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Abstract. Land surface temperature (LST) is the key driving force in the exchange of radiation at the land
surface/atmosphere interface and one of the foremost parameters in the physical processes of surface energy
exchange locally and globally. Bucharest Metropolitan Area is a dynamic territory, subject to rapid urban
growth, the continuous expansion of the city over wider territories beyond its outskirts, thus transposing the
thermal characteristics of the new surfaces. For the current study, in order to obtain the LST, a series of
Landsat-8 scenes were analyzed. In the case of Bucharest Metropolitan Area, the spatial distribution of LST
shows a high concentration of areas more radiant in the urban areas with dense built-up surfaces. Industrial
sites and compact residential neighborhoods are characterized by high temperatures contrasting with the green
spaces and water surfaces that are “coolness islands”. The city’s heat island is obvious, but the small difference
compared to the surrounding areas is explained by the expansion of the urban metropolitan area with various
functions (e.g. services and commercial) in the neighboring urban-rural space. The analysis showed that for the
urban space, the largest thermal input is associated with the strong anthropogenic surfaces such as industrial
plants, transport infrastructure and facilities (e.g. depots, annexes), airports, followed by the residential areas.
The lowest average temperatures belong to green and water covered areas.

1. INTRODUCTION

Over the past century, both rapid population growth and continuous exploitation of natural
resources have been the main causes of land-use/cover change worldwide (Zhou and Wang, 2011). In
turn, greenhouse gases emissions and land use/cover changes (mainly related to urbanization and
agriculture) are the most important anthropogenic factors influencing the regional and global climate
(Kalnay and Cai, 2003) by combining both biochemical and biophysical processes (Liu et al., 2016) at
the land surface-atmosphere exchange level. Recently, cities have evolved beyond their administrative
boundaries, in the form of a spatial and functional pattern known as urban sprawl. The extended urban
expansion brings in surface modifications which include the replacement of soil and vegetation with
impervious surfaces (e.g. concrete and asphalt), with specific urban structures such as buildings of
various heights and densities (Zhou et al., 2011). The rapid changes of land use/cover in urban areas
have become a major environmental concern due to environmental impacts, such as the reduction of
green spaces and development of urban heat islands (UHI) (Amiri et al., 2009; Sun et al., 2012). UHI
is a phenomenon wherein cities have higher temperatures than the surrounding countryside as a
consequence of: loss of vegetation and associated evapotranspiration, extended dark surfaces with low
albedo (which absorb radiation and release heat), different thermal capacity and heat conductivity of
the buildings etc. (Oke, 1982; Voogt and Oke, 2003). Moreover, the expansion of artificial surfaces
resulting from urban expansion can be considered as a determinant in increasing transport emissions.
A series of studies have shown that the relationship between artificial surface growth and increased
CO2 emissions in transport is very strong, much stronger than those induced by other factors such as
population increase or GDP growth (EEA, 2006; Stone, 2008; Bart, 2010). The relationship between
*
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the components of the built environment and climate change was also stressed in the IPCC Reports
(e.g. 2007, 2014), which highlighted that global GHG emissions increased to a large extent due to the
following sectors: energy supply, transport, industry, land use and forestry, agriculture and buildings.
Thus, strategies to reduce atmospheric CO2 emissions should include reduced vehicle use, increased
energy efficiency of buildings and reduction of deforestation (Metz et al., 2007; Revi et al., 2014).
In urban areas, low-density land use patterns have been also associated with high surface
temperatures (Stone and Norman, 2006; Stone et al., 2010). Urban expansion severely transforms the
soil’s properties, reducing its ability to fulfill its essential functions. These effects are obvious in terms
of the extent of soil compaction that affects soil functions (Frumkin, 2002; EEA, 2006) and
consequently, land use/cover remittance. Land surface temperature (LST) observations based on
remote sensing techniques have been widely used to assess the UHI, to develop land surface –
atmosphere exchange models and to analyze the relationship between temperature and land use/cover
in urban areas (Voogt and Oke, 2003; Amiri et al., 2009). Thus, as a driving force in the exchange of
radiation at the interface land surface/atmosphere, LST is a key parameter for assessing the physical
processes of surface energy exchange locally and globally (e.g. Zhou et al., 2011; Jiménez‐Muñoz and
Sobrino, 2003; Jiménez‐Muñoz et al., 2014).
Bucharest Metropolitan Area is witnessing a rapid urban growth under the form of urban sprawl,
which leads to a continuous expansion of the city over wider territories beyond its outskirts (Kucsicsa and
Grigorescu, 2018). As a consequence, the current study is seeking to assess the territorial distribution
of LST in relation to the main land use/cover characteristics and to identify the spatial differentiation
between the high concentrations of radiant dense built-up surfaces and the green spaces and blue
surfaces (recognized as “coolness islands”). The spatial differences will reveal the way environmental
changes, mainly in the form of land use/cover changes, urbanization, and agricultural activities,
influence local and regional climates.
2. STUDY AREA

