
Planning and selection of green roofs in large urban areas. Application to 
Madrid metropolitan area☆

Velázquez J., Anza P., Gutiérrez J., Sánchez B., Hernando A., García-Abril A. 

A R T I C L E I N F O

Keywords:
Green roofs
LIDAR
MSPA
Pollution
Urban planning
Urban population

A B S T R A C T

Due to the numerous environmental problems facing today's society, and especially urban areas, green roofs are
presented as an adequate technique to fight the consequences of pollution, traffic and lack of green areas. These
green structures help to reduce the effects of Urban Heat Island, to decrease noise and atmospheric pollution, to
protect homes from isolation and cold; they also capture rainwater and improve biodiversity. A new metho-
dology is presented to select the best location of green roofs in large cities. In the first phase, this methodology
helps to determine the most suitable neighborhoods, analyzing four main variables of interest in urban environs:
pollution, traffic, green areas and population. In order to benefit a greater number of inhabitants, the neigh-
borhoods with the worst air quality, more traffic, less green áreas and higher population density, are selected. In
the second phase, we used LIDAR technology to identify available roofs for the installation of the green roofs
according to the height and roof typology of the buildings. To select the optimal roofs, connectivity analysis
techniques were used. The results show that the most conflictive neighborhoods from the environmental point of
view are those located in the city center, so they result the ideal places for the location of green roofs. In general,
all neighborhoods except one presented high connectivity values. This methodology helps to improve the
connectivity of the green spaces of Madrid, favoring the dispersion of plant and animal species, air quality and
promoting sustainable and quality urban development.

1. Introduction

Today, most of the world's population lives in urban areas char-
acterized by a high degree of transformation (United Nations, 2013),
which generates a negative impact on quality of life (Grimm et al.,
2008; Tyrväinen et al., 2014). The replacement of natural elements
with construction materials such as concrete, cement or asphalt alters
the balance of solar radiation in cities, triggering an effect known as
Urban Heat Island (UHI), which causes temperatures in cities to in-
crease up to 10 °C (Chun and Guldman, 2014; Tumini, 2010). In addi-
tion, greenhouse gas emissions caused by traffic volume, industry and
heavy electricity consumption are present. The problem begins when
these emissions (especially NOx – which is responsible for the genera-
tion of tropospheric ozone - and hydrocarbons) are added to high
temperatures, generating the effect known as photochemical smog. The
heat island phenomenon is therefore very negative for the health of the

inhabitants of large cities because it encourages the appearance of this
photochemical smog. In addition, the heat accumulated in buildings,
sidewalks and roads, as well as their spatial arrangement, alters the
wind regime within a city, slowing it down and increasing its turbu-
lence, which ultimately means that pollutants are unable to disperse
and tend to concentrate on large clouds over the city (Britter and
Hanna, 2003).

Due to nature’s ability to constantly seek balance, solutions based on
it are the best tool for solving the environmental problems of urban
areas. These nature-based solutions include the technique of green roofs
based on vegetation (usually herbaceous) covering all or part of the
roofs of buildings, improving the habitat of cities, reducing energy
consumption, and intercepting a large amount of water from rainfall
(Constanzo et al., 2016; Roman et al., 2016).

Although green roofs are presented as a novel technology, they have
been used for centuries in the Scandinavian countries to insulate
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dwellings from the cold (Minke, 2004); however, it was not until the
1960's when use of green roofs as a corrective measure of the en-
vironmental quality of cities began to spread. It is currently estimated
that in Germany, 10% of the roofs are green roofs (Berardi et al., 2014).
Toronto, Canada, was the first city to legislate on this matter, achieving
more than 1.2 million square meters of green roofs on different types of
buildings (Toronto City Planning Division, 2013; Peck, 2009; Currie
and Bass, 2008). Later, Switzerland and Copenhagen also introduced
laws in relation to green roofs (Brenneisen, 2006; Berardi et al., 2014).

