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1. Introduction

The study of global climate is one of the most discussed and illustrated topic in science in the recent decades.
Due to the fifth assessment report of the intergovernmental panel on climate change (Stocker et al. 2013) and
numerous climate conferences the effects and the existence of global climate change are well known and realized
by the general public. Beside the consequences for the natural environment, i.e. flora and fauna, dramatic
impacts of the global climate change are expected for human beings as well. At the moment, more than half of
the population worldwide is living in an urban environment. This number is even higher in developed countries and
will increase to almost 70 percent until 2050 (WHO). The connection between the increasing global temperatures
and the increasing number of people living in an urban environment are associated in a phenomenon called the
urban heat island (UHI) effect. The UHI describes the usually higher mean temperature in an urban environment,
compared to the corresponding rural surroundings. This effect is most obvious in nighttime, when the urban fabric
acts like a battery due to solar warming, which counteracts the nocturnal cooling. Most dramatic during heat
waves, this additional warming inhibits the nocturnal recovery of the human circulation and causes health
problems, especially for elderly people. The 2003 European heat wave, known as the most dramatic heat waves
in the recent years and as a possible landmark for future common summer extreme conditions, caused up to
70’000 additional deaths in Central Europe (Robine et al. 2008). This indicates the importance of urban climate
studies for future generations. Urban climate studies can emphasize the problematic spots in an urban
environment and provide possible solutions to improve the local urban climate and therefore the thermal heat
stress for every individual person.

In this study, the urban climate of the city of Bucharest was analyzed in different scales using different
approaches. First, a land surface analysis (LSA) was developed using Landsat 8 data and a maximum likelihood
classifier (MLC) with regions of interest (ROI) as supervised input was applied. The accuracy was improved using
rasterized OpenStreetMaps (OSM) data to estimate small rivers, streets and railways. This classification was
used to quantify the land cover of Bucharest and its surroundings and was compared with the land surface
temperature (LST) derived from the Landsat 8 Thermal Infrared Sensor 1 (TIRS1, band 10, 10.6 - 11.19 um,
100m).

In a second step, the local microclimate was modelled and analyzed using the 3D microclimate model ENVI-
met V3.1, developing three different scenarios according to the structural changes, which occurred during the
socialist regime of Nicolae Caucescu after a big earthquake in May 1977. Thereby, a past, a present and a
possible future state were developed to model urban climate change due to urban modification.

2. Data and Methods

2.1 Data

The Landsat 8 data was provided by the USGS (http://glovis.usgs.gov/) and two scenes (spring and summer
2014) were selected as an input for the classification. The vegetation information from the spring scene was
thereby used to improve the accuracy of the LSA, due to the different growth phase of cereals and other cultivated
plants. For the LST estimation, only the summer scene was used. Additional to the Landsat data, OSM data was
used to estimate small and thin structures that were however important for the analysis. Thereby streets, railways
and small rivers could be estimated using this rasterized vector data. This approach underlined the structure of
the city and helped to minimize the classification error.

To compute the ENVI-met model runs, background layer were used to create the 3D model environment in the
ENVI-met editor. The past state, representing the old town of Bucharest before the earthquake and the large
structural changes, was reconstructed using a Corona image from 1966. A possible future state was developed
using the current state model environment, but with lower vegetation fraction and stronger soil compaction.
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2.2 Methods

The classification was done using ROl and a MLC to estimate ten different classes. The agricultural and bare
soil classes were combined to one single land surface class. For the built-up areas, four different classes were
developed due to the given morphology of the city: Beside the obvious and standard classes of dense urban,
suburban and industrial, a class for the large neighborhoods of blocks of flats, a relic of the socialist regime, was
used as a separate class. The OSM vector data was filtered to estimate the useful attributes, rasterized to the
same geometry as the Landsat image and included in the classification using a decision tree. The filtered vector
data was additionally used in the map display to underline the city structure together with vector data representing
the administrative boundary (Figure 1).
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Figure 1: Land Surface analysis of greater Bucharest with ten different classes and vector data of the main roads,

railways and rivers as a vector overlay. The administrative city boundary of Bucharest is represented as a white
line. The map is oriented to the north and the map grid coordinate system is UTM-35 North.

Due to uncertainties in band 11, the LST was estimated using only band 10 of Landsat 8 TIRS. The
atmospheric correction was done using the atmospheric correction parameter calculator provided by the NASA
(http://atmcorr.gsfc.nasa.gov/atm corr.html). The received band average atmospheric transmittance (1), the
effective bandpass upwelling radiance (L,,) and the effective bandpass downwelling radiance (Lgown) Was used to
correct the top of atmosphere (TOA) radiance. The corrected radiance was converted into Kelvin using the
inverse Planck Function. Normalized Difference Vegetation Index (NDVI) calculations were done using simple
normalized ratios between the red and the near infrared (NIR) channels. The albedo calculation was done using
the Liang-Method (Liang 2001). The LSA and the LST estimation were used to generate class specific maps of
the LST distribution and to analyze class dependent dynamics of the LST.

Figure 2: Setup of the ENVI-met runs of scenario one and two
with a GoogleEarth, respectively Corona image (left) and the
corresponding ENVI-met model environment (right) from 2012
(above) and 1966 (below).

