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Abstract

Our article focuses on the problem of greenery management in urban areas in terms of the spatial
form of greenery as well as biologically active areas. Due to the importance of the spatial form
of greenery in shaping the positive features of the city’s local climate, the authors have proposed
a method for assessing the spatial form of greenery (MASFoG), which is an extension of the existing
and widely used method. In addition to the inventory of plants, the spatial model has been created
(the 3D model rendered in the geographic information system, GIS), which is a novelty for the method.
The method allows for visualizing and calculating the spatial form of greenery — the real biologically
active size of the studied areca, as well as to estimate real losses in the environment resulting from
the introduction of planned changes, e.g., cutting down greenery because of construction of new
facilities. The method may facilitate management of the city’s greenery, especially in planning
and spatial development: (1) at the stage of drawing up the planning documents and (2) at the stage
of specific investments before taking the final decision concerning their location and activities related

to natural compensation.

Keywords: spatial form of greenery, biologically active area, urban adaptation, climate change,
environmental management

Introduction

Implementing the concept of sustainable development
is closely related to the systemic and strategic approach
toward environmental resources management at the
local level. Its essence can be summarized by the maxim

*e-mail: jan.kazak@upwr.edu.pl

promoting the concept of sustainable development:
“think globally, act locally” [1].

Effective environmental resource management of
a given area requires proper expertise of the matter
to be subject to the management process. It is also
important to define the strategic development directions
in a given area as well as goals to be achieved as a result
of actions undertaken (planning, investment). Effective
assessment should also involve assessment of the effects
of implemented changes [2-4]. Such organization of
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the management process should apply to many aspects
of the spatial development of contemporary cities. One
of them is the environmental aspect, closely related to
the adaptation process of cities to the changing climate
conditions [5-7].

The increase in the FEarth’s average annual
temperature has been confirmed by further reports
of the Intergovernmental Panel on Climate Change
(IPCC). The latest report — the Fifth Assessment
Report (ARSY), states that: “Each of the last three
decades has been successively warmer on the Earth’s
surface than any preceding decade since 18507
and “the globally average combined land and ocean
surface temperature data, as calculated by the linear
trend, show warming of 0.85°C over the period of
1880 to 2012” [8]. Notably, due to climate change, an
increase in the intensity and frequency of extreme
weather phenomena such as heavy rainfall, floods, heat
waves and droughts has been observed. The 90% of
climate change is caused by diverse human activities
and resulting from them emissions of greenhouse
gases such as carbon dioxide (CO,), nitrogen dioxide
(NO,), methane (CH,), and less frequently occurring
but still having a strong impact: hydrofluorocarbons
(HFCs), perfluorocarbons  (PFCs) and  sulphur
hexafluoride (SF,), as well as by deforestation and
progressive urbanization [8]. It is predicted that
Europe will be the fastest heating continent [9-10].
Since the year 2000, several extreme heat waves
have been recorded in Europe: 2014 and 2015 have been
the warmest years since instrumental records began.
The average annual temperature for the last decade
(2006-2015) was around 1.5°C above the pre-industrial
level, which makes it the warmest decade on record
[10].

Moreover, it is considered that heat waves
exacerbated by the Urban Heat Island effect (UHI)
will be more acutely felt in urban areas [10-12]. UHI
is a phenomenon characterized by the occurrence
of higher air temperatures in the city compared to
non-urban areas [13-14]. UHI is the subject of multi-
faceted research — both the methods of measurement
as well as determining and mitigating factors are put
to examination [15-16]. UHI is the subject of research
in Poland as well [17-20]. It is believed that the UHI
intensity is conditioned not only by solar radiation, sky
conditions, the wind system and city structure, but also
by a large area of soil sealing, the type of materials
used and the anthropogenic heat source generated by
industrial combustion, traffic, air-conditioners and other
human activities [13, 21-22].

High temperatures cause a nuisance to urban
dwellers [23]. The research carried out in the years
1990-2004 within the EuroHeat project in nine European
cities (Athens, Barcelona, Budapest, London, Milan,
Munich, Paris, Rome and Valencia) indicated that
high temperatures are especially dangerous to elderly
people as they contribute to an increase in mortality
from 7.6% to 33.6%, depending on the examined city

[24]. Heat waves also cause higher energy consumption
[25-26] as well as an increase in air pollution [27].