Bucharest Metropolitan Area is located in the south-eastern part of Romania, overlapping the
central south-eastern part of the Romanian Plain (Fig. 1), also known as the Lower Danube Plain
(Bălteanu, 2016). BMA is an urban-rural structure made up of one core city (Bucharest) and about 100 local
administrative units (LAU 2 level), grouping over 2,500,000 inhabitants on a surface of nearly
531,292 hectares (Grigorescu et al., 2015; Kucsicsa and Grigorescu, 2017). Over 70% of its territory is
agricultural. Over the last two decades, the area was under continuous socio-economic transformations,
which largely involved intensive land use/cover changes, making the agricultural land become a great
land resource for the spatial expansion of the city over the surrounding rural area. Moreover, the
incessant population dynamics have put great pressure on land, leading to extensive sub-urbanisation
processes (Grigorescu and Kucsicsa, 2018), conversion of agricultural land into urban sprawl-related
categories (e.g. residential, commercial, warehouses), uncontrolled exploitation of the natural resources,
environmental pollution etc.
From a climatic point of view, Bucharest Metropolitan Area falls into the temperate continental
climate, with a continentalisation trend from west towards east, as a consequence of the main climatic
influences observed across the underlying plain region: transitional in the west and excessivecontinental in the east (Bogdan et al., 2016). The diversity of local climatic factors, the mosaic of the
built-up area with multiple functions, agricultural and natural surfaces has a major influence on the
specific climatic characteristics of the metropolitan area. All these factors with quasi-permanent
influence change the regime of the different climate components which are transposed to the
metropolitan area along with the spatial expansion of the urban sprawl phenomenon.
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Fig. 1 – Study area location.

The influence of the city can be also noticed in the variability of all climate elements (e.g.
temperature, rainfall, humidity) through the “urban heat island” effect, which is highlighted against the
surrounding rural space. This effect is generated by the overheating of the built-up space, the nature of
the construction materials, land use/cover types, the roads seal coating, the various angle of the solar
radiation, population growth, quantity and nature of burned fuels, etc.
Over the past twenty years, Bucharest Metropolitan Area has witnessed an enhancement in
climate change signals, in terms of a significant temperature rise, annual precipitation decrease and
increase of extreme weather events (e.g. heat waves and drought, heavy rainfall, hail storms, acid
deposits) whose occurrence, frequency and duration are closely connected to their main environmental
triggers: land use/land cover changes and urban sprawl.
3. METHODOLOGY