Thanks to the environmental, aesthetic, sociological and economic
benefits of this technique (Constanzo et al., 2016; Karachaliou et al.,
2016; Ziogou et al., 2017) green roofs have been gaining followers little
by little. In terms of environmental benefits, they contribute to the
control of rainwater and rainfall (Berardi et al., 2014; Sims et al., 2016),
reduce rainwater pollution and energy consumption, improve air
quality, reduce noise pollution, increase biodiversity and, as already
mentioned, mitigate the "Urban Heat Island" effect (Razzaghmanesh
et al., 2016). The aesthetic and sociological benefits are associated with
the improvement of mental and physical health (Wolch et al., 2014),
and the economic benefits lie in the new business opportunities that this
technique represents for the construction sector.

Planning of urban green areas in contemporary cities should address
the solution of their main environmental problems and also “counteract
negative effects of urban sprawl in terms of ineffective land-use and
related environmental problems” (Haaland and van den Bosch, 2015).
At present, the planning of green areas attempts to bring nature into
urban spaces and integrate it where people live and work, promoting
the well-being of the citizens and the sustainability of the city in which
they live (Chiesura, 2004; James et al., 2009; Sanesi and Chiarello,
2006).

All the aforementioned benefits and the unstoppable growth of the
cities, with the consequences that derive from it, justify the use of green
roofs as a method to fight against the problems derived from the pol-
lution of large cities (Getter and Rowe, 2006). The main objective of
this study is therefore to develop a methodology that allows selection of
the ideal location of green roofs, and that could be applied in any urban
area. This methodology was applied in the city of Madrid and is based
on four major stages: "Study of the city’s environmental situation",
"Selection of the target neighborhood / s" (depending on their en-
vironmental and social characteristics), "Selection of roofs for the lo-
cation of green roofs" (depending on their feasibility and the search for

the greatest benefit in environmental and social terms), and "Analysis of
the benefits of green roofs for the functional connectivity of the urban
landscape ". Based on the four previous stages, this study aims to es-
tablish the criteria for neighborhood and roof selection.

2. Material and methods

2.1. Study area

The study focused on the city of Madrid, the capital of Spain.
According to data from the Municipal Population Register of Madrid in
2017, the city has an area of 60,436.7 ha and a population of 3,182,175
inhabitants. The territory is divided into 21 districts which are in turn
divided in 128 neighborhoods. The city is located to the south-east of
the Sierra de Guadarrama, at an elevation of 657m above sea level. Due
to its geographical location, it has a continental Mediterranean climate,
which causes less rainfall and greater thermal amplitude.

It should be noted that the climate is greatly influenced by excessive
urbanization, which has made Madrid one of the main Urban Heat
Islands (UHI) of Spain and Europe (Tumini, 2010; Peiró et al., 2017).
This phenomenon is manifested both day and night, and can generate
temperature differences of up to 10 °C with its surroundings.

In addition, serious pollution episodes have occurred in Madrid in
recent years (Querol et al., 2014). The urban design of the city alters the
wind regime, creating significant difficulties to disperse pollution; and
variations in rainfall caused by global climate change favor the ap-
pearance of extreme weather events.

2.2. Methodology

The study was based on developing a method to select the ideal
location of green roofs, and was applied specifically to the city of
Madrid. For this purpose, in the first phase, the most problematic
neighborhoods in terms of pollution, traffic, population and green areas
were chosen (Huang et al., 1998; Lopera, 2005; Leva, 2005; Ahern,
2007; Kampa and Castanas, 2008; Tanguay et al., 2010; Mattoni et al.,
2015). As a result, our actions were aimed at areas with poor en-
vironmental quality with potential benefits for a large number of
people. After the most problematic neighborhoods had been chosen, the
second phase was aimed at locating buildings with certain character-
istics in terms of height and availability of roofs for installation of the

Fig. 1. Diagram of the green roof location methodology.
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green roofs. The final phase of this methodology proposes the im-
provement of the connectivity of the city’s green spaces by connecting
these selected roofs with the urban trees in the city (Fig. 1).

2.2.1. Phase 1. Neighborhood selection
In this first phase, the most suitable neighborhoods for the in-

stallation of green roofs were determined, with the aim of mitigating
the environmental problems that Madrid faces. To do this, several
characteristics of each neighborhood were compared by means of a
multi-criteria assessment, in order to select those that present major
problems.