The need for taking action in order to adapt
to climate change is strongly emphasized at the
international level. It also finds reflection in various
documents, including the EU Strategy on adaptation to
climate change [28]. The strategy constitutes the basis
for the member states to take adaptive action at the
domestic, regional and local levels. Polish cities are also
facing the challenge of developing adaptation plans [29-
30]. Biologically active areas should play an important
role in the process of adapting cities to climate change
due to the many functions they perform, including
the effect of temperature reduction [31-33]. As a result
of shading and transpiration, solar radiation is either
deflected or absorbed by leaves and it is transformed
into latent heat converting water from liquid to gas,
which in turn results in lower leaf temperature, lower
ambient air temperature and higher humidity [34]. Trees
are the plants that have very favorable effects on ambient
temperature [35-37] as they provide shade for areas and
objects located in their neighborhood and have a greater
assimilation surface compared to other plants like
grasses and shrubs, and they assist in wind-shielding.
The scope of effects that the green complex (tree stand)
has on ambient temperature depends on the size of the
area /surface that it occupies [38], as well as on the
type of greenery and its quantity in a given area [39-
41]. The effects of greenery on temperature reduction in
parks occurs even in small green areas (such as pocket
parks) and in their immediate vicinity as long as they
are appropriately saturated with greenery (42%) [42].
Trees also exhibit the temperature-reducing effects
better than open water surface areas. Steeneweld et al.
have demonstrated that the water body increases UHI
by 95%, especially during the night and late summer.
This phenomenon is associated with heat accumulation
in water [43].

Biologically active areas referred to as green
infrastructure play an important role in this process
[44-46]. It is not a new idea that it is essential to
take into account environmental factors, including
biologically active areas, in the planning process of
spatial development of cities. This issue was already
addressed in the early 1970s by the Roman Club in the
report “Limits of Growth” published in 1972. On the
40™ anniversary of its publication, the issue raised in
the report was confirmed [47]. Over the last 40 years
there has occurred an intense development of sciences
concerning the environment and its protection, and the
findings of these sciences have been included in pro-
environmental policies in many countries around the
world, e.g., in the field of acquiring alternative energy
sources [48-50], reducing harmful gas emissions [51-52],
reducing consumption of natural resources [53-55], or
expanding the area covered by greenery [38, 56].

The intensive urbanization process leads to
a reduction or even disappearance of areas covered
by greenery [57], which along with progressive global
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current procedure

Fig. 1. MASFoG workflow.

warming is an unfavorable phenomenon resulting
in deterioration of the quality of the environment and
living conditions in urban areas [58]. The observed
phenomena can be prevented, for instance by modifying
the current approach toward the issues of shaping
the urban space by means of greenery (vegetation),
i.e.,, a biologically active area. Actions taken to adapt
cities to climate change require the development of
tools and methods supporting proper planning of the
spatial structure of cities, including planning and
management of green infrastructure. The use of such
tools and methods will facilitate the right decisions
regarding the use and purpose of areas. The undertaken
research direction addresses one of the issues related
to valorization of areas and assessing their suitability
in terms of optimal spatial development in the future
[59].

Aims and Methods

The aim of our article is to develop the method for
assessing the spatial form of greenery (MASFoG) for
strategic environmental management on an urban scale.
The approach focus on spatial form of greenery as an
important value in determining the biologically active
area. The proposed method allows us to present forms
of greenery with the use of 3D modelling created in the
GIS environment. The method consisted of six stages,
as shown in Fig. 1.

The first stage involved the analysis of the Polish
legal provisions relating to biologically active areas.
The regulations taken into account were the ones used
in the planning, design-implementation and investment
processes as follows: Regulation of the Minister of
Infrastructure of 12 March 2009 amending the technical
conditions that should be met by buildings and their
location [60], Regulation of the Minister of Environment
of 3 July 2017 on the rates of fees for removal of trees
and shrubs [61] and the Nature Conservation Act of
16 April 2004 [62].

In the second stage of the research, based on
the analysis of legislation, the test area was selected.
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The verification method presented in this article
comprised the area assigned for the planned investment
of road construction on the Eastern Bridge (part of
the Wroctaw ringroad). The surface of the test area
comprised about 20 hectares.

