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Abstract
The threats that arise from climate change and their associated economic, social, and environmental impacts are leading
to the transformation of the spatial structures of cities. The growing demand for climate adaptability calls for the develop‐
ment of normative criteria for the design of forms of urban settings that integrate vegetation. Climate‐responsive urban
design reacts to the challenges of urban physics, which depend heavily on the forms of urban structures and the role of
greenery. This method includes research on vegetation indexes and their impact on urban regulatory functions. The goal is
to propose a comprehensive framework for assessing the functioning of urban public space, which considers the role and
maintenance of green infrastructure. The intersectionwith the subjectmatter of analytical urbanmorphology is evident, in
terms of the resolution of the urban fabric and its transformations over time. The framework of climate‐responsive urban
design also covers examining the parameters of surrounding built structures, such as the floor area ratio, the building
coverage ratio, and building heights. In particular, the requirements of climate adaptation have an impact on the design
of outdoor spaces in cities. In this article, we apply the selected methods that contribute to the climate‐responsive urban
design model to recommend the transformations of two urban nodes, in Lodz andWarsaw (Poland). Our goal is to indicate
the future form of nodal public spaces with a focus on the needs of urban greenery, and to determine indicators for the
local climate zone. After an initial literature review, we discuss a number of available indicators from the perspective of
how they might contribute to determine the environmental conditions. We focus on urban water cycle, the requirement
of trees for water, and insolation conditions.
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1. Introduction

Cities are complex social‐ecological systems that engage
numerous stakeholders and embrace diverse ecologi‐
cal processes (Alberti, 2008; Andersson et al., 2014;
Berkes & Folke, 2000). While the need for climate adap‐
tation in cities has been broadly recognised (European

Commission, 2021; European Environment Agency,
2016; Mayor of London, 2018; Reusswig et al., 2016),
there is still the question of how to engage concerned
actors in the desired stewardship. We believe that
improved understanding of regulatory ecosystem ser‐
vices would help address this issue. The three‐fold
nature of social‐ecological systems in cities includes
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infrastructures, institutions, and perceptions (Andersson
et al., 2019). In this article, we address the first of these
elements, urban infrastructures, in the quest for a norma‐
tive framework for design purposes. We further divide
this category into so‐called grey infrastructure (build‐
ings, parcels, streets, and squares) and green infras‐
tructure (GI, various forms of vegetation; Marcus et al.,
2019). The first group remains subject to urbanmorphol‐
ogy research (Caniggia & Maffei, 2001; Conzen, 1960;
Oliveira, 2016), and the second belongs to the scope of
urban ecology (Alberti, 2008; Andersson, 2006; Colding
et al., 2013; Forman & Godron, 1986). Both the urban
fabric and GI impact the urban microclimate. Cities as
man‐made habitats are influenced by geographical fac‐
tors, including both abiotic and biotic factors, but also
the intensity and range of human activities.

The ecological processes in cities are not confined
to a single ecosystem; instead, cities are a mosaic of
interconnected ecosystems that interact. Spatial pat‐
terns affect them to the point that they can be assumed
based on the distribution and structural configuration
(Andersson, 2006). In addition to the mutual relation‐
ships and spatial links, the analysis should consider the
panarchy of interconnected habitats, which embraces
multiple scales. In urban cores, new interventions in
woodlands usually belong to the category of “functional
greening” with planted tree stands in green spaces
(Kowarik, 2005, p. 9). Therefore, to design successful
urban climate adaptation measures integrating vegeta‐
tion, it is first necessary to understand the processes
between the urban fabric and GI. Then, we should trace
the relationships between the elements of GI within the
social‐ecological urban system.

In this article, we analyse two urban spaces located
in twomajor Polish cities:Warsaw and Lodz.We consider
both the elements of their infrastructures and their inter‐
relations. In the next section, we present the research
background, followed by the methodology and the case
study characteristics. We then apply the selected meth‐
ods to both sites and discuss the results. The final sec‐
tion includes recommendations and proposes future
research paths.

2. Research Background

Climate change adaptation has attracted much atten‐
tion from researchers in recent years. Most research
so far relates to evaluating ecosystem services on the
scale of a region (Carter et al., 2015; Haase et al., 2012;
Niemelä et al., 2010; Schirru et al., 2019) or a city
(Gill et al., 2007; Liu & Russo, 2021). There are fewer
studies that address the scale of the neighbourhood.
There are numerous reasons for this discrepancy. First
of all, the natural conditions are challenging to parame‐
terise, due to the many variables. The local conditions
include, among others, topography, soil structure, cli‐
mate, and anthropomorphic transformations, such as
soil sealing and existing biodiversity. The plant forms

range from simple lawns to complex systems of low veg‐
etation, such as lawns, ground cover, perennials, and
bulbous plants, from annuals and biennials to shrubs,
tall trees, and creepers. All these elements are affected
by their immediate and broader context. There are also
few studies considering the relations between different
types of infrastructure in a comprehensivemanner.Most
research that deals with interrelations between urban
spaces and green areas addresses a single theme, such as
urban heat island (UHI; Armson et al., 2012; Kannamma
& Sundaram, 2015; Norton et al., 2015; Shashua‐Bar &
Hoffman, 2003). The urban or metropolitan context is
evident in studies on the role of greenways as connect‐
ing elements for the growth and preservation of biodi‐
versity (Alberti, 2008; Bryant, 2006). Other phenomena
discussed above also need to be included in a system and
panarchy approach.