2.2.1.1. Variable 1. Pollution. Madrid has a municipal atmospheric
quality monitoring network made up of 26 measuring stations located
within the city’s municipal limits. These stations measure a large
number of pollutants. For this study, only the data for carbon
monoxide (CO), nitrogen monoxide (NO), nitrogen dioxide (NO2) and
ozone (O3) was considered relevant (Currie and Bass, 2008; Yang et al.,
2008; Li et al., 2010; Rowe, 2011; Li and Babcock, 2014). Although
vegetation used on green roofs (usually shrub and herbaceous species)
may be more or less effective in reducing other types of air pollutants
such as particulates or sulfur compounds (Tripathi and Gautam, 2007;
Rowe, 2011; Currie, 2008), these four pollutants were selected because
they are the main precursors of photochemical smog.

This study used the hourly data for each pollutant from each station
over the last 10 years (2007–2017). Considering that each pollutant has
a different unit of measurement and their average values cannot be
compared with each other, the values of each pollutant were re-
classified in order to be compared with each other and with the rest of
the variables. The following equation was used to do this (García,

1999):

= average years
Legal Limit

x% Pollution 10 100
(1)

The data obtained was interpolated for the entire study area in order
to obtain a total value that groups the values of each pollutant. This was
achieved by a weighted linear summation in which the same weight
was assigned to each contaminant compound. As a result, a continuous
map was obtained, with pollution contribution values expressed with
values ranging from 0 to 100.

2.2.1.2. Variable 2. Green areas. Green areas are a highly beneficial
option for dealing with the environmental problems suffered by cities.
They help reduce the heat island effect, absorb large amounts of water
from rainfall (reducing surface runoff) and serve as a sink for large
amounts of pollutants (Shanahan et al., 2015). In this section, the
percentage of green areas in each Madrid neighborhood was calculated,
in order to determine the neighborhoods that require a larger plant
area.

Through GIS processing of the data on green areas (according to the
city council of Madrid), the surface in m2 occupied by these areas
within each neighborhood was determined. To compare this data with
the rest of the analyzed variables, the percentage of green areas was
calculated by the following equation:

=Green Area by neighborhood Area of Green Area by neighborhood
Total Area of the neighborhood

x% 100

(2)

2.2.1.3. Variable 3. Traffic. Traffic is one of the city’s biggest problems

Fig. 2. Map of O3, NO2, CO and NO in Madrid. The data shown represents the average of the last 10 years divided by the legal limit value established by the
legislation in force, expressed as a percentage.
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and is one of the main sources of emissions of nitrogen compounds
(along with household heating) that encourage the appearance of
photochemical smog (Helbing, 2001). To determine traffic levels, we
worked with average traffic intensity data for the years 2012–2013
from the official data website of the city of Madrid (datos.madrid.es).
The city has a traffic surveillance network composed of 1961
measurement sections throughout the city.

The number of vehicles recorded per neighborhood and the number
of measurement sections of each one was determined. By processing the
results in GIS, the traffic data was also transformed into a percentage
using the following equation:

=Traffic Total vehicles neighborhood
Number of sections neighborhood

x Neighborhood area
Total area

x% /
/

100

(3)

Where:
Total vehicles corresponds to the number of vehicles that passed the

measurement points in each neighborhood;
Total area is the total surface area of the study area (the

municipality of Madrid).

2.2.1.4. Variable 4. Population. In order for the beneficial effects
generated by green roofs to affect a larger number of people, the
population variable was added.

Population data was downloaded from the website of the Madrid
City Council (www.datos.madrid.es). By analyzing this data, the set of
inhabitants by neighborhood could be obtained. The objective was to
obtain a percentage of the population density in each neighborhood, in
order to then compare it with the other variables, applying the fol-
lowing equation:

=population density population neighborhood
neighborhood area

x% / 100
(4)

2.2.1.5. Neighborhood selection. Once the four study variables (pollution,
green areas, traffic and population) had been calculated and homogenized
as a percentage and in raster format, the multi-criteria evaluation was
done (Articte, 1995; DeMers, 2002; Malczewski, 2006).

Table 1
Weights given by each expert and an average of all weights.