As one of the most important parameters in assessing the physical processes of surface energy
exchange, LST provides information about temporal and spatial variations in temperature and is of
fundamental importance in many urban climatology applications. Due to the high heterogeneity of the
land surface characteristics such as vegetation, topography, and soil, LST changes are fast in space and
in time. Adequate characterization of the LST distribution and its temporal development, thus require
measurements with high spatial and temporal accuracy. Given the complexity of land surface
temperature, in situ land measurements cannot provide values over wide areas. With the development
of space remote sensing, satellite data provides good opportunities for measuring LST around the
globe at high temporal and spatial resolution. There are notable differences in the data processing for
different sensors due to differences in data acquisition range and the type of calibration used. In the
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present study, LST has been estimated from Landsat-8 imagery (May 25, 2013). The Landsat-8 sensor
has the advantage of 2 bands in the thermal infrared range, which increases accuracy in processing and
obtaining LTS.
Due to the importance and wide use of the LST in a great variety of environmental studies (Jiménez‐
Muñoz and Sobrino, 2003; Jiménez‐Muñoz et al., 2014), an extensive range of methodologies have
been developed to retrieve it from the satellite data. These methodologies are dependent on the type of
the sensor used (the wavelength range of the satellite bands) and the corrections applied. The most frequently
used methods for correcting surface radiance for atmospheric effects fall into two categories (Norman
et al., 1995): direct methods, which are using atmospheric temperature and humidity surveys, collected
with probes mounted on balloons and indirect methods, which are applying atmospheric corrections
directly on satellite data. Direct methods combine in-situ measurements of atmospheric temperature and
moisture with atmospheric models of radiative transfer, as LOWTRAN and MODTRAN, calculating
atmospheric transmittance and radiant path as a function of wavelength (Schott and Volchok, 1985;
Goetz et al., 1995). Indirect methods derive atmospheric vertical surveys from satellite data and
atmospheric models for radiative transfer. In addition, split-window algorithms using channels 4 and 5
of the Advanced Very High Resolution Radiometer (AVHRR) (Becker and Li, 1990) channels 31 and
32 Earth Observing System NASA’s Moderate Resolution Imaging Spectrometer (EOS/MODIS)
(Vidal, 1991) or TIR (Thermal Infrared) bands (10 and 11) from Landsat-8 sensor (Jiménez‐Muñoz et
al., 2014) were widely applied in atmospheric correction of the LST and emissivity for different
purposes. After appropriate corrections, LST could be calculated from radiance theoretically corrected
by reverse analyse of Planck’s equation. However, in real-world applications, these models are usually
difficult to apply, due to the low resolution and the requirements for different variables.
In Romania, MOD11_L2 and MYD11_L2 were the most frequently used satellite-derived
products in studies regarding the Urban Heat Island (UHI) (e.g. Cheval and Dumitrescu, 2009; Cheval
et al., 2009; Cheval and Dumitrescu, 2015) having a high temporal resolution, but a coarse spatial
resolution (1km). However, these products are not accurate enough to allow a detailed monitoring of
urban spatial variations. Nevertheless, thermal data obtained from Landsat Thematic Mapper (TM),
Landsat7 (ETM +), Landsat-8 and other medium resolution satellite sensors (e.g. Aster) are more
attractive to undertake local and regional studies in the thermal infrared range, because of their
superior spatial resolution (120 m for TM sensor, 60 m for ETM+ sensor and 100 m for Landsat-8).
Preferably is to use those two types of data to improve both the spatial resolution and the temporal
coverage. In time, several such techniques were created (Gao et al., 2006; Hilker et al., 2009; Zhu
et al., 2011; Weng et al., 2014).
In the current paper, the authors have used the Landsat-8 thermal data which has the advantage
of being equipped with two Thermal Infrared Bands (TIR) in the atmospheric window 10–12µm. The
processing workflow to derive LST values are presented in Figure 2.
The first step is the pre-processing satellite data that aims to remove the noise and distortions
from the measured signal coming from the land surface in order to calculate the reflectance parameter
(ρBOA (Ωs, Ωv)) characterizing the surface.
In the second step, the digital number (DN) is transformed into radiance values LTOA, λ(Ω) for
thermal bands B10 and B11. This radiance is a complex sum of many influences (Gastellu-Etchegorry,
2015):
L TOA,λ(Ω) = L Earth,TOA,λ(Ω) + L atm,TOA,λ(Ω) + L mult,TOA,λ(Ω)
where:
LEarth,TOA,λ(Ω) = Solar radiance due to solar flow dispersed by Earth’s surface
Latm,TOA,λ(Ω) = Solar radiance due to solar flow dispersed by Atmosphere
Lmult,TOA,λ(Ω) = Solar radiance due to solar flow dispersed by Terra –Atmosphere tandem
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Fig. 2 – The processing workflow for deriving LST from Landsat-8 imagery.