In this article, we refer to the Millennium Ecosystem
Assessment (2005), which provides a commonly recog‐
nised framework to evaluate the benefits of GI. GI con‐
tributes to the social‐ecological system, the design
of which needs to be comprehensively understood
(Redman et al., 2004). The scheme includes four cat‐
egories of ecosystem services: supporting, provision‐
ing, regulating, and cultural. Climate change adapta‐
tion, which is the topic of this article, deals primarily
with regulatory services, including, among others, water
retention and UHI reduction. The concept of norma‐
tive guidelines for designing urban settings and integrat‐
ing vegetation has attracted the interest of researchers
before (McDonald et al., 2007; Whitford et al., 2001).
Climate‐responsive urban design addresses the inter‐
play of urban physics and ecosystem challenges, which
depend on the forms of urban structures and the role
of fauna and flora. Studies that merge these two top‐
ics are still rare. For example, Marcus et al. (2019) rec‐
ommend a combined socio‐ecological morphology. They
propose two systems of overlapping patches represent‐
ing social entities: built structures and ecological struc‐
tures. We focus on the regulatory functions of urban
ecosystems, which we attempt to link with some char‐
acteristics of built structures.

3. Methodology

The impact of vegetation on urban settings was assessed
based on several factors. Each specific feature has its
distinctive methodology of assessment defined in the
subject literature. Table 1 presents the primary regu‐
latory ecosystem functions associated with the charac‐
teristics of GI. The relationships defined in all three
tables were defined based on the initial literature review,
which led to the selection of a number of indicators
that describe urban vegetation (Table 1), types of vege‐
tation (Table 2), and forms of urban structures (Table 3).
For each of these elements, we determined how they
affect local environmental conditions. The focus of the
current article is on developing proper conditions for
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Table 1. Parameters of urban vegetation in relation to the role of greenery as a factor affecting comfort and climate
adaptability.

Parameter Describing Urban Vegetation

Normalised
Tree Canopy Retention/ Difference Carbon Biological Indigenous

Leaf Area Cover/Tree Infiltration Vegetation Storage Diversity Species
Ecosystem Services Index Roots Extent Index Index Index Index Index

1. Cooling of UHI X1 X2
2. Preventing water X3 X X X4

cumulation during
flash floods

3. Water retention X5 X6 X6 X4
and infiltration:
draft prevention

4. Strong wind X X
prevention

5. Air pollution X7 X8 X9
prevention

6. Rainwater cleansing X X6 X X4
7. Soil pollution X10 X11 X X9

prevention
8. Prevention of X12 X13

organic pollutants
and bacteria

9. Urban vegetation X14 X15 X16 X X X9 X17
resilience, adjustment
to urban conditions

Notes: 1 Pace et al. (2021); 2 Köhler and Kaiser (2019); Loughner et al. (2012); Ziter et al. (2019); 3 Jalolen et al. (2013); Yang et al. (2019);
4 Szczepanowska and Sitarski (2015); 5 Simic et al. (2004); Yang et al. (2019); 6 Law and Hanson (2016); 7 Janhäll, (2015); 8 Badach et al.
(2020); Barwise and Kumar (2020); Nowak (2002); 9 Gaj (2012); Nowak et al. (2013); 10 Nascimento et al. (2016); 11 Pérez‐Suárez et al.
(2008); 12 Wei et al. (2017); 13 Gong et al. (2021); Nakamura et al. (2017); 14 Wu and Liang (2020); 15 Hale et al. (2015); 16 Gustafsson
et al. (2020); 17 Oliver et al. (2015); Rowntree and Nowak (1991).

urban greening interventions to achieve the highest per‐
formance in terms of ecosystem regulatory functions.

Table 2 relates types of urban vegetation to their reg‐
ulatory ecosystem functions. The roles of various types
of vegetation differ. To successfully design urban spaces,
we should be able to take this into account. Table 3 shows
the impacts of urban forms on the local environment,
including vegetation. These aspects are rarely consid‐
ered in urban ecosystem research. However, the analysis
of the potential impact of various features of urban struc‐
tures on the physical conditions of urban space proves
their essential role.

Based on the above analyses, we selected those fea‐
tures of the urban environment which are essential for
shaping climate adaptability. In the following sections,
we discuss some of the aspects of the parameters listed
above, which we will then use in the case study analysis.