Fig. 3. Results of the variables analyzed in phase 1: a) Overall urban pollution, b) Urban green areas, c) Traffic, d) Population density. All variable values are
expressed as percentages.
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With this tool, and with the consultation of six groups of experts (a
total of 18 experts belonging to different interest groups: 1) nature
conservation and environment, 2) urban population with university
education, 3) hydrology and climatology academics, 4) forest en-
gineering experts, 5) experts in organic chemistry, biochemistry and
environmental chemistry, 6) experts in biodiversity and connectivity),
the objective was to select the five neighborhoods in Madrid that pre-
sent the worst overall pollution and traffic conditions, scarce green
areas and the largest populations. Each expert was asked about the
importance that should be given to each variable with respect to the
other variables, based on Saaty's method of analytical hierarchies
(Saaty, 1980). Different profiles were created, one for each expert, in
which the most significant characteristics of each one were framed
based on their training, age and environmental conservation viewpoint.

Introducing the weights (obtained from the average of all the ex-
perts consulted), a final score was calculated for each neighborhood
using the following equation:

=
= = =

w a a/ij
j

n

ij
j

n

i

m

ij
1 1 1 (5)

Where aij represents the weight expressed by each expert in regard to
each individual variable in the neighborhood selection methodology.

Finally, the five neighborhoods with the highest scores and with the
desired characteristics were chosen. In addition, neighborhoods be-
longing to different districts were selected, in order to determine the
locations of the green roofs in different points of Madrid. These five
neighborhoods were selected to serve as an example for the rest of
neighborhoods in Madrid, because they are the best targets to address
with the environmental problems identified in the four variables in-
cluded in this study. We selected one neighborhood per district in order
to extend the proposed green roof facilities in different areas of the city.

2.2.2. Phase 2. Roof selection
After selecting the neighborhoods, in phase two, we proceeded to

select the roofs that met the desired conditions for the installation of the
green roofs. To do this, the height of the buildings and the height of the
urban trees were studied in order to choose the most suitable areas for
the installation of green roofs. In addition, connectivity was analyzed in
order to improve the connection of green spaces in Madrid.

2.2.2.1. Variable 5. Building height. First, the height and the standard
deviation of the buildings of the selected neighborhood were
determined to select the roofs. We used LIDAR (Light Detection and

Ranging) technology and the Digital Terrain Model (DTM). Both layers
were arranged in raster format and with a resolution of 1m per pixel.

For this study we used the open-source LIDAR data available from
the Spanish National Orthophoto Program (PNOA) (Arozarena et al.,
2005). The point density was 0.5 points / m², available in LAS format.
This point cloud was processed in LAStools (Isenburg, 2015) to produce
a raster with a resolution of 1×1ms.

2.2.2.1.1. Height. With the LIDAR and the DTM, we proceed to trim
the layers to the size of the study area. Only those of the buildings were
calculated, eliminating other elements present in the neighborhoods in
question: trees, lampposts, kiosks, etc.

Since one of the benefits to be achieved with green roofs is the
improvement of the connectivity of the city’s green spaces, the build-
ings that were in a height range between 4 and 25m were selected, with
heights corresponding approximately with the height of the urban trees
(Municipality of Madrid, 2016). This meant that the green roofs were
on buildings with similar heights to the urban trees, creating a con-
nected green network connecting the neighborhood.

2.2.2.1.2. Standard deviation. The objective was to select roofs that
allow the installation of green roofs, so they had to be as flat as possible.
The smaller the standard deviation of the average of its height, the
flatter the roof, and, therefore requiring its selection as a location for
green roofs. The selection of those buildings with a standard
deviation< 5m was determined to be necessary, because buildings
with higher deviations are considered not to have flat roofs
(Rottensteiner et al., 2005; Kim and Shan, 2011).

Finally, those with a standard deviation>5 m and heights outside
the range of 4–25meters were eliminated from the layer of buildings
(Sugumaran and Voss, 2007; Municipality of Madrid, 2016), generating
the layer containing only the selected buildings.