To calculate radiance, correction factors (ML10, ML11, AL10 and AL11) were extracted, and
for each of the two thermal bands the following formula was applied:
L λ = ML*DN + AL

Thus, the radiance should be converted into temperature. This is not the actual ground
temperature TTOA but the one detected by the satellite and contains a plurality of ground temperature
and atmospheric temperature and a complex average atmospheric temperature called brightness
temperature. If the target object is considered Lambertian and uniform and surrounded by a surface
like him, reflectance can be expressed (Vermote et al. 1997) as:

where:
 is the reflectance; Lt (LTOA) is the radiance at the satellite; S is the atmospheric reflectance; Lp is the
radiance passing through the atmosphere; Edir is the direct irradiance on the surface; Edif is the surface
level diffused radiance and  is the total diffuse transmittance from the surface to the atmosphere’s
upper limit in the direction of satellite.
The relation between LST and radiance for a given wavelength L(Ts) can be approximated as:

where:
TS is LST in degree Kelvin; k1 and k2 are some “calibration” constants of the sensor and L(Ts) is the
value obtained from automatic pre-processing using ENVI software.
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For Landsat 8 sensor k1 = 774,8853 W m-2 Sr-1 µm-1 and k2= 1321,0789 W m-2 Sr-1 µm-1
(http://ltpwww.gsfc.nasa.gov/IAS/handbook/handbook_toc.html; Schneider and Mauser, 1996).
In order to obtain the TS values in degree Celsius, we had to subtract 273.15. The obtained LST
values are those of a black body, it is, therefore, necessary to correct the spectral emissivity values for
the type of material encounter on the terrestrial surface. The emissivity of a surface is influenced by a
number of factors such as its chemical composition, structure, water content and roughness. Taking
into account that the emissivity for every pixel of a satellite image is a mixture of the emissivity ()
from the vegetation, soil, and rocks, different models were created to estimate it. One of the most
powerful models is the Vegetation Cover Method (VCM) (Valor and Caselles, 1996)
 = V *PV  G *(1-PV)*(1-1.74PV) + 1.7372*PV *(1-PV)

where “V” means vegetation and “G” ground and PV is the vegetation share calculated from satellite
images and is a function of Normalized Difference Vegetation Index (NDVI) expressed as follows
(Carlson and Ripley, 1997):

A simplified formula for emissivity is:
 = 0,004 *PV  0,986

Landsat 8 sensor’s band B5 (infrared) and band B4 (red) are used to calculate the NDVI. At this
moment, the ground temperature values can be corrected and the formula is:
LST = TSAT/(1  11,55*(TSAT/14380)*ln())

Using spatial analysis functions, distribution maps and statistics (Fig. 6) to extract average
temperature for each land cover class (CORINE Land Cover, 2012 and URBAN ATLAS, 2012), the
maximum, minimum and mean values were extracted.
4. RESULTS

It is well known that, inside the city of Bucharest temperatures are generally higher than in the
surrounding rural areas, both in summer and in winter, due to the overheated artificial land cover and
the heat surplus coming from the cooling/heating systems (Vlăducu et al., 2008; Ionac and Grigore,
2013), the busy traffic – due to the almost doubling number of vehicles – and the decrease of green
areas, severely affected by the city’s expansion (Cheval and Dumitrescu, 2009).
During the day, in May (unlike July or August) the urban heat island emerges from the
surrounding space due to farmland’s cultivation stage (summer cereal crops are in full vegetation) with
some exceptions represented by the abandoned lands or pastures. Throughout the territory of
Bucharest, the mean LST value for the date of 25.05.2013 is 25.6°C, with 3.3°C above the average of
the metropolitan area (22.3°C) (Fig. 3). The blue and green areas stand out as “islands of coolness”,
with average surface temperatures of 19.2 – 19.4°C.
In the recent years, the sub-urbanization processes brought in built-up areas expansion (especially
residential and commercial) outside the city in the administrative territories of the surrounding
localities. These processes are not uniformly distributed across the study area, having been influenced by
the existence of major access routes and localities with the potential to develop industrial, commercial
and service facilities, as well as second residential houses (e.g. Grigorescu et al., 2015; Ion, 2015; Ion
and Pîrvu, 2015; Grigorescu and Kucsicsa, 2017; Kucsicsa and Grigorescu, 2018). This mosaic-like
pattern of the built-up areas at the urban-rural interface and even further, within the metropolitan area,
resulted in an attenuation of the urban heat island effects in relation to adjacent areas.
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Fig. 3 – The spatial distribution of LST across the Bucharest Metropolitan Area (25.05.2013)
(upper graph) and along a NV–SE transect (lower graph).