3.1. Biodiversity

Designers usually understand biodiversity as species
diversity, which translates into a variety of taxonomic
units. In ecological research it is not always a positive

parameter, because of the likely presence of alien and
invasive species which, in turn, can only be assessed
in the context of a given place. For example, suppose
native species in a given place have challenging condi‐
tions for vegetation due to anthropogenic transforma‐
tions, and foreign and even invasive species cope in this
place. In such cases, the negative assessment of invasive
taxa will not be unambiguous. Moreover, biodiversity
research emphasises the potential for the emergence of
spontaneous vegetation. It involves the openness of the
designed compositions to the “adoption” of new species
and natural processes. The species composition trans‐
lates into the provided and expected ecosystem services.
For example, some plants have phytoremediation abili‐
ties (Piotrowska‐Niczyporuk & Bajguz, 2013). Studies on
the capture of particulate matter by trees in cities show
that linden can be one of the most efficient species in
this respect (Popek, 2013).

Research on biodiversity uses various, often very
complex methods (Kruk, 2014), which are challenging
in everyday design practise due to the time required to
observe the directions of changes (at least one growing
season, and preferably in long‐term studies). In addition,
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biodiversity can be considered at the level of the diversity
of taxonomic units (as above), at the level of the gene
pool, or, finally, at the scale of entire ecosystems (the
latter requires time, a large team, and specialised equip‐

ment). Researchers agree that conducting analyses using
only one of the methods cannot yield reliable results.
The biodiversity taxonomy parameter seems to be the
easiest to use in design.

Table 2. Types of vegetation and their role in climate adaptation: + (influence), +/− (relative influence), and − (no influence).
Types of Vegetation

Trees Bushes Climbers
and

Ground
Covers

Perennials
and

Herbaceous
Plants

Grasses

Deciduous Coniferous Deciduous Coniferous

Role

Temperature regulation:
1. Cooling of UHI 1 + +/− + +/− + +/− +/−
2. Warming in cold seasons 2 − + − + +/− − −
3. Resilience to temperature +/− + +/− + +/− +/− −

amplitudes and abrupt
changes 1

Water regulation:
4. Preventing water runoff +/− +/− +/− +/− +/− + +

and flooding during
flash floods 3

5. Water retention + +/− + +/− +/− + +/−
and infiltration:
draft prevention 4

6. Rainwater cleansing, soil + +/− + +/− + + −
pollution prevention 5

Air flow regulation 6:
7. Strong wind prevention + + + + +/− − +/−
8. Air pollution prevention 7 + +/− + +/− + +/− +/−
Others:
9. Prevention of organic +/− + +/− + − +/− −

pollutants and bacteria:
etheric substances 8

10. Urban vegetation + +/− + +/− + + +/−
resilience, adjustment
to urban conditions 9

Notes: 1 Norton et al. (2015); Szczepanowska and Sitarski (2015); 2 Myint et al. (2015); 3 Jalolen et al. (2013); 4 Simic et al. (2004); Yang
et al. (2019); 5 Dierkes et al. (2002); Szczepanowska and Sitarski (2015); 6 Chen et al. (2016); 7 Badach et al. (2020); Barwise and Kumar
(2020); Janhäll (2015); Nowak (2002); Szczepanowska and Sitarski (2015); 8 Gong et al. (2021); Nakamura et al. (2017); Wei et al. (2017);
9 Gustafsson et al. (2020); Hale et al. (2015); Oliver et al. (2015); Szczepanowska and Sitarski (2015); Wu and Liang (2020).

Table 3. Features of the physical environment and their role in climate adaptation.

Features of Physical Environment

Floor Area Floor
Ratio/Building Direction Setback/ Materials

Coverage Height of vs. Wind Location and Colours of
Role Ratio Buildings Direction on the Lot Colours Facades

Temperature regulation X X X X X X

Water regulation X X X X

Air flow regulation X X X X
Urban vegetation resilience X X X X X
Physical conditions for social activities X X X X X X
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3.2. Carbon Sequestration

Species diversity is not the only parameter. Other fea‐
tures include natural efficiency, i.e., how much oxy‐
gen vegetation gives off to the atmosphere and how
much it sequesters and builds into carbon tissues
(Nowak et al., 2013), and how the area evapotranspires,
which translates into microclimatic conditions. It should
be noted that increased biodiversity does not equal
higher biomass production nor higher CO2 sequestration
(Köhler & Kaiser, 2021; Körner, 2000).

