat roofs

of hypermarkets or industrial buildings. The mean

temperature (0.46 SD \ mean LSTS \ 1.13 SD) is,

however, lower than in the case of continuous urban

fabric mainly because of the vegetation contribution

and heterogeneity of buildings.

The LST values of forests and waters are always

much lower than the zonal mean LST in Krakow,

especially in a warm part of the year. Before the

vegetative period (March 7, 2001) waters (mean

LSTS = -1.84 SD) are significantly colder than

forests (mean LSTS = -0.63 SD); then, in early

growing season (May) the forests (-1.75 SD\ mean

LSTS\ -1.61 SD) are colder than waters (-1.58 SD

\ mean LSTS\ -0.94 SD), whereas in late growing

season (July and August), the mean temperature of

surface waters and forests is nearly the same (LSTS

about 1.2–1.5 SD lower than the zonal mean LST in

Krakow). This temperature variation is caused by

annual vegetation and air temperature changes linked

to evapotranspiration, which is more intensive in the

phase of maximum vegetation growth and also when

the air temperature increases. The LST of green urban

areas is not much lower (mean LSTS from -0.40 to

0.11 SD) than the zonal mean LST in Krakow,

regardless of the time of year.
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The temperature of arable land, meadows, pas-

tures, permanent crops and horticulture shows large

seasonal changes. These land cover classes may

contribute to the increase but also the decrease of the

overall mean surface temperature in the city depend-

ing on a season. The temperature of arable land is a

little bit higher than the mean (0.07 SD\ mean LSTS

\ 0.18 SD) only during the early vegetative season,

while the temperature of grassland (mean

LSTS = 0.38 SD), permanent crops and horticulture

(mean LSTS = 0.05 SD) is higher before the vege-

tative period (Mar 7, 2001). The reason for this

difference lies in keeping the arable land uncovered

for some time after planting crops on the ploughed

fields in the first phase of the vegetative period

(April–May). Accordingly, at that time, thermal

properties of the arable land are similar to bare soil,

i.e. it heats up faster than the soil covered with

vegetation.

5.2. Thermal Regions

The map of thermal stability in the agglomeration

of Krakow (Fig. 8) shows that hot regions (defined as

in Table 5) are located most of all in the city center,

along main arterial thoroughfares and industrial zones

(primarily Nowa Huta steelworks and related infra-

structure). The three satellite towns of Skawina,

Wieliczka and Niepolomice (see Fig. 1) are also

clearly seen.

The cold regions (defined as in Table 5) corre-

spond to the areas of forests, city parks and water

reservoirs. Thanks to the application of shaded relief

in the background of the map and making the upper

thermal regions layer 50 % transparent, it can be

noticed that many cold regions are also located on the

northern slopes of the Carpathian Foothills. The

reason for this effect is a nearly-constant illumination

angle (sun azimuth around 150�) during satellite

acquisition of all the six Landsat/ETM? images used

in the study.

A percentage share of cold and hot areas related to

defined standard deviation thresholds for all the land

cover types within the city of Krakow was calculated

(Table 7). Generally, about 1/3 (32.4 %) of the total

city area is thermally stable. Approximately half

(16.6 %) of the thermally stable areas is always

warmer and the other half (15.8 %) of the area is

always colder than the mean zonal LST for Krakow.

The most thermally stable and the warmest land

cover class is continuous urban fabric. Of the area

covered by the continuous urban fabric, 92 % is

always warmer than the mean zonal LST for Krakow.

The hot spots ([1 SD) represent almost 50 % of the

area in this class. The biggest amount of very hot

spots ([2 SD) falls within industrial and commercial

areas, although a general number of pixels warmer

than the mean zonal LST is only about 50 % in this

class. The other classes with a definitely higher

number of always warm pixels ([AVG) are: airport

and large railway areas (60.5 %) and discontinuous

urban fabric (about 32 %). Forests and waters are the

most thermally stable and the coldest classes. Forests

consist of the largest number of cold pixels—nearly

80 % area in this class is colder than the mean zonal

LST. On the other hand, waters are locally much

colder than forests. Two percent of water pixels are

classified as very cold spots (\-2 SD), whereas

pixels in this category do not exist at all in the forest

class.