2.2.2.2. Variable 6. Urban trees. Urban trees in cities have enormous
social and environmental benefits (Ulmer et al., 2016; Song et al., 2017;
Willis and Petrokofsky, 2017). Their presence improves the
environmental quality of the urban environment, reducing
temperatures, decreasing pollution, reducing noise pollution and
generating biodiversity points (Miranda et al., 2017). They also help
to improve the mental and physical health of the inhabitants
(Kuchelmeister, 2000; Breuste et al., 2014).

In this section, we calculated the height of the urban trees located
on the sidewalks and in pedestrian zones of the neighborhood. The
trees, identified through the analysis of the LIDAR data, were re-
classified in order to obtain the elements of urban trees with a height
between 4 and 50m. A maximum limit of 50m was established to

Table 2
The 10 neighborhoods that obtained the highest scores. The selected neighborhoods are shown in grey.
The data on pollution, green areas, population and traffic has already been reclassified on a scale of
0–100.
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ensure that all urban trees were included, even if they were taller than
25m (Sugumaran and Voss, 2007). This was done to select trees located
on the sidewalks, which constitute points of connectivity in the
neighborhood (Le Roux et al., 2014).

2.2.2.3. Variable 7. Connectivity. The analysis of connectivity focused
on the study of structural connectivity (Taylor et al., 1993; Baudry and
Merriam, 1988), using the GUIDOS tool for connectivity analysis (Vogt,
2009). The layer on which the connectivity was analyzed contained the
buildings selected for the installation of the green roofs, the green areas
of the neighborhood and the urban trees selected in raster format. The
data was entered as a binary layer of habitat fragments, which was
analyzed and transformed according to the MSPA (Morphological
Spatial Pattern Analysis) to classify it as nodes, islands, edges,
bridges, branches and perforations (Vogt and Riitters, 2017).

For the connectivity analysis, the PC-infinite (Probability of
Connectivity) index was calculated. The PC index evaluates the im-
portance of each connection with its node to maintain connectivity
(Saura and Pascual-Hortal, 2007).

Fig. 4. Score of each neighborhood.

Table 3
Average height (m) and standard deviation (STD) of the buildings of the
five selected neighborhoods of Madrid.

J. Velázquez, et al.
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Where ai and aj are the areas of habitat patches i and j, and AL is the
total landscape area (area of the study region, comprising both habitat
and non-habitat patches). pij

* is defined as the maximum product
probability of all possible paths between patches i and j (including
single-step paths).

In addition to the spatial configuration of the landscape, the PC
index also considers the dispersal capacity of the species studied.
The simplest scenario would be one in which the movement through
the joints is always possible (distance of infinite dispersion), and
the index of PC-infinite would be used for this. This index is ideal
for cases in which the structural connectors are totally effective at
driving movement without cost or mortality for the species or flows
(Saura et al., 2011). This index is calculated from the results ob-
tained in the MSPA analysis, which is performed for a 1 pixel dis-
persion band. Taking into account the classifications of the 7
components of the MSPA, only the nodes and bridges are considered
in the PC analysis, since only these can contribute to the improve-
ment of connectivity (Saura et al., 2011; Velázquez et al.,
2017).When analyzing the importance of the nodes and bridges, the
PC- infinite data for each component was obtained, so that the
importance of connectivity of the selected buildings for the location
of the green roofs could be analyzed. Finally, we proceeded to re-
classify PC data based on the maximum value obtained, on a scale of
1 to 100, to facilitate the comparison of the data.

2.2.2.4. Roof selection. After connectivity analysis on the selected
buildings, PC-infinite values were obtained for each one. Depending
on the value obtained, the roofs that maximized the connectivity of the
green spaces of the city were selected, choosing the buildings with

higher PC-infinite values and that fulfilled the previous conditions
mentioned in this methodology.

3. Results and discussion

3.1. Phase 1. Neighborhood selection

3.1.1. Variable 1. Pollution
The highest values of CO, NO2, and NO are concentrated in the most

central neighborhoods of Madrid (Fig. 2). Both gasoline and diesel
vehicles, as well as heating devices, generate large amounts of nitrogen
compounds, which are emitted into the atmosphere and can cause
serious episodes of photochemical smog and even acid rain (Kampa and
Castanas, 2008; Aiello et al., 2015). Additional factors include the
urban design of the city, the height and spatial arrangement of the
buildings, which greatly impedes the movement of air masses and
therefore the dispersion of pollution (Britter and Hanna, 2003; Blocken
et al., 2008).