Individual tree species, in various development
stages and depending on the growing season (varying
leaf sizes), have different effects in the form of coef‐
ficients. These can be calculated based on so‐called
allometric equations of biomass for individual species
(Zasada et al., 2008), which vary depending on the
species, its geolocation, neighbourhood conditions, etc.
(Altanzagas et al., 2019). Zianis et al. (2005) show the
extent of the problem, pointing to 188 trees of one
species of Pinus silvestriswith over 50 different patterns.
Therefore, it would be necessary for design purposes to
average the data for individual species in a given city.
Such compilations have been made in the US (Peper
et al., 2007). In Poland, pioneering research in this area
was conducted by Szczepanowska and Sitarski (2015).
Analyses of street trees in Praga Północ show (result‐
ing from American research by, among others, Nowak
et al., 1996; Nowak et al., 2013; Peper et al., 2007)
a hypothetical sequestration efficiency in the range of
between 81 kg CO2/mature tree/year and 7 kg CO2/small
tree/year, where an average of 25 kg CO2/tree/year was
assumed.We calculated the amount of sequestrated CO2
using the equation:

WCO2
= n × 25 kg/year, where n is the number of trees
and WCO2

is the amount of sequestered CO2

Knowing the level of CO2 sequestration, it is possible to
calculate the amount of O2 produced by trees using the
formula WO2

[kg/year] =WCO2
[kg/year] × 32/12 (Nowak

et al., 2007).

3.3. Normalised Difference Vegetation Index

Another important index is the normalised difference
vegetation index (NDVI), which determines the intensity
of photosynthesis. NDVI maps are created by munici‐
palities and can provide information about the health
of vegetation.

3.4. Rainwater Retention

Rainwater retention is an essential feature for landscap‐
ing. Watering using a balance of local water retention
and water supplies is desired. We based the calculations
on the formula:

Qr = rt;n × Ψm × ΣA

where Qr is the surface runoff, rt;n is the design rain
value, Ψm is the runoff coefficient—(Ψ1 × A1 + Ψ2 × A2 +
⋯ +Ψn × An)/ΣA—and ΣA represents the total surface—
ΣA = A1 + A2 + An. This was based on works by Dreiseitl
and Grau (2009), Geiger and Dreiseitl (1999), and Geiger
et al. (2010). The following values were adopted for the
calculations:

• Design rainfall: 177.1 l/s (for 15 minutes of rain
every five years; RetencjaPL, 2020);

• Runoff coefficients (Geiger & Dreiseitl, 1999): For
impermeable surfaces Ψ1 = 0.90, for gravel sur‐
faces Ψ2 = 0.15, and for surfaces covered with
greenery Ψ3 = 0.05.

3.5. Watering Demands

According to contemporary water management stan‐
dards, retention should support the irrigation of grow‐
ing plants (Moser et al., 2017). The water demands of
plants dependonmany factors: plant size, season (includ‐
ing temperature, leaf size), plant species, and climatic
or local conditions. Irrigation requirements can be cal‐
culated based on the evapotranspiration index, using
the principle that evaporated water should be replaced
through irrigation. The most popular models are the
four models of the ETo index: a model based solely on
temperature measurements; Garbarczyk’s model based
on air temperature and humidity measurements; the
Hargreavesmodel, calculated based on temperature and
latitude; and the Penaman–Monteith model, calculated
based on temperature, altitude, air humidity, radiation,
and wind speed. All these models were developed for
production plants, including fruit trees. The frequency of
watering is also important. The best growth conditions
are achieved by water‐spraying trees, which means less
frequent (once a week or less) but more abundant water‐
ing. Bartosiewicz (1986) recommends periods of 20–40
days between watering trees and giving a single dose
of 50–100 l/m2 under the canopy of trees, assuming a
depth of 30–60 cm. On the other hand, Borowski et al.
(2016) do not distinguish between the amount of water
required for watering trees. They only discuss watering a
layer of 35 cm of soil for deeper‐rooting plants and give
the value of 35 l of water per m2 of the area under the
tree canopy or the vegetated surface for other plants.
For trees, we can also calculate the amount of water
using the breast height diameter (DBH). This method
assumes a conversion factor whereby one centimetre of
trunk diameter equals 10 l of water per every 20–40 days
(Bartosiewicz, 1986).

3.6. Insolation Analyses

Insolation analyses should begin at the concept stage of
design proposals (Saratsis et al., 2017). Sunlight studies
in the urban context focus mainly on proper daylight illu‐
mination of rooms. Good insolation is vital for the energy
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efficiency of a facility, the possibility of supporting natu‐
ral ventilation, or obtaining solar energy (Hegger et al.,
2008). The arrangement of a building can have an effect
on indoor insolation (Fernandez et al., 2015). Outdoor
conditions have so far received less attention. The out‐
door environment can contribute to providing sufficient
ventilation and preventing heat island. Insolation should
be considered when deciding the location of renew‐
able energy sources. It is also essential for public space
design, in terms both of its social aspects and green and
blue infrastructure requirements. In the following sec‐
tion, we focus on the impact of insolation on vegetation
growth conditions.