Characteristic thermal regions located in Krakow

were identified and marked in the map (Fig. 8) with

dotted rectangle polygons. The hot and cold regions

are easily distinguishable (with characteristic pat-

tern), and thermally stable [with LST values always

(6/6) higher or lower than the mean LST for Krakow]

places. Four interesting hot regions and three cold

ones were recognized. Those seven areas were

clipped from the map of thermal regions, draped

over true color RGB composites of high-resolution

orthophotomaps with the same 50 % transparency

and comprehensively investigated (Figs. 9, 10, 11,

12, 13, 14, 15).

The selected cold and hot regions are:

Water reservoirs in former gravel excavation sites

in Przylasek Rusiecki are old surface mine sites

located in the Vistula River valley where gravel was

excavated for the needs of the steelworks construc-

tion in Nowa Huta. Once the mining ceased, the pits

naturally filled with water. The total area of the

reservoirs is 86.7 ha. They now serve as a recreation

site giving the possibility of fishing, swimming and

sunbathing. The reservoirs are separated by dikes

covered with lush vegetation. The whole complex is
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Figure 7
Standardized land surface temperature pattern in the agglomeration of Krakow

Vol. 171, (2014) LST Patterns in Krakow Derived from Landsat Data 929



surrounded by arable land, grassland and scattered

single-family houses.

The 60-m resolution of the Landsat ETM?

thermal band is good enough to recognize the

reservoirs and broader dikes (Fig. 9). Most of the

reservoirs were identified as the cold spots. The rest

of them and the dikes are cool spots.

The Wolski Forest is the largest forest complex

within the administrative border of Krakow, with an

area of 422 ha and very diversified landscape. The

forest grows on a hill that is a tectonic horst built of

Upper Jurassic limestone. Height differences reach

up to 120 m, the slopes are steep, and the valleys are

deep ravines. The Wolski Forest stand is a relatively

natural composition of upland species dominated by

oak, beech and birch trees. This natural site functions

as a ‘‘green lung’’ of Krakow but also provides many

touristic attractions.

The coldest spots in this subset area are the

Vistula River and the northern slopes of the hill

Figure 8
Thermal stability in the agglomeration of Krakow (shaded relief in the background). Characteristic cold and hot spots: a water reservoirs of

former gravel excavation sites in Przylasek Rusiecki, b Wolski Forest, c Rakowicki Cemetery, d ‘‘Krokus’’ Shopping Center, e Krakow Old

Town, f steelworks in Nowa Huta, g slag heap in Pleszow. Explanations of the colors in Table 6
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covered by the Wolski Forest (Fig. 10). Forest

covering southern slopes descending towards the

Vistula River valley was classified as thermally

unstable. An apparent warm spot in the southwestern

part of the subset area is generated by a housing

estate of Bielany and another one at the eastern edge,

north of the Vistula River, is a part of a similar

housing estate in Przegorzaly. Two hot pixels located

in the northwestern part of the subset area correspond

to an industrial area (fuel base).

The Rakowicki Cemetery is one of the biggest and

oldest cemeteries in Krakow with total area of 42 ha.

Here the thermal response of the surface is related

to canopy structure, mainly the thickness of a tree

crown layer. The southern, older part of the cemetery,

especially its central divisions, which is densely

forested (the canopy is thicker), form a cold spot. The

rest of the cemetery has on average a bit higher

temperature, however it remains thermally stable–

cool. As the whole Rakowicki cemetery, located in

the center of Krakow, is surrounded by a dense urban

fabric, the neighboring area is stable–warm. The

hottest spot in the southwestern part comes from a

military area adjacent to a large road junction. The

other hot spot located north of the cemetery is a

commercial area with some warehouses (Fig. 11).

‘‘Krokus’’ Shopping Center has a total area of

30,000 m2. It consists of one huge hypermarket, 53

boutiques and service points, two mid-surface stores

and 1,500 parking places. The other smaller building

to the west of the ‘‘Krokus’’ Center is a construction

hypermarket. Both buildings formed very distinctive

hot spots. There are many restaurants, smaller

shopping, service and entertainment centers around.

A part of the two-lane northern bypass of Krakow is

also included in the southern part of this subset area.