The third stage involved a dendrological survey
in the field study. In accordance with the current
procedure, the dendrological survey includes updating
the base map and inserting locations of trees in the
form of a point on the map, assigning the inventory
number, recognizing the species, measuring the trunk
circumference, and assessing the health condition
for each tree. In the proposed method, the survey
additionally involves measuring height and the tree
crown diameter. The differences between the current
procedure and the proposed method in the field of
dendrological survey can also be seen in Fig. 2.
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Fig. 2. Comparison of the current procedure and the MASFoG.
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The thermovision survey constituted an additional
clement of the field study (4 test stages). The
measurements conducted in the previously selected
area allowed us to assess the effects of tree shading on
different materials. Calculating the difference between
the temperature of the sunny and shaded surfaces
allowed us to assess the effects of high greenery on
temperature reduction in the urban area. For the purpose
of that study we used a FLIR i7 thermovision camera.
The measurements were conducted on 6 different
surfaces.

In the fifth stage, the field survey data (stage 3) were
used to develop the 3D models of greenery. The model
presents a set of solids, with individual parameters
matching the elements of greenery in the test area. As
a result of the visualization, it is possible to assess the
current state of natural resources and their relationship
with other elements of the city structure. The 3D model
also allows us to enter information about the elements,
which are to be removed, and thus to visualize potential
environmental and spatial losses.

The final stage of the method involved assessing
the parameters of spatial objects (greenery) in the city
structure based on the 3D modeling. The acquired
indicators show the potential for shading of the
surface and, combined with the results obtained from
the thermovision survey, they allow us to assess the
potential for temperature reduction in the city. The
acquired parameters describing biologically active areas
(crowns of trees and their side walls) allow us to manage
the environmental resources of the city, reaching beyond
the existing standards of legal regulations.

Results and Discussion

The first step of the research was Polish legislation
analysis in the context of urban greenery management
on a city scale. The Regulation of the Minister of
Infrastructure of March 12, 2009 on the technical
conditions [60] that should be fulfilled by buildings and
their location (§ 3 item 22) defines a biologically active
area as an “area with soil surface managed in such a way
that ensures natural vegetation, and also 50%, but not
less than 10 m?, of the surface of terraces and flat roofs
with this type of surface, as well as surface water in this
area.” Next, the same document reads as follows: “In the
building plots designated for development (...), at least
25% of the plot area should be arranged as a biologically
active area, unless arrangements adopted under the local
spatial development plan provide a different percentage”
(Chapter 8, § 39). The cited definition of biologically
active area does not distinguish the spatial form of
greenery in such an area; it only states that the area is
to “ensure natural vegetation,” without specifying any
kind of plants and their forms. For years municipal
investments have been implemented in accordance with
the applicable definition cited above, therefore many
projects and solutions include mainly low greenery

(herbaceous plants, shrubs) and extensively limit the
presence of high greenery (trees). The restrictions on the
use of trees have several reasons: the necessity to take
into account higher financial means for implementing
high greenery projects, the need for a larger area (i.e., at
the stage of drawing up local development plans), and in
the case of terraces and flat roofs for applying a thicker
layer of soil and proper, often expensive, construction
solutions that ensue from it.

In the face of current intensive development of urban
areas, density of housing developments and simultaneous
occurrence of adverse weather phenomena (the urban
heat island), reduction of the percentage of land covered
by trees is an extremely unfavorable phenomenon
indicating that the concept of sustainable development
is not properly implemented when it comes to improving
a cities’ local climate, present and forecasted, as well as
adaptation of cities to climate change.

In view of the above findings, it is necessary to
demand that all guidelines regarding the share of
biologically active areas in municipal investments
be included in planning documents drawn up at the
local level, such as: the Study of Conditions and
Directions of Spatial Development and the Local
Spatial Development Plan. The Study is an expression
of the spatial development policy of the borough (Polish
gmina), while the Local Plan is a legal act regulating
the principles of actual spatial development in the
borough. Due to the importance of the Study in the
process of creating Local Spatial Development Plans,
provisions defining the development of areas covered by
greenery and recommended forms of spatial vegetation
(spatial structure of greenery) should be stated already
at the stage of drawing up the document. Information
regarding the size of the area and the spatial form of
greenery should take into account its importance for
creating positive features of the microclimate as well as
the local climate of the city.