4. Case Studies

The need to adapt to climate change is now widely
recognised among scientists, politicians, and munici‐
pal decision‐makers (e.g., City of Paris, 2018; European
Commission, 2021; European Environment Agency,
2016; Kassenberg et al., 2019; Mayor of London, 2018;
Reusswig et al., 2016). However, in many cities, includ‐
ing Polish ones, the implementation of measures aimed
at tackling climate change has not started or is not
advanced. Urban adaptation plans have been elaborated
for 44 major Polish cities, but the transformation of the
urban fabric, taking into account the consequences of cli‐
mate change, has not gained momentum. We attribute
this situation to the lack of well‐established methods
for adapting the built environment to new conditions,
despite many studies that provide adaptation guidelines
(e.g., Crichton et al., 2009; Filho, 2015; Jones, 2017; Košir,
2019; Naumann et al., 2020). First, every local situation is
different. Cities differ in their latitude and climatic condi‐
tions (Stewart & Oke, 2012), which has consequences for

the choice of adaptation measures. Moreover, for each
site, adaptation strategies must respond to the local con‐
ditions and, above all, cater to the demands of the local
community. At the same time, they should harmoniously
fit into the surrounding urban fabric and the local sys‐
tem of ecological connections. Adaptive transformations
relate to several design levels, from the regional and city
level (spatial and urban planning) to the neighbourhood
scale (urban design), and from spatially separated parts
of districts (housing estates, urban blocks) to the scale
of a single building.

To verify the assumed methodology and formulate
adaptation recommendations, we selected two sites:
Grzybowski Square, in Warsaw, and the Old Market, in
Lodz. We analyse these two public spaces against the
backdrop of surrounding neighbourhoods. We pay spe‐
cial attention to the relations between the urban vege‐
tation and the adjacent system of urban greenery. Both
sites are centrally located and both used to work as
urban nodes in the past. Moreover, both contain a cer‐
tain amount of vegetation and are connected to neigh‐
bouring GI (Figure 1). BothWarsaw and Lodz have strate‐
gic documents defining the directions of adaptation (City
of Lodz, 2018; Kassenberg et al., 2019). However, they
are awaiting more specific guidelines.

4.1. Grzybowski Square, Warsaw

Grzybowski Square was the market square of Grzybów
“jurydyka,” established in 1650 and incorporated into the
capital at the end of the 18th century. It owes its triangu‐
lar shape to its location at the intersection of transporta‐
tion routes. Initially surrounded by one‐ or two‐storey
wooden buildings, from 1820 its facades were gradu‐
ally replaced with five‐floor masonry tenement houses.
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Figure 1. A) Location of city parks in the vicinity of Grzybowski Square (within 0.5 km): 1. Grzybowski Square, 2. Ogród
Saski (The Saxon Garden), 3. Park Mirowski (Mirowski Park), 4. Park Świętokrzyski (Świętokrzyski Park); B) Location of city
parks in the vicinity of Old Market Square (within 0.5 km): 1. Old Market Square, 2. Park Staromiejski (Staromiejski Park).
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The prominent landmark, All Saints’ Church, was erected
between 1861 and 1879. During the Second World War,
the square became part of the Jewish ghetto. Only a
few buildings from before 1939 have survived; others
were destroyed during wartime or later replaced with
housing estates. The post‐war residential towers were
higher (13 floors) and did not strictly follow the histori‐
cal layout (Figure 2A). The current development of the
square (Figure 2B) also includes office and service build‐
ings since 1989, including the Cosmopolitan skyscraper
(2014). A new high‐rise to replace the Jewish Theatre
demolished in 2017 could reach the height of the nearby
skyscraper, according to visualisations made available by
the investor.

From the mid‐17th to almost the end of the 19th
century, the square was a place of trade. Until 1820 it
was unpaved. In 1897, with the completion of the main
church construction works, it was decided to remove

the market. The square was partially de‐paved, and a
fenced green area was created. Trees were planted both
on the green space and along the frontage. After the war,
the square and the entire area was neglected for many
years. In 1969, the modernisation of the interior of the
square began.

As a result, paths cutting across the pre‐war green
area were created, and the avenue which was to lead
on its extensions to the Saski Garden and Świętokrzyski
Park was emphasised with tree rows (Figure 2A). In this
way, it was planned to link the greenery of the square
with the broader system of urban greenery. In 2007,
the artist Joanna Rajkowska created an installation—the
oxygenator—in the square. This inspired a competition
to modernise the square. The new solution limited and
arranged parking, reorganised the traffic rules, and rear‐
ranged the greenery of the square and its other ele‐
ments (Figure 2B). The green area decreased. Table 4

Figure 2. Grzybowski Square. A) 1981–2008. Legend: 1. Pavement/concrete slabs, 2. Roadways and parking (tarmac),
3. Lawns, 4. Pre‐war buildings, 5. Buildings since 1945, 6. Trees, 7. Number of floors (overbuilt), 8. Oxygenerator 2007,
and 9. Unused tramway tracks; B) 2020. Legend: 1. Pavement, 2. Roadways and parking (tarmac), 3. Lawns, 4. Permeable
surface, 5. Water surface, 6. Trees, 7. Pre‐war buildings, 8. Buildings since 1945, 9. Number of floors, and 10. Maximum
building height.
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Table 4. Grzybowski Square, Warsaw: Percentage share of different surfaces in the area of the square.