When performing the weighted linear summation of the four pol-
lutants studied, the results show how the neighborhoods of Madrid that
are most affected by pollution are those located in the central and
southern zones (Fig. 3a)), which are also the zones with higher popu-
lation concentrations and road traffic (Kanaroglou et al., 2005; Beelen
et al., 2013).

3.1.2. Variable 2. Green areas
The neighborhoods with a smaller surface of green areas are those

located in the downtown area and in the suburbs of the city (Fig. 3b)).
The centers of most cities correspond to their oldest sections (Krugman,
1993; Stern and Krakover, 1993), so when these neighborhoods were
designed, there was no awareness of the social and environmental

Fig. 5. Selected buildings in each study district.
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benefits generated by green areas in urban environments (Fraser and
Kenney, 2000; Luck et al., 2009). This lack of green areas is also re-
peated in the suburbs in the west and southwest parts of the city. This is
mainly due to the fact that historically peripheral neighborhoods were
destined more for industry, production and commerce instead of re-
sidence, so there was less need to install green spaces (Wolch et al.,
2014; Amati, 2016; Schetke et al., 2016).

It is important to mention the special case of El Pardo neighbor-
hood. This neighborhood is located in a relatively natural environment,
and its forest stands are not included in the categorization of green
areas. This neighborhood has few buildings, very few people and large
masses of vegetation, which practically rules it out for the location of
green roofs.

3.1.3. Variable 3. Traffic
The highest percentage of traffic is recorded in the peripheral

neighborhoods (Fig. 3c)) through which the main beltways and several
highways (that connect the center with the east of the country) run.
These roads have a very high traffic volume because they are the access
points to the city center. Although traffic in the city center is much
smaller by comparison, the number of vehicles that travel on its roads is
very large. Madrid is the city in Spain with the highest traffic intensity,
and one of the busiest cities in Europe (Kassomenos et al., 2014; Laña
et al., 2016). The influence of traffic on human health is much greater in
the central zone (even though traffic levels are lower than on the per-
iphery), since the arrangement of the buildings prevents the dispersion of
pollutants, causing excessive accumulation (Eeftens et al., 2013).

3.1.4. Variable 4. Population
The highest population densities are located in the downtown area

of the city, with the peripheral neighborhoods the least populated
(Fig. 3d)). This is due to the fact that the number of housing units in the

central districts is higher than that of the peripheral districts. Taking
this population density data into account, green roofs will benefit a
greater number of people if they are installed in the more central
neighborhoods (Norton et al., 2015; Vijayaraghavan, 2016).

3.1.5. Neighborhood selection
After reclassifying the data for the different variables, we proceeded

to select the neighborhoods by means of a weighted linear summation.
The weights that were given to each variable were those obtained in the
expert consultation (Table 1).

After carrying out the weighted linear summation for each neigh-
borhood, the scores were obtained. The neighborhoods with higher
scores were given preference when it came to determining the location
of the green roofs. The neighborhood of the Historic District of Vallecas
was the one with the highest score. This is due to the large amount of
traffic in that neighborhood. Despite this, it had quite low population
values and the number of buildings was very small, so this neighbor-
hood was ruled out. As for the rest of the neighborhoods, those that
both presented higher scores and belonged to different districts were
selected to expand the area of action (Table 2 and Fig. 4).

Gaztambide, Ibiza, Goya, Opañel and Embajadores were selected
from the 10 neighborhoods with the highest scores. The Historic
District of Vallecas was ruled out for the reasons described above, along
with the neighborhood of Arapiles because it is located in the same
district as Gaztambide.

3.2. Phase 2. Roof selection

3.2.1. Variable 5. Height of buildings
Once the overall height data from the LIDAR of the city of Madrid

and the DTM of the study area had been processed together, the heights
of the buildings of each neighborhood were obtained, Digital Elevation

Fig. 6. Urban trees of Embajadores showing the reclassified data (Values: 0= pedestrian areas; 1: tall tree areas (4–5m)).
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Model, DEM (Sohn and Dowman, 2003). The average height of the DEM
was used to determine which buildings were within the range of heights
desired for the green roofs; and based on the standard deviation,
buildings with flat roofs that allows installation of green roofs were
chosen (Oberndorfer et al., 2007) (Table 3).