In addition to the observed phenomenon of climate
change, urban areas are struggling with various
environmental problems. Research carried out across
Europe has revealed that the most serious problems
of this kind include heavy atmospheric precipitation
resulting in flooding, increased air pollution in the
winter and an increasing number of hot days [17-18, 20].
It has been proven that among various vegetation forms,
trees are the most effective when it comes to limiting
the overheating of urban space.

Temperature reduction is caused by two factors:
direct shading by trees and evapotranspiration. The
range of beneficial effects of trees on the environment
depends on their species, size and spatial form, crown
structure and age. As the published research results
indicate [38], urban spaces with a large area of land
covered by trees and water reservoirs are the coldest
spaces in the city. Temperature differences between
high greenery complexes (parks, forests) and built-
up areas can be around 2-3°C during the summertime.
The environmental impact of greenery complexes on
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Fig. 3. The temperature measurement of shady and sunny surface of: concrete surface, plastered wall and painted wood.

the ambient temperature depends on the area of such
complexes [38]. Therefore, it is important to create the
largest network of connected sites covered by greenery
in one system.

Although urban greenery fulfills many ecosystem
services, in the context of this research only
microclimate regulation in terms of temperature was
analyzed. To illustrate the effect of greenery on the
temperature of surfaces made of different materials,
measurements were carried out by use of a thermal
imaging camera FLIR i7. All thermal measurements
were made on the same day between 13:00 and 14:00
(UTC+1) in order to illustrate the impact of the same
conditions of solar radiation. In the city of Wroctaw,

six areas with a different spatial structure of greenery
(low greenery — lawns and shrubs, high greenery —
trees) and various materials found in the environment
(wood / wood covered with paint, concrete, asphalt, and
mineral surfaces such as stone aggregate and plaster)
were selected for the research (Fig. 3).

The conducted thermovision measurements have
confirmed the hypothesis that trees have a more
favorable effect on the ambient temperature than low
greenery forms (shrubs, lawns). The temperature
differences between the sunlit and shaded surfaces
specified in Table 1 indicate that the difference also
depends significantly on the material that covers or
constitutes the surface. Thus, the indicated dependence

Table 1. Span between the temperatures of sunlit and shaded areas depending on the type of material of which the surfaces are made.

Nurr}ber of Type of material Temperature of the Temperature (if the sunlit | Difference iZI temperatures

the examined surface shaded area (°C) area (°C) (°O)

1 Grass 26.6 32.7 6.1

2% Concrete 27.6 36.3 8.7

3 Mineral surface 27.3 36.7 9.4

4 Asphalt 25.0 39.2 14.2

5% Plaster 29.2 43.9 14.7

6* Wood covered with paint 45.1 62.6 17.5

* photographs of the examined surfaces included in the article
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A5 INVENTORY NUMBER OF A TREE

Fig. 4. The inventoried elements of greenery (trees) as part of the project documentation drawn up for the needs of the planned road

investment.

can be used in practice for the selection of proper
materials of urban surfaces [63].

As presented above, the thermoregulation function
of urban greenery is strongly related with spatial
forms of greenery. Therefore, effective strategic
environmental management at the local scale should
focus not only on numbers of planted or cut down
pieces, but rather should include three dimensions. That
is why in order to demonstrate the importance of the
form of greenery in shaping the characteristics of local
climate of the city (including the ambient temperature),
this form should be the subject of detailed analyses
in the city planning process and management of its

environment. It is necessary to create tools facilitating
the forecasting of effects that proposed spatial
solutions (e.g. construction of roads, buildings,
removal of trees) will have for the environment and
microclimatic conditions of a given area. The method
for assessing the spatial form of greenery (MASFoG)
proposed by the authors using the 3D computer model
created in the GIS environment can play an important
role in this regard. In the model, greenery is shown
spatially (in the shape of solids) and in relation to other
elements of development (buildings, roads, etc.). It is
therefore visualized as a real space of a biologically
active area.

Fig. 5. The drawing in the GIS program presented the trees crowns projection.



Spatial Form of Greenery in Strategic...

2851

Fig. 6. The 3D model presenting the inventoried elements of greenery (trees) as solids.