End of the 19th Century 1900–1939 1981–2008 2020

Paved area: Pedestrians 100% (15,000 m²) 25% (3,800 m²) 27% (4,250 m²) 40% (6,300 m²)
Impervious surface Traffic 36% (5,400 m²) 43% (6,600 m²) 33% (5,100 m²)

Permeable surfaces 5% (800 m²)

Biologically active surface 39% (5,800 m²) 30% (4,750 m²) 20% (3,100 m²)

Water surface 2% (300 m²)
Notes: Permeable surface, other than biologically active surface, including “threshing floor.” All values included in the table are
approximate.

presents the share of different surfaces in the total sur‐
face of the square. These values were used in the fur‐
ther calculations.

4.2. The Old Market, Lodz

The Old Market dates back to when Lodz received city
status in 1423. The low wooden structures which sur‐
rounded the square were gradually replaced by masonry
buildings (up to three floors high) in the 19th century.
The buildings surrounding the square became dilapi‐
dated during the Second World War, when this site was
included in the Jewish ghetto. In the post‐war period the

structures were replaced by housing estates and a newly
created park from the south (Figure 3). The site lost its
former role as a node of local life.

Until the middle of the 19th century, the surface of
the square was entirely unpaved. In 1841, paving of the
road began, followed by two lanes of pavement cross‐
ing the square’s surface, which ensured more efficient
transport of goods to the stalls. In 1925, it was decided
to transform the square into a town square. Trees and
lawns appeared. After the war, the greenery in the cen‐
tral part was replaced by lawns with rows of trees along
the frontage. The central part of the square was paved
over. Currently, the municipality plans to modernise the

Figure 3. Old Market Square, Lodz. A) 1956–2021. Legend: 1. Pavement, 2. Roadways, 3. Lawns, 4. Trees, 5. Buildings,
6. Tramway tracks, 7. Number of floors, 8. Monument of Julian Marchlewski (1964–1989); B) Concept design of 2016
planned redevelopment, designed by Jakub Krzysztofik, Sylwia Krzysztofik, and Michał Domińczak. Legend: 1. Pavement,
2. Roadways, 3. Lawns, 4. Trees, 5. Buildings and new pavilion, 6. Tramway tracks, 7. Number of floors, 8. Light structures
(canopies, design stalls), 9. Pavement fountain.
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square together with the neighbouring park. Trees are to
remain on the square; the biologically active surface is to
be reduced; and the pavement is to be replaced and com‐
plementedwith new street furniture and a small pavilion
on the park side. Table 5 presents the share of different
surfaces in the total surface of the square. These values
were used in further calculations.

5. Results

In the analysis, we focused on three connected aspects
of the urban environment: surface runoff; the watering
demands of trees; and the insolation of urban spaces.

5.1. Calculation of Surface Runoff and Watering
Demands

For Grzybowski Square inWarsaw, surface runoff was cal‐
culated according to the above formulae where:

A1 = 6, 300 m2 + 5, 100 m2 = 11, 400 m2;
A2 = 800 m2;A3 = 3, 100 m2

Ψ1 × A1 = 0.90 × 11, 400 m2 = 10, 260m2

Ψ2 × A2 = 0.15 × 800 m2 = 120 m2

Ψ3 × A3 = 0.05 × 3, 100 m2 = 155 m2

ΣA = 11, 400 m2 + 800 m2 + 3, 100 m2 = 15, 300 m2

= 1.53 ha
Ψm = (10, 260 m2 + 120 m2 + 155 m2)/11, 300 = 0.93
Qr = 177.1 l/s × 0.93 × 1.53 ha ≈ 252 l/s
252 l/s × 15 min(900 s) = 226, 800 l = 226.8 m3 of water

Therefore, the surface runoff for Grzybowski Square
amounts to 226.8 m3 = 226,800 l.

The NDVI map for Grzybowski Square in Warsaw
(Figure 4) shows the intensity of the photosynthesis pro‐
cess. As can be clearly seen, the white chestnut trees
(Aesculus hippocastanum) on the west side in zone A
have a reduced NDVI, and the row of Crimean limes
(Tilia x euchlora) in zone B are weakened. The analysis
shows the negative effect of the difficult urban condi‐
tions on the stand, including the reduction in the water‐
permeable surface under the trees implemented as part
of the competition project in 2008. As a result, the

Crimean lindens suffer from periods of urban drought.
The irrigation needs of the 16 Crimean lindens on
Grzybowski Square in zone B with an area under the
canopy of approximately 350 m2 and a total DBH of
around 465 cm are as follows:

• 17,500 l of water for a single watering, assuming
50 l/m2 (Bartosiewicz, 1986);

• 4,650 l of water for a single watering, assuming a
calculation based on DBH (Bartosiewicz, 1986);

• 12,250 l of water for a single watering of a Crimean
lime, according to the index from the Standards
(Borowski et al., 2016);

• Assuming a watering model based only on the
temperature, the demand of 16 Crimean limes on
a day with an average temperature of 21°C will be
3.5 mm, which gives circa 12,250 l of water neces‐
sary for watering. This calculation was made using
the online abacus on the website of the Platform
for Supporting Irrigation Decisions (https://geo
portal360.pl/map/#l:52.23589,21.0037,19;p:MTQ
2NTEwXzguMDMwNi40Ny80).