A semicircular, multi-leveled roof of an aqua park,

which can be seen in the northeastern part of this

subset image, heats up unevenly and not as strongly

as the roof of the shopping centers (Fig. 12).

This thermal region is a good example of how the

shape and color of the roof, its area, and the type of

material it is made of can influence thermal proper-

ties. Almost the whole site consists of different

artificial surfaces with low albedo and high heat

storage potential. More vegetation can only be found

around blocks of flats located in the northwestern and

southern part of this subset area. These two places

were classified as thermally unstable.

Krakow Old Town with the Wawel Royal Castle

(UNESCO World Heritage Site) comprises Krakow’s

historical center surrounded by a park called the

Planty. The characteristic urban structure of the Old

Town consists of the Main Market Square with

dimensions of 200 m 9 200 m in the central point,

and the entire old town is divided into quarters,

separated by a regular grid of streets. The Wawel

Castle is located in the south of the Old Town, on a

hill at the Vistula River (Fig. 13).

The regular urban structure of the Old Town

delimited by a green belt can be found in the LST

pattern. The entire central city district is character-

ized with a very high LST. An included small part of

the Vistula River is the only cold spot. Planty Park, in

its western, broader section is locally stable–cool.

Wawel hill slopes, the Main Market Square, and the

Table 6

Mean standardized land surface temperature (SD) inside the city limits for selected cases

Land cover class Mar 7, 2001 Apr 21, 2000 May 7, 2000 May 26, 2001 Jul 26, 2000 Aug 17, 2002

Continuous urban fabric 1.40 1.49 1.31 0.99 2.21 2.37

Discontinuous urban fabric 0.10 0.12 0.27 0.32 0.61 0.60

Industrial and commercial areas 0.46 0.67 0.85 0.80 1.13 0.97

Airport and large railway areas 0.50 1.09 0.98 0.82 0.94 0.67

Green urban areas -0.11 -0.40 -0.36 -0.33 -0.26 -0.22

Arable land -0.31 0.18 0.07 0.11 -0.30 -0.21

Meadows and pastures 0.38 -0.14 -0.47 -0.58 -0.68 -0.60

Permanent crops and horticulture 0.05 -0.18 -0.10 -0.20 -0.25 -0.23

Forests -0.63 -1.44 -1.75 -1.61 -1.25 -1.43

Waters -1.84 -2.25 -1.58 -0.94 -1.29 -1.48

Land cover types as in Fig. 5
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Planty as well as two inner-city monastic gardens

located in the northwestern and southeastern part of

the area are thermally unstable.

Steelworks in Nowa Huta (currently ArcelorMittal

Poland, Krakow Branch) are the second largest steel-

works in Poland, producing annually about 1.3 million

tons of steel and employing about 3,500 people.

The thermal pattern in this area (Fig. 14) corre-

sponds to the location of different factory buildings,

but it is also related to the industrial activity of the

steelworks. The four large, very hot spots in this

subset correspond to four large buildings of different

rolling mills. The biggest one is a hot strip mill with a

separate service center, the smallest one is a pipe

rolling mill and the remaining two are cold rolling

mills. The other smaller hot pixel clusters and

singular hot pixels in this subset area are ‘‘produced’’

by other industrial plants located within the steel-

works area, e.g.: a refractory materials plant, steel

foundry, coke plant, and blister steel plant. There are

two thermally unstable parts surprisingly located in

the places of the most essential components of the

steelworks:

• Blast furnaces located in the center of the steel-

works area (south of the major hot spot of

combined buildings of the hot strip mill and the

service center).

• Sinter plants located in the very southeast of the

subset area.