There are also differences inside the city of Bucharest itself, between the 6 administrative
subunits (sectors) and between downtown and peripheral areas (Fig. 4). For example, the coolest areas
are located in the northern part of the city (Sector 1), with temperatures ranging between 18.39 and
36.26°C. In these areas LST has the lowest mean value of 24.25°C due to the cooling effect of Băneasa
Forest, Herăstrău Park and Colentina River. Inside these areas, LST maintain high within the sealed
surfaces belonging to the Băneasa Airport area and to the commercial area of the Băneasa Shopping
City. The “hottest” district of the city is Sector 2 with an average LST of 26.35°C. It includes the
largest part of the city centre with narrow streets, close-packed buildings, few green spaces, many replaced
over the course of time by nonporous surface (asphalt, stone, and concrete) with low reflective
capacity, that absorb (>70%) and store solar energy increasing the surface temperature. The significant
increase of vehicle number after 1990 (an annual increase of over 13%, Fistung, 2006) also contributed
significantly to the heating process, because they released heat into the urban atmosphere. Some previous
studies have indicated that this heat contribution together with that coming from the air conditioning
could be as much as one-third of that received from solar energy (e.g. Xu and Chen, 2004). This
central area has a LST of 29–31°C.
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Fig. 4 – Spatial distribution of LST (25.05.2013) in the Bucharest City.

After 1990, the typical industrial landscape dating back to the socialist period characterized by
the block of flats and large industrial surfaces becomes a landscape with unprecedented changes. The
relict industrial landscape has been abandoned/demolished or replaced by new industrial and
commercial units (Mirea et al., 2012). It this case, the microclimate was found similar to that of the
central area with LST exceeding 30°C.
The LST analysis on land cover classes (CORINE Land Cover and URBAN ATLAS) showed
that inside the urban space, the largest thermal input is associated with the extended impervious
surfaces, such as industrial and commercial units (25.2°C), roads and railroad and associated facilities
(depots, annexes) (26.3°C), airports (25.7°C), followed by residential areas (24.4°C) which accounts
for 10.97% of the whole surface of the study area. The lowest average LST belong to lakes (19.2°C),
rivers (19.5°C) and to the surrounding broadleaf forests (19.4°C), all representing 12.94% of the total
surface. Nearly 70% of the Bucharest Metropolitan Area’s surface is covered by agricultural terrains,
most of them non-irrigated crops, thus reaching a mean surface temperature of 22.3°C (Fig. 5).
For a more detailed analysis of the LST value range within the administrative borders of
Bucharest, we used the land cover classes derived from the EU Urban Atlas 2012. In this regard the
“coolest” areas (19.64°C) are the forests located in the northern part, and the “hottest” belong to the
continuous urban fabric (imperviousness/sealing levels = S.L. > 80%) and the industrial, commercial,
public, military and private units classes (Fig. 6).
The former industrial and residential landscape of socialist period, which was subject to
structural and functional changes over the last decades, revealed high LST values (over 3°C) on the
thermal images. LST shows also a great variation in value range in relation to the so-called “urban
relief”, expressed as an alternate between the building structures (e.g. block of flats of different levels,
the wide range of construction materials in use dominated by metallic roofs and pavements made up of
heat-conducting materials) and the “canyon boulevards”, which lead to complex air flow patterns and
to a general decrease in wind speeds of up to 20–30% in contrast to peripheral areas (Vlăducu et al.,
2008). All of these aspects are well differentiated depending on the characteristics of the urban topoand micro-climates.

9

Land surface temperature in Bucharest Metropolitan Area

Fig. 5 – Mean LST value for the CORINE land cover classes found across
Îthe Bucharest Metropolitan Area (25.05.2013).
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Fig. 6 – Mean LST value attributed to the land use classes of the Urban Atlas 2012 across Bucharest City (25.05.2013).