Finally, those buildings that fulfilled the desired characteristics
were selected: height between 4 and 25m (Sugumaran and Voss, 2007)
and a standard deviation of less than 5m (Rottensteiner et al., 2005;
Kim and Shan, 2011) (Fig. 5). In the neighborhoods of Opañel and
Embajadores, there are many buildings that fulfil the aforementioned
requirements; on the other hand, in Ibiza, Gaztambide and Goya, the
number of available buildings is lower, but is also feasible.

3.2.2. Variable 6. Urban trees
The urban trees located on the sidewalks of the neighborhoods of

Madrid vary in height. The maximum height that the trees reach is

between 20 and 25m, connecting perfectly with the selected buildings.
When reclassifying the data of the raster layer that contains the

trees, the trees located on the sidewalks that have a height between 4
and 50m were selected, assigning a value of 1 (see the example of the
calculation of urban tree canopy based on LiDAR for Embajadores
neighborhood in Fig. 6). As observed, most of the sidewalk trees are
represented in green. However, the large pedestrian areas of the
neighborhood are mostly brown, which corresponds to a value of 0. As
these are pedestrian zones, such as squares or gardens, most of the
surface area has been cleared for the enjoyment of pedestrians, but that
does not exclude the presence of some green dots, which correspond to
large trees.

3.2.3. Variable 7. Connectivity
In order to calculate connectivity using the MSPA index, it was

necessary to calculate the buildings selected in each neighborhood with

Table 4
Data from the MSPA analysis in the selected neighborhoods of Madrid.

Fig. 7. Input layers for analysis of the connectivity of each neighborhood. The layers of the heights of the selected buildings, the urban trees and the green areas have
been combined.
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urban trees and green areas together in raster format (Fig. 7). The use of
this novel MSPA index in the study of connectivity of urban green areas
provides basic information to support the planning of the green space
network (Chang et al., 2014).

After the processing of the input data (selected buildings, green
areas and urban trees), the following results of the MSPA analysis were
obtained for the different neighborhoods selected in phase one. In the
Embajadores neighborhood, 81.62% of the components were classified
as nodes. These nodes, which have a larger area, correspond to the roofs
of the buildings selected as green roof locations. Perforations are ob-
served inside some nodes (2.58%). Thanks to the points of connectivity
generated by urban trees, these were classified mostly as bridges
(0.85%), loops (1.41%) and branches (2.11%). On the other hand,
1.53% of the components correspond to islands, located in areas of
urban trees that are too isolated to connect. The remaining 9.89% are
the edges of large areas, such as nodes. The situation is similar in the
other neighborhoods. The difference is that the percentage of nodes in
the neighborhoods of Gaztambide, Goya and Ibiza is around 50%, a
lower value than in the neighborhood of Embajadores.

The smaller number of buildings selected influences the percentage
of nodes, which translates into an increase in the percentage of edges
(around 25%). The urban trees continue to behave mostly as points of
connectivity (bridges, loops and branches). The Opañel neighborhood
has a large number of roofs available, which means that, as in the case
of Embajadores, the percentage of nodes is very high (70.61%).
Consequently, the percentage of edge is reduced (17.5%) and urban
trees act primarily as connections (Table 4).

Once the MSPA analysis was performed, we evaluated the im-
portance of each element for connectivity using the PC-infinite index.
The PC index assesses the importance of each link and each node for
maintaining connectivity (Saura and Pascual-Hortal, 2007; Hernando
et al., 2017).