The use of GIS tools in environmental research is
becoming more and more popular [64-65], and — while
used in conjunction with remote sensing — it is extremely
effective for evaluating the spatial and temporal changes
in urban land use and its cover [66]. However, these
analyses do not take full advantage of the possibilities
offered by 3D modelling. Our research checks
the suitability of 3D applications for the management of
urban space and greenery.

The presented method of assessing greenery with the
use of the 3D model has been implemented in Wroclaw
at the site of the future construction of the Eastern
Bridge together with new eastern bypasses of the city.

The study included 4,000 specimen of trees, for
which, in the first stage of the work, a dendrological
appraisal report was made (which is a basic and
commonly used method of assessing greenery). In the
report, each inventoried unit of greenery was given

an inventory number and all the units were classified
into taxonomic groups as well as certain data that
was collected concerning tree parameters (trunk
circumference at a height of 130 cm, crown diameter,
height) and health conditions. The collected data is
presented both in a descriptive and graphical manner on
the base map (Fig. 4). Detailed dendrometric data was
used to develop drawings in the GIS environment by
presenting the drawing with tree crown projection area
(Fig. 5), the spatial model of trees in the context of other
land development elements (Fig. 6) and the model of
trees which are to be cut down because of the planned
investment (Fig. 7, where the trees are highlighted
in red). The order and type of works performed,
the way it was made and the final result are summarized
in Table 2. It was shown that with the number of
inventoried trees of 4,000 pieces, the crown projection
area is 119,227.8 m?, the projection area of the crowns

Fig. 7 The 3D model presenting the inventoried elements of greenery (trees) as solids — divided into trees that will remain (green) and

those which will be cut down (red).
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Table 2. Method for assessing the spatial form of greenery by use of the 3D model created in the GIS environment — stages.

Stage | Name of the stage Manner / used tools Result
Data in the table:
—number of pieces
Field study — species identification — species (taxon)
| Dendrological and field measurements, — size of the unit (height, crown diameter, trunk circum-
appraisal report placing information on the map (CAD) | ference)
and the data table (EXEL) — sanitary condition
Drawing on the map:
— trees as points with numbers (Fig. 2)
Introduction Introduction of data into the GIS program Database in GIS
2 of data into the GIS | (elements of greenery, existing objects and | Base map with points and numbers in GIS as the basis
program the planned investment) for generating the 3D model
o Generating the model Model showing the status of §xisting greenery iI.l the
3 Modelling in _ showing the status prior to the invest- context of other forms of spatla} development prior to
the GIS program ment the planned investment. Drawing of the trees crown
projection (Fig. 3), 3D model (Fig. 4)
Modelling in Generating the model Model. showing real .losses in the enVironment and
4 . . changes in space resulting from the planned investment
the GIS program — showing the status after the investment (Fig. 5)

plus the side surface of the crown walls 470 873.5 m? and
the volume occupied by tree crowns 1 311 505,8 m’
(Table 3).

Data of this type when enriched by another
parameter that is leaf area density (LAD) (given for a
particular species of plant) can also be used to calculate
the tree assimilation area [67] or else the green plot ratio
(GPR), a numerical indicator that reflects the degree of
vegetation diversity in a given area; it is the highest in
areas covered by trees and multi-layered spatial forms
of greenery and the lowest in areas covered with grass
[68]. GPR is meant to be a counterpart of the building
area ratio used in city planning.

The 3D model (being an important component of our
method of greenery assessment) allows us to illustrate
the real size of environmental, climatic and landscape
losses that will result from cutting down trees. It is a
tool thanks to which we can visualize changes in the
structure of the city, e.g., in the area of interrupting the
continuity of ventilation wedges, acoustic and viewing
barriers [69]. The model can be expanded by other
factors, e.g., the time factor, with which it is possible
to put the planned greenery (trees) on the map along
with data on the average height and span of crowns at a
particular stage of development (growth). It is possible to
simulate changes and various transformation scenarios
in the selected area on the basis of the measurements
of the current and future status. The main features of
the green evaluation method with the spatial model are
presented in graphical form (Fig. 8).