5. DISCUSSIONS

A large body of scientific literature (e.g. Pătroescu and Borduşanu, 1997; Pătroescu et al., 2004;
Iojă and Pătroescu, 2004; Enciu et al., 2008; Ionac and Grigore, 2013; Cârstea et al., 2013; Cheval and
Dumitrescu, 2015, 2017; Cheval et al., 2017; Vânău et al., 2015) and research projects (e.g. Urban
Heat Island Monitoring under Present and Future Climate – UCLIMESA; Ecogeochemistry of Great Urban
Areas and their Periurban surroundings in the Context of Sustainable Development – ECOGEOURB)
have been focused on the relationship between land use/cover of Bucharest or its metropolitan area and
LST distribution, UHI shape and aspect. All these studies have used a great variety of data sources, methods,
areal shapes and scales and emphasized the thermal differences created by specific topoclimatic conditions.
In the present study, in order to better highlight the urban heat island effect and of the thermal
differences between the city and its surrounding territory, we compared LST data derived from
Landsat-8 satellite imagery with in-situ measurements carried out within ECOGEOURB project on
two topoclimatological profiles crossing the city of Bucharest from E to W and from NNV to SSE
(Enciu et al., 2008; Vlăducu et al., 2008) (Fig. 7). Among the numerous causes of the thermal differences
creating specific urban topoclimatic conditions, the town’s active layer surface under the significant
change by human intervention is one of the most important. This surface has physical characteristics
that are substantially different from those of the adjoining areas, implying different matter and energetic
exchange fluxes. Moreover, this surface is impervious and decreases the infiltration of rainwater and
stormwater into the ground, thus largely contributing to the reduction of heat consumption in the
evaporation process. Consequently, the heat resulted from the radiation budget is mainly consumed in
the process of heating the underlying surface and from here, in the process of heating the ground
surface and the overlying air. This actually makes urban air warmer as compared to the surrounding
outskirts areas, which is also thermally different even from one place to another, inside the urban area
(Ciulache and Ionac, 2008). As a consequence, the continuous rising temperatures in urban areas
creates an uncomfortable bioclimatic environment for residents, which results in an increasing demand
for cooling, especially during hot weather episodes (Rinner and Hussain, 2011).
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Fig. 7 – Spatial variability of LST in the Bucharest city and its surrounding areas: a) LST distribution patterns;
b) E–W LST profile matching the E–W topoclimatological profile (c);
d) NNV–SSE LST profile matching the NNW–SSE topoclimatological profile (e).
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6. CONCLUSIONS

The analysis of the LST spatial distribution in the Bucharest Metropolitan Area distinguished
several aspects:
– Noticeable spatial differences between the urban area and the non-urban territory, as well as
great differentiations within the urban area itself; however, in some cases, differences are attenuated by the
expansion of the urban metropolitan area with various functions in the neighboring urban-rural space;
– Urban areas have similar characteristics in terms of heat, despite the high diversity and
fragmentation;
– Industrial sites and residential neighbourhoods detach themselves as “hot spot” areas, with
peak LST values of up to 37.5°C, against the green and blue surfaces acting as “islands of coolness”,
in which LST is generally up to 30°C lower;
– In the surrounding rural areas with predominantly agricultural land use, LST values show a
greater heterogeneity, with slight differences depending on the land use type and development stage of
the crops.
The current study provides insights into the spatial differentiations between different land
use/cover categories in terms of surface heating across the metropolitan area of the largest and most
dynamic city in Romania, Bucharest. Our results could be useful for the sustainable planning of the
urban-rural interface and metropolitan area, through maintaining the proper ratio between built-up
areas with different functional uses and the green and blue surfaces. Specific action might include: the
development of a green-yellow belt in the proximity of the city; the preservation of the existing natural
protected areas (e.g. Comana Natural Park, Snagov Lake and Forest, Ciornuleasa Forest) and
recreational forests (Pasărea Forest, Cernica Forest) which are often overexploited by tourists; the
maintenance of a better state of quality of the urban rivers and lakes etc. Hence, the outcomes of the
current study raise attention on three main issues: (1) land management, especially agricultural land
abandonment and inappropriate use under the great pressures of sub-urbanization processes (2)
environmental quality – the state of the forest and water-covered areas under the intensive touristic
and development stresses and (3) the quality of life in residential areas (e.g. the low share of
recreational space, the great density of impervious surfaces).
A perspective work would be to perform a more detailed analysis of LST distribution patterns
across the Bucharest Metropolitan Area by using new LST datasets derived from the fusion of the
moderate spatial resolution Landsat with the high temporal resolution MODIS data, in order to better
highlight the spatial thermal differences and relate them with their underlying factors.
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