Spectral response from these industrial plants was

interrupted by smoke clouds, which were released into

Table 7

Percentage share (%) of hot and cold areas in different land cover types within the city administrative border

Land cover class [AVG [1 SD [2 SD \AVG \-1 SD \-2 SD

Continuous urban fabric 92.0 46.6 1.3 0.6 0.0 0.0

Discontinuous urban fabric 31.9 2.2 0.1 6.2 0.3 0.0

Industrial and commercial areas 49.9 12.4 3.1 4.4 0.6 0.1

Airport and large railway areas 60.5 12.1 1.0 2.8 0.4 0.0

Green urban areas 7.1 0.1 0.0 32.5 3.7 0.0

Arable land 2.3 0.0 0.0 9.0 0.4 0.0

Meadows and pastures 2.0 0.0 0.0 18.3 2.6 0.0

Permanent crops and horticulture 6.7 0.1 0.0 16.6 0.8 0.0

Forests 0.2 0.0 0.0 79.0 32.3 0.0

Waters 1.1 0.0 0.0 77.4 41.0 1.7

Krakow 16.6 2.6 0.4 15.8 3.2 0.1

Figure 9
Thermal pattern of water reservoirs in former gravel excavation sites in Przylasek Rusiecki. Explanations of the colors in Table 5
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the atmosphere with different intensity in five out of six

images used in this research. The artificial atmospheric

effect from those plumes likely affected the atmo-

spheric correction for the respective pixels. As the

steelworks is separated from the rest of the city with a

green protective zone, some cold pixels are also visible

in the western and southeastern parts of the subset.

Slag heap in Pleszow with its entire infrastruc-

ture is a dump site located south of the steelworks

and occupying about 156 ha. It is still stored with

the steelworks slag waste (a vitreous byproducts of

steelmaking). The previously accumulated material

is nowadays excavated for further use, e.g. road

construction. The LST of almost the whole heap

Figure 10
Thermal pattern of Wolski Forest and the surroundings: 1 housing estate of Bielany, 2 housing estate of Przegorzały, 3 industrial area of

ORLEN fuel Base. Explanations of the colors in Table 5

Figure 11
Thermal pattern of Rakowicki Cemetery and the nearest surroundings (1 old cemetery, 2 new cemetery, 3 military area, 4 commercial area).

Explanations of the colors in Table 5
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Figure 12
Thermal pattern of ‘‘Krokus’’ Shopping Center (1) and the neighboring construction hypermarket (2) and aqua park (3). Explanations of the

colors in Table 5

Figure 13
Thermal pattern of the Old Town in Krakow (1 Main Market Square, 2 Wawel Castle, 3 Planty Park, 4 monastic gardens, 5 Vistula river).

Explanations of the colors in Table 5
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area is higher than the average LST in Krakow, but

pixels related to infrastructure located within the

heap are hotter. The three very hot pixels corre-

spond most probably to the place where in the

years 2000 and 2001 liquid slag was poured from

the special cars and cooled off over a few days

(Fig. 15).

It has to be clarified that as the thermal

regionalization was based on the six LSTS raster

datasets, it shows only overall tendency in spatial

distribution and seasonal variability of LST. For

exhaustive analysis, more satellite images should be

included.

6. Summary and Conclusions

This paper contains detailed evaluations of the

LST distribution in the agglomeration of Krakow,

located in southern Poland. The LST records were

obtained from six Landsat/ETM? multispectral

images with the use of a single-channel algorithm.

The method employs atmospheric and emissivity

correction. Standardization of the LST values enabled

an objective comparison of spatial distribution of the

LST values derived from images acquired in different

atmospheric conditions and in various phases of the

vegetative period. Furthermore, recognition of

Figure 14
Thermal pattern of the steelworks in Nowa Huta (1 hot strip mill, 2 pipe rolling mill, 3 cold rolling mills, 4 blast furnaces, 5 sinter plants, 6

coke plant, 7 refractory materials plant, 8 steel foundry, 9 blister steel plant). Explanations of the colors in Table 5

Figure 15
Thermal pattern of the slag heap in Pleszow. Explanations of the colors in Table 5
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thermally characteristic regions in the LST pattern

was possible. The method is universal and can be

applied with no limitations given selection of a

proper reference area where proportions of natural

and artificial surfaces are equalized and the statistical

distribution of LST pixels tend to be normally dis-

tributed. Further processing included calculation of

zonal statistics in order to evaluate the relationship

between standardized LST and different land cover

types. All data processing procedures applied in this

study have been performed automatically within the

GIS environment. GIS is a powerful tool which

enables implementation of LST retrieval and stan-

dardization procedures as well as integration of

created standardized LST maps with other geospatial

data (e.g. land cover database).