Of all the districts studied (Embajadores, Gaztambide, Goya, Ibiza

and Opañel), the highest PC value was obtained by a building in the
Goya neighborhood, with a value of 170.09 (this maximum value was
used to reclassify the data of the 1–100). Most of the buildings of
Embajadores presented connectivity probabilities higher than 87.4%,
while only 21 of the 111 total had a connectivity value between 31.0%
and 87.4%. It is therefore possible to say that the installation of green
roofs in the Embajadores neighborhood would improve functional
connectivity. The case of Gaztambide, Opañel and Goya is very similar.
In Gaztambide, all of the buildings presented connectivity values higher
than 92%, and in Opañel, the majority exceeded 82.9%. In the neigh-
borhood of Goya, the range of values was wider, but most of the
buildings presented connectivity values higher than 90.8%. The
neighborhood that undoubtedly presented the worst results was Ibiza.
The maximum value barely reached 15%, so the connectivity of these
buildings is quite small due to the weaker network formed by the
buildings and urban tree canopy in this neighborhood, as shown in
Fig. 7. It is clear that in Ibiza, the improvement of connectivity would
not be notable for the fauna and flora of Madrid, but the neighborhood’s
data regarding pollution, traffic and green areas make it necessary to
install these roofs to improve its environmental quality (Fig. 8).

3.2.4. Roof selection
The analysis of the variables in phase two made it possible to select

the optimal locations for the installation of green roofs. To do this, the
buildings that showed a higher value of PC-infinite, indicating their
function as an important component for providing connectivity, and
met the previous criteria indicated in phase 2 were selected (Fig. 9)

In the neighborhoods of Embajadores, Gaztambide, Goya and
Opañel, roofs with PC-infinite values higher than 90% were selected; in
Ibiza, due to the low values recorded, roofs with PC-infinite values
greater than 7% were selected (based on the quantile distribution of PC-
infinite values).

In the Embajadores neighborhood, 79 roofs fulfilled the established

Fig. 8. PC-infinite of the proposed buildings of each neighborhood.
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conditions of connectivity, presenting very good conditions for the lo-
cation of green roofs. In the case of Gaztambide, 5 of the 5 buildings
proposed met the connectivity requirements of more than 90%, and in
the Goya district 9 of 22 buildings fulfilled the requirements. In the
Opañel neighborhood, on the other hand, of the 179 buildings, only 25
exceeded 90% connectivity. Despite this, most buildings presented PC-
infinite values of over 70%, Opañel can be said to have good con-
nectivity. Finally, in the neighborhood of Ibiza 8 roofs of the 17 ana-
lyzed were selected. The connectivity of these roofs was very low
compared to the rest of the neighborhood and although the connectivity
benefits were not very significant, the environmental conditions of the
neighborhood would be improved with the installation of green roofs.

4. Conclusions

The planning of green roofs in large cities requires the knowledge of
various variables to select the best locations. By jointly managing the
main variables that affect urban pollution, it is possible to select the
areas in which green roofs are needed to mitigate pollution, and
therefore, generate greater benefits with the implementation of green
roofs. It is especially interesting to focus not only on the neighborhoods
in which green roofs can be installed, but also to find the optimal lo-
cations. These optimal locations will be determined by selecting the
roofs with the potential for the installation of these facilities and in turn
improve the network of green spaces, favoring connectivity.

At the specific level, the analysis of the different variables selected in
this study (pollution, traffic, green areas and population) provides an
overall perspective of the environmental situation of a large city such as
Madrid. The most central neighborhoods are those with the worst pol-
lution values, due to the intense levels of human activity in them and the
difficulty of dispersion of pollutants as a result of urban design. The si-
tuation in terms of green areas is similar; the downtown neighborhoods
have a lower proportion of landscaped spaces. The traffic intensity in the

city center is extremely high, so much so that Madrid is the city in Spain
with the highest traffic intensity of vehicles. This data, together with the
population density (which tends to be located in the downtown areas),
allows us to conclude that the most problematic neighborhoods from the
environmental point of view are those located in the center of the city,
which makes them ideal locations for green roofs.

Once the neighborhoods in which action is necessary have been
selected, the height and standard deviation of the buildings in those
neighborhoods are analyzed to choose the roofs that have heights si-
milar to those of the urban trees and that have flat surfaces for correct
installation. This helps to improve the connectivity of the green spaces
of Madrid, promoting the dispersion of plant and animal species that
inhabit this environment. It is a simple but effective method that will
allow large cities to determine the best places to install green roofs and
promote sustainable and quality urban development.
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