The 3D modeling proposed in MASFoG can also
be carried out by use of the programme of Screening
Tools of Estate Environment and Evaluation (STEVE).
STEVE was developed on the basis of the GIS platform
in order to facilitate the interlinking of climate research
with spatial planning and design [70]. As a web-
based application, it allows us to count the minimum,
medium and maximum temperatures in a specific area
and to simulate temperature changes after entering new
elements or removing the existing ones. In the case of
the application of this programme within MASFoG,
the stage of the thermovision camera testing could be
omitted, making the method more accessible to planners,
designers and public administration bodies responsible
for assessing and supervising the design and investment
process. Furthermore, development of the stage of
temperature measurement conducted at different times
of the year, day and night could render a more complete
picture of variations in surface temperatures of the
studied area, as well as could be used for a thorough
examination of the impact of a given green complex on
the temperature of pavement and air, within the area and
outside it.

Some cities all over the world have developed
standards or indicators that function as local laws. The
Green Development Standard for the city of Toronto
states that 30% of the parking area and other paved
surfaces should be shaded by trees [71]. The indicators
such as the Biotope Area Factor (BAF) of Berlin, Green
Space Factor (GSF) of Malmé [72] and Seattle Green

Table 3. Results of assessment of greenery carried out in the area of the planned road investment.

Number of inventoried | Sum of the tree crown projection
trees (pcs.) (m?)

Sum of the tree crown projection and
surface of the tree side wall (m?) (m?)

The tree as a spatial form

4000 pcs. 119 227,8

470 873.,5 1311505,8
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Fig. 8. The MASFoG applicability.

Factor [73] are mandatory in planning the green areas of
these cities. They determine the ratio of the area covered
with open water surfaces, permeable surfaces, devices
for infiltration of storm water and, most importantly,
greenery in relation to the total area surface. In view
of GSF and SGF indicators, trees constitute a separate
category subject to classification. The BAF indicator
is the basis of Berlin’s landscape plans, GSF is used
for planning and development of new multi-family
estates, and SGF is used for the area of the whole city.
The indicators and standards guarantee the optimal
development of individual areas with regard to green
areas, and their functioning confirms the necessity for
regulating the green issues and their precision in spatial
planning and development.

It should be noted that in contemporary Poland,
the assessment of greenery, as being prepared for
investment needs, must fulfill clauses of Polish law,
i.e., the Act of July 7, 1994 Construction Law [74], Act
of 16 April 2004 on the protection of nature [62] and
Regulation of the Minister of the Environment of 3 July
2017 on the amount of charges for removal of trees and
shrubs [61]. In accordance with the above documents,
losses in the environment, with a possible removal of
trees, are presented as a number of cut-out pieces, and
not as actually lost assimilation space.

In view of the above, the authors of the article
recognise the enormous need to ensure precise records
on biologically active areas, as well as forms of
greenery occurring there, in planning documents such
as: the Study of Conditions and Directions of Spatial
Development and the Local Spatial Development
Plan. Both documents are interrelated — the Study is a
reflection of the municipality’s spatial policy while the
Local Plan is a legal act regulating the principles of the
municipality’s actual spatial development. Considering
the importance of the Study in the process of creating
Local Spatial Development Plans, already at the stage
of preparing them, there should be included records on
the recommended spatial forms of greenery within areas
of individual functions. Indispensably, examinations

of the existing studies should be carried out in respect
of their regulations of the green forms and structures,
which would allow us to identify the most common
deficiencies and facilitate more appropriate planning
and development of the environment in the future.

As a result of our inquiry we advocate for a wider
formula of assessment that takes into account the spatial
form of greenery, we believe it would be helpful in
making decisions concerning the functions of areas and
various types of investments, especially strategic ones,
which strongly violate the natural structure of the city
and thus prepare the city for climate change.

Conclusions

The suggested method for assessing the spatial form
of greenery (MASFoG) goes beyond the accepted and
binding standards and, in the authors’ opinion, may
be a tool supporting environmental management (in
particular the city’s greenery). It seems fully justified
in the context of the United Nations Framework
Convention on Climate Change and helps in the
effective implementation of the international
objectives and their implementation at the local
level. The results obtained from assessing greenery by
use of the 3D model allow us to: (1) better recognize
the value of existing greenery in the context of its
various environmental functions, (2) assess losses due
to cutting down and decisions regarding the scope of
natural compensation, (3) decisions regarding planned
and implemented investments (location, scope) and
(4) simulation of spatial changes that draw up various
development scenarios.
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