The results confirmed that the LST pattern

depends most evidently on thermal properties (such

as heat capacity and conductivity) of different sur-

faces. In Krakow, as well as in other urban areas,

LST pattern is influenced by both environmental and

anthropogenic factors. Various natural and artificial

surfaces form characteristic mosaic structures, which

result typically in great spatial variability of LST.

Created maps of LST highlighted some peculiarities

of the LST pattern in the agglomeration of Krakow,

which are related to the specific urban structure of

the city as well as to the location of the whole urban

area in the bottom of the Vistula River valley in

between the Malopolska Upland and the Carpathian

Foothills. There are two easily distinguishable pla-

ces of the highest surface temperature regardless of

season and prevailing weather conditions: the city

center (mostly continuous urban fabric) and the

whole industrial area of steelworks in Nowa Huta.

Smaller factories and industrial units as well as huge

shopping centers are also always characterized by

very high LST. Continuous urban fabric is on

average the warmest land cover class, but the most

extreme LST values occur within industrial and

commercial areas. This is caused by the heat accu-

mulation capacity of artificial surfaces and the

emission of anthropogenic (industrial and commu-

nal) heat. Forests, bigger city parks, wooden

cemeteries and waters are always the coldest areas.

Waters are locally much colder than forests espe-

cially in the non-vegetative period. The temperature

of the areas with other types of land use (especially

arable land) shows seasonal variability.

The exact temperature difference describing

strength of the thermal contrast is not easy to com-

pute because it is difficult to define the background

LST value. In this study, mean zonal LST within the

administrative border of Krakow was used as the

background temperature value. Thermal contrast

between the city and the surroundings depends on a

season, weather conditions and is the highest during

hot, summer days.

Thermally stable regions have been identified on

the basis of relationship between pixel LSTS value

and the zonal mean LST for Krakow (LSTl): hot

region (LSTS [ LSTl), cold region (LSTS \ LSTl).

Pixels classified sometimes as hot and sometimes as

cold, depending on a date, were considered as

unstable. The research showed that about one-third of

the total city area is thermally stable. More than 16 %

of the city is always warmer and less than 16 % is

always colder than the LSTl. Hot and cold regions

are not evenly distributed in the city. Seven charac-

teristic hot and cold regions located within the

Krakow administrative limits were selected and

comprehensively investigated, taking into consider-

ation the strength of thermal stability divided by a

number of standard deviations.

According to the results obtained, LST in Krakow

and its vicinities is influenced by four major factors:

• Land cover type LST pattern corresponds to the

extent of different land cover types, which is a

consequence of different thermal properties of

surfaces (conductivity and capacity);

• Vegetation cycle causes seasonal changes of ther-

mal properties of particular land cover classes, e.g.

forests, green urban areas, arable lands, meadows

and pastures or permanent crops and horticulture;

• Land relief and building structure insolated slopes

and parts of buildings are warmer whereas shad-

owed surfaces are colder, creating a positive

daytime energy balance of street canyon structure;

• Atmospheric conditions thermal contrast between

the city and the surroundings is more evident

during hot, summer days.

Further research on the influences of topography,

vegetation type, shape of buildings and different
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anthropogenic materials on the LST values should be

done with the use of remotely sensed data of higher

spatial resolution and in situ measurements. Detailed

evaluation of the relationship between the LST and

weather conditions with the use of an objective

methods are also necessary.

The main advantages of Landsat ETM? data as

a source of information on spatial distribution of

LST in urban areas are a nearly 30-year-long series

of freely available records and relatively high spatial

resolution of thermal band (60 m), which allows for

detailed analysis of the LST pattern in relationship

with different land cover types (in the scale of

buildings, streets, parks, watercourses, etc.). On the

other hand, temporal resolution of 16 days excludes

the possibility of studying LST changes in shorter

periods and only one thermal band available makes

it more difficult to retrieve accurate LST values. The

results of this study as well as numerous other

research activities employing a single-channel

algorithm confirmed the high quality of the LST

retrievals and the great potential of Landsat ETM?

data in terms of urban thermal environment

research. However, taking into consideration the

properties of the Landsat data (relatively high spatial

resolution and long revisit time between observation

of the same point on the Earth’s surface), the pri-

marily types of Landsat data research applications

are case studies and change detection studies.