As can be seen, different methods can produce vary‐
ing results. The lowest water demand index is gener‐
ated by estimates based on DBH. Calculations based on
the temperature model and the Standards (Borowski
et al., 2016) are identical and resemble estimates by
Bartosiewicz (1986).

Based on the data obtained from calculations based
on the Standards (Borowski et al., 2016) and the
12,250‐l temperature model, the retention capacity of
Grzybowski Square can cover 18 waterings per season.
Proportionally, all 46 trees (assuming needs of 35 l/m2)
require an average of 35,220 l, which would be satis‐
fied by six waterings from retention water. Considering
the need for watering on average once a month
(Bartosiewicz, 1986), we can assume that the retained
water would ensure the needs of the trees throughout
the growing season (in the spring and autumn months
rainfall reduces watering needs).

The calculation of water demands from trees in the
Old Market, Lodz, is given in Table 6.

The retention capacity in the design proposal for the
Old Market Square, assuming generalised data, would

Table 5. Old Market Square, Lodz: Percentage share of different surfaces in the area of the square.

1917 1925–1939 1956–2020 Concept Design

Paved area: Pedestrians 10% (900 m²) 40% (3,600 m²) 66% (5,900 m²) 78% (7,000 m²)
Impervious surface Traffic 40% (3,800 m²) 28% (2,700 m²) 22% (2,000 m²) 17% (1,500 m²)

Permeable surfaces 50% (4,600 m²)

Biologically active surface 32% (3,000 m²) 12% (1,100 m²) 5% (500 m²)

Water surface Pavement fountain
Notes: Permeable surface, other than biologically active surface, including “threshing floor.” All values included in the table are
approximate.
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Figure 4. A) Map of tree species and crown cover. Legend: 1. Aesculus sp., 2. Acer sp., 3. Populus sp., 4. Robinia sp.,
5. Prunis sp., Malus sp., and Pyrus sp., 6. Tilia sp., 7. Quercus sp., 8. Ulmus sp., 9. Others; B) Map of NDVI for Grzybowski
Square in Warsaw. Legend: 1. 0.00–0.50, 2. 0.50–0.60, 3. 0.60–0.65, 4. 0.65–0.70, 5. 0.70–0.75, 6, 0.75–0.80, 7. 0.80–0.85,
8. 0.85–0.90, 9. 0.90–0.95; 10. 0.95–1.00. Source: Biuro Geodezji i Katastru (n.d.).

supply six to eight waterings of the trees in the square.
In the current state, the surface runoff is smaller and
more water is retained. As in the case of Grzybowski
Square, the retained water in the Old Market Square can
cover watering of trees throughout the growing season.
This refers both to the current state and the design pro‐
posal. However, the higher share of previous surfaces
might enable better conditions for the growth of local
vegetation, including trees.

5.2. Insolation Analyses

Insolation analyses enabled us to determine the condi‐
tions resulting from the shape and dimensions of the
urban fabric. The results can inform recommendations
for public space design, including GI, minimising the UHI,
using solar energy, etc. Model studies were carried out
on virtual 3D models of Grzybowski Square in Warsaw
andOldMarket Square in Lodz and the surrounding areas

Table 6.OldMarket Square, Lodz: Calculations of water demand from trees in the current state and in the design proposal.

Watering Demand From Trees

Method Current State Design Proposal

50 l/m2 (Bartosiewicz, 1986) 12,000 l 20,000 l
Calculations based on DBH (Bartosiewicz, 1986) 3,480 l 5,800 l
Index based on the Standards (Dworniczak & Reda, 2019) * 12,000 l 20,000 l
Watering model based on temperature, the demand on a 8,400 l 14,000 l
day with an average temperature of 21°C will be 3.5 mm **
Surface runoff 116,000 l 122,000 l
Notes: In the current state there are 12 trees with a crown area of 240 m2 and a total DBH of 348 cm. In the design proposal there
are 20 trees (12 existing and eight newly planted). The crown area has been estimated as 400 m2 and DBH as 580 cm. The watering
demands refer to one‐time spray irrigation. * The indicator from “Standards for shaping greenery in Lodz (project)” (Dworniczak & Reda,
2019) states that 50 cm of soil should be irrigated, i.e., the converter value equals 50 l/m2. ** Assuming a watering model based solely
on temperature, the demand of trees on a day with an average temperature of 21°C will be 3.5 mm (35 l/m2). The calculations were
made using the online abacus on the Platform for Supporting IrrigationDecisions (https://geoportal360.pl/map/#l:52.23589,21.0037,19;
p:MTQ2NTEwXzguMDMwNi40Ny80).
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using Archicad software, on dates significant from the
point of view of vegetation growth (Figure 5). The inso‐
lation was analysed on the days of the equinoxes (March
20 and September 22) and on the longest day of the year
(June 21), as these dates show the boundary conditions
and significant parameters of insolation.