The ENVI-met model runs were drafted using the ENVI-met
editor (ENVI-met Eddi) with background information as a template
(plans, images and GoogleEarth). Thereby, to reconstruct the
former state of the Bucharest old town, a Corona image from 1966
was used as a visual guideline. The third scenario (future state) was
designed in case of a restructuring of the street capacity: At the
moment, the “Bulevardul Unirii” holds main streets lined with trees
covering the pedestrian walkways in front of the large socialist-
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realist apartment blocks. The future scenario simulates a clearing of these trees. The visualization was done
using ENVI-met Leonardo and the further analyses were performed with Matlab.

3. Results

3.1 Land Surface Analysis

The LSA revealed a land cover composition of 65% land surface, 18% built-up areas, 15% forest and 2% water
as the four major land uses. The combination of the LSA and the LST estimation enabled the analysis of class
specific dynamics in surface temperature. The built-up classes show thereby the highest LSTs (Figure 3).
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Figure 3: Box plot with distribution of the LST of each class separately. The central mark is the median, the
edges of the box are the 25" and 75" percentiles and the whiskers extend to the most extreme data points
considered not to be outliers (points).

Regarding the spatial distribution of the LST dynamics, the city center showed a clear tendency to develop a
surface urban heat island (SUHI). Despite this SUHI, the numerous industrial sites located at the city borders and
the international airport showed as well very high surface temperatures (Figure 4).
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Figure 4: Map of the mean LST of all built-up classes (ResUrb, ResBloc, ResRur, IndCom) with mean LST for
each separated patch of each class and the other classes masked to zero. The map is oriented to north and the
map grid coordinate system is UTM-35 North.
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Built-up area To get an understanding of the causes of this
%0 T 1 1 T T distribution, NDVI analysis were done and compared
R*= 037 with the LST in the specific classes. The LST

325+ Trend = -11.57

estimation and the NDVI calculations were combined
in a scatter plot. The linear regression shows a trend
of decreasing temperature with increasing NDVI,
although the values are spread in a wide range.

Near an NDVI of 0, the highest LST occur. This
must be the very dense city center and the industrial
areas, where most of the land surface is covered with
concrete.

Offset = 316.89

Temperature [K]
w
prd
o

w0
f=1
3]

300} 1 Figure 5: Scatter plot of the NDVI (x-axis) vs. LST
(y-axis) in each grid point of the map within the built-
up classes with the linear regression as a red line.
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The microscale modeling shows the variable behavior of the different scenarios and the influence of the city
structure on the local urban climate. To exhibit the impact of these structural changes inside the urban
environment on a human being, the predicted mean vote (PMV, Fanger 1974) was calculated (Figure 6).

On the windward side of the boulevard (i.e. south), the PMV values are significantly increased. Inside the
boulevard itself, the heat stress is moderate. In the almost unaltered parts northern and southern to the
boulevard, the heat stress is slightly increased, even if the changes in this part of the investigation area are small.
The wind direction and velocity was aligned on the averages for June based on meteorological measurements
from the international airport of Bucharest of the last few years. This resulted in a weak wind from the direction of

Figure 6: ENVI-met model scenario one (old town, left) and two (Bulevardul Unirii, right) with the PMV values in
3m above the ground at the Bulevardul Unirii test site 15:00 21.06.2014.

south. The altered wind field under these conditions is shown in Figure 7 and Figure 8. Scenario three (not
displayed here) shows the same tendencies as scenario two, with slightly increasing PMV values. The increased
building height in scenario two causes marginally higher wind velocities above the urban canopy layer. The
increased mean building height induces increasing roughness and therefore more turbulence in the urban
roughness layer. Thereby, an uplift of the urban boundary layer due to the large structural changes can be
assumed.

Analysis of the mean sky view factor (Wg,) regarding buildings and vegetation of showed a decreasing
tendency due to the building of the boulevard.
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Figure 7: Wind velocity Bucharest Bulevardul Unirii yz-cut at x = 92m scenario one (old town) 15:00 21.06.2014.
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Figure 8: Wind velocity Bucharest Bulevardul Unirii yz-cut at x = 92m scenario two (Bulevardul Unirii) 15:00
21.06.2014.

4. Discussion and Conclusion

The mesoscale analysis using Landsat 8 TIR and VIS/NIR data revealed a clear tendency of increasing urban
surface temperatures to the city center and in the industrial areas. The box plot analysis demonstrates class
dependent surface temperatures with the highest median temperatures in the dense urban class and the
industrial class. The comparison with the NDVI showed a slight tendency with a weak significance.

The investigation of the Bucharest downtown at the area of the parliament building and the Bulevardul Unirii
showed an effect on the local urban climate due to the structural changes taking place during the socialist regime.
The potential temperatures are higher at day- and nighttime and the wind field is altered due to canalization and
barrier effects in scenario two, which reduces the exchange of refreshing air between the northern and the
southern part of the investigation area. This affects fundamentally the thermal comfort, represented in this study
by the PMV. The PMV is a measure originally developed for indoor thermal comfort, but can be applied to outdoor
conditions as well (Honjo 2009). The modification in thermal comfort did not only take place in the boulevard itself,
but also in the largely unaltered backyards of the investigation area. This indicates a far-reaching influence of
such huge spatial changes on the urban climate in a city like Bucharest. Scenario three, representing the removal
of the numerous trees lined to the main road of the boulevard, indicates the importance of the attenuating effect of
vegetation on the local thermal comfort. Removing these trees would cause enhanced heat stress inside the
whole boulevard and in the backyards.

Including the vegetation in the calculation of the W, a decrease in scenario two is measurable, indicating an
enhanced heat island effect (Oke 1981). Comparing the vertical temperature analysis, a higher UHI effect due to
the structural modifications can be assumed.
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