Finally, it has to be noticed that the ETM? sensor

was fully operational only for 4 years (from April

1999 to May 2003). Hence, shortage of SLC-on and

cloud-free Landsat ETM? imagery is another con-

siderable limitation for this kind of research. Even

though some methods of filling the ETM? image

gaps caused by SLC failure were developed, the

quality of a research based on not fully valuable

data decreases considerably. Alternatively, Landsat

TM data could be used, but the spatial resolution of

the thermal band is two times lower. A new per-

spective for improvements in similar research

activities in future has come with the recently

launched (so far not damaged) Landsat-8 (LDCM)

satellite with two separate sensors [Operational Land

Imager (OLI) and Thermal Infrared Sensor (TIRS)]

(NASA Landsat Data Continuity Mission Website

2013).

Universality of the method used in this research

implies applicability to different environmental con-

ditions worldwide. The results of this study can be a

very supportive contribution for local municipal

authorities and urban planners around the world in all

kinds of actions towards neutralization of the negative

effects of human activity on thermal conditions in

urban areas. Standardization of the LST values not

only makes it possible to retrieve LST patterns or

delineate thermal regions on the basis of satellite

images acquired in different environmental condi-

tions, but also enables the identification of the

processes behind them. This research used zonal sta-

tistics to study the relationship between LST and land

cover, which can also be interpreted as an indirect

measure of dynamic human-driven processes on the

Earth’s surface. Stable hot spots correspond most of

all to continuous urban fabric as well as industrial and

commercial areas where human activity is the highest.

Permanent man-made transformation of the urban

environment leading to, among other results, intensive

production and accumulation of artificial heat is not

easy to reverse. It is very difficult to restore greenery

or surface waters in a dense urban structure, but not

impossible. One of the more progressive solutions is

the concept of so-called ‘green roofs’, which means

covering existing buildings with greenery to stabilize

thermal conditions in the city. This is an important

aspect of sustainable urban development, which can

improve the living standards of urban residents.

Open Access This article is distributed under the terms of the

Creative Commons Attribution License which permits any use,

distribution, and reproduction in any medium, provided the

original author(s) and the source are credited.

REFERENCES

ASTER Spectra Library available on-line: http://speclib.jpl.nasa.

gov/, accessed in Oct. 2012.

BARSI, J. A., BARKER, J. L., and SCHOTT, J. R. (2003), An Atmo-

spheric Correction Parameter Calculator for a Single Thermal

Band Earth-Sensing Instrument, Proc. IEEE IGARSS, 21–25

July 2003, Toulouse, France, 3014–3016.

BARSI, J. A., SCHOTT, J. R., PALLUCONI, F. D., and HOOK, S. J. (2005),

Validation of a Web-Based Atmospheric Correction Tool for

Single Thermal Band Instruments, Earth Observing Systems X,

Proc. SPIE, Vol. 5882, August 2005, Bellingham, WA.

Vol. 171, (2014) LST Patterns in Krakow Derived from Landsat Data 937

http://speclib.jpl.nasa.gov/
http://speclib.jpl.nasa.gov/


BIELECKA E., and CIOłKOSZ, A., CORINE Land Cover in Poland.

Final report, (Inst. of Geodesy and Cartography, Warsaw 2004;

available on-line at: http://www.igik.edu.pl/images/stories/sip/

clc_final_report_pl.pdf), accessed in Oct. 2012.

BOKWA, A., Wieloletnie zmiany struktury mezoklimatu miasta na

przykładzie Krakowa [Multi-annual changes of the urban mes-

oclimate structure using an example of Kraków], (Inst. of

Geography and Spatial Management, Jagiellonian University,

Krakow 2010) (in Polish, summary in English; available on line

at: http://www.geo.uj.edu.pl/publikacje.php?id=000155&page=

monografie&menu=3), accessed in Oct. 2012.

BOKWA, A., SIKORA, S., and SZYMANOWSKI, M., Topoklimatyczne
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SOBRINO, J. A., JIMÉNEZ-MUÑOZ, J. C., and PAOLINI, L. (2004), Land

surface temperature retrieval from Landsat TM 5, Remote Sens.

Environ. 90, 434–440.
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