The analysed area in the Old Market Square in Lodz
is well lit by daylight. Its area is dominated by a zone
of two to three hours of shade. This creates favourable
conditions for the development of vegetation in the
square. Significant sunlight raises the risk of an UHI, if
fast‐heating or darkmaterials are used. Shaded zones for
up to four hours are located on the eastern and western
frontages of the square. Significantly shaded zones were
not observed.

Most of the Grzybowski Square area is suitable for
photophilous plants. In a large area, it is also possible
to obtain energy from solar sources. In the designated
area, which is also sunny in the autumn and spring, pho‐
tocatalytic materials can be used to minimise air pollu‐
tion (smog) in the autumn and winter periods and early
spring. The southern frontage of the square is a suitable
place for shade plants. The remaining part of the square
is suitable from the point of view of insolation for the
development of urban vegetation.

6. Discussion and Recommendations

In our investigation, we calculated surface runoff, the
watering demands of trees, and insolation in urban
spaces. The surface runoff combined with the watering
needs of urban vegetation makes it possible to define
a balanced state when the vegetation requirements are
satisfied. Similarly, our study of insolation enables iden‐
tification of the proper conditions for trees and other
species to thrive in urban areas. These features con‐
tribute a limited piece to a holistic image of the com‐

plex nature of urban ecosystems, which can be used to
ensure the resilience of urban greening interventions.
In particular, the features relate to “nature type 3”—
functional greening, using the typology introduced by
Kowarik (2005). Other elements that should be con‐
sidered include the temperature regulation, the urban
water cycle, air flow regulation, and creating proper out‐
door conditions for social activities.

Our survey of the existing methodologies shows that
the results of modelling depend strongly on local con‐
ditions, in terms of local climate, native species, and
the features of the physical environment. The species
and local biodiversity further depend on climate change
and management processes. For instance, while fertilis‐
ers support plant growth and CO2 sequestration, they
do not contribute to plant biodiversity (Köhler & Kaiser,
2021). Under the changing climate conditions in Central
European cities, drought‐tolerant plants are required.
Plants need to be adjusted to future climatic conditions.
Köhler and Kaiser (2021) and Liu et al. (2019) recommend
prairie plants from North America for Central Europe
under drought conditions. Another recommendation is
to permit weeds that can withstand extreme drought
conditions (Vanstockem et al., 2019) to increase biodi‐
versity and resilience. Capturing morning dew, which
works better on horizontal surfaces (pavements, green
roofs), can also help ensure water resilience (Heusinger
& Weber, 2015; Köhler & Kaiser, 2021). Due to the high
complexity of the involved phenomena and their inter‐
dependencies and local specificity, these topics require
further exploration.

The specific parameters of each element in the sys‐
tem depend on the others. For example, trees are more
efficient at sequestrating CO2 when they feature higher
leaf area index and NDVI values. These parameters, in
turn, depend on the conditions of the trees, which
depend on proper watering and insolation.

Figure 5. Analyses of the shading of the area and surroundings of Old Market Square in Lodz (left) and Grzybowski Square
in Warsaw (right) on March 20, June 21, and September 22. The legend shows the number of hours of shade.
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Our study shows that these requirements might be
satisfied by verifying the water and insolation condi‐
tions at the design stage. In both squares, we recom‐
mend increasing the amount of greenery, including large
trees and elements of blue infrastructure, to improve
the hygrothermal conditions. Due to the likelihood of
high transpiration, we suggest using water‐permeable
paving materials. To improve the conditions for urban
vegetation we recommend limiting the height of build‐
ings surrounding the squares to assure proper insolation
and strengthening the connections with the surrounding
green areas.

7. Conclusions and Future Research Pathways

In this article, our goal was to define a normative
framework for urban design integrating urban green‐
ery. The collected parameters related the features of
urban vegetation to the physical city fabric. We used reg‐
ulatory ecosystem services as a reference to evaluate
the impact of animate and inanimate elements of the
urban environment.Wediscussed in detail themethodol‐
ogy for assessing some of the parameters for describing
those elements. Furthermore, we proposed an assess‐
ment of two public spaces, with a focus on the func‐
tioning of urban vegetation versus the surrounding envi‐
ronment. The evaluation was based on the balancing of
water retention and water demand from trees. It was
completed by an analysis of insolation to determine the
conditions for urban vegetation growth. Even the lim‐
ited number of features considered provides some pre‐
liminary insights into the complexity of the function‐
ing of the urban ecosystem. Future work should con‐
sider other aspects of the urban environment from the
social‐ecological systems perspective. Additional exten‐
sive research is needed to further grasp the complexity of
combined green, blue, and grey infrastructure in cities.
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