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Abstract: Cities and urban areas face new challenges in the near future. Growing urban population and the
climate change related uncertainties will likely have an effect both the urban hydrological cycle and water
management. Extreme weather conditions, such as high volume precipitation caused urban flooding, or the
prolonged drought periods are the problems for which urban water management needs to prepare. Within
the sustainable water management systems, there are many tools with the ability to mitigate the undesired
effects. In urban areas, excess water can be a good source to replace the potable or ground water which is
used for vegetation irrigation. Urban vegetation is artificially maintained, and requires irrigation in dry
summer periods. Rainwater harvesting systems (RWHS) are used in the sustainable water management
systems to reduce the water usage of drinking water and the water import into the cities. This work aimed
to devise a simple method for estimating the maximal collectable rainwater for irrigation use in Szeged,
Hungary. Hydrological modelling (EPA SWMM) was used to calculate maximal runoff from rooftops,
which was the base of the simple irrigation water (IW) demand estimation. The maximal potential rainwater
volumes that can be used for rainwater harvesting and irrigation were calculated. For the IW demand
calculation, buffer zones around the rooftops of the buildings were created in different distances (10 m, 20
m, and 50 m). The land cover within these zones was categorized by vegetation and artificial surfaces.
Results indicated that there are notable differences among the urban districts, some of which having high
available volume of collectable rainwater, but low vegetation proportion for efficient irrigation (e.g., in the
innermost part of the city center). The housing-estate district of the city — which is widespread in post-
socialist and Central-European countries — can be a good choice for RHWS installation, due to the high
vegetation proportion and high collectable rainwater volume. The simple methods and the comparatively
easy-to-access data is expected to facilitate the rainwater harvesting estimation in urban areas.
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1. INTRODUCTION system also changed

in contrast with natural

In the time of climate change, the weather
extremes and climate uncertainties can cause several

difficulties and problems for cities and urban dwellers.

In the 21% century, more and more people move to
cities further increasing the growth of urban areas in
the near future (Jaramillo & Nazemi, 2018; Seto et al.,
2010). Problems caused by the climate change can be
more extreme in urban regions, because these areas
are under strong artificial pressure. The hydrological

watersheds and catchments (Fletcher et al., 2013;
Semadeni-Davies et al., 2008). Urban planners will
face with new challenges and difficulties: one side of
the problem is the heavy rainfalls and consequently
the urban flooding, which can cause serious damage
within a short time (Jha et al., 2012; Kjeldsen et al.,
2013). On the other hand, dry periods also impact the
water cycles of cities, especially in droughts exposed
areas, when less water is available from natural
sources (Chang & Bonnette, 2016).
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Urban catchments significantly changed in
contrast with natural catchments: in urban areas the use
of impervious surfaces, sewer and drainage systems
modify the hydrological cycle (Fletcher et al., 2013).
Buildings and other artificial surface elements modify
the local microclimate conditions like temperature,
wind speed and insolation. One of the most important
problem is the surface runoff in the densely paved city
centers. The high proportion of impervious surfaces
(roads, pedestrian areas, drainage systems) contribute
to a higher surface runoff, higher peak flow and a
shorter residence time than in the case of natural areas
(Jacobson, 2011; Shuster et al., 2005; Van de Ven,
1990). In general, urban areas have lower vegetation
and bare soil cover than natural watersheds.
Consequently, of these land cover ratios the
evaporation, evapotranspiration and the infiltration are
decreased in these areas. The soils in urban catchments
are compacted and degraded owing to the everyday
usage and the environmental stress caused by intensive
urban traffic, which affects the health of urban
vegetation (Salvadore et al., 2015).

The vegetation in urban areas is mostly
artificially installed and maintained. These reasons
often result in the necessity of artificial help for the
vegetation to survive the harsh environmental
conditions within urban areas. One of the most
important need of vegetation is the surplus irrigation
especially in the vegetation period (Nouri et al., 2013).
Particularly in dry and drought exposed climates, the
irrigation is a key element of the urban water
management. The irrigation of the vegetation is an
important task, nevertheless it imposes a significant
burden on the urban planning and water system
(Lowry et al., 2011). In case the precipitation is not
enough to meet the water demand of the vegetation,
cities are compelled to look for other sources of water.
Usually drinking (potable) water and groundwater are
both available sources of irrigation, but neither of them
provide sustainable solutions. The needed irrigation
water (IW) can be supplemented by collected
rainwater from roofs or other suitable surfaces
(Campisanoetal., 2017). As a part of sustainable water
management, rainwater harvesting systems (RWHS)
are proper ways to make the cities more sustainable
(Torres et al., 2020).

Sustainable water management systems have a
long history of methodological development and
application. LID (Low Impact Development), WSUD
(Water Sensitive Urban Design) and SUDS
(Sustainable Urban Drainage Systems) have great
reference and literature with implemented applications
(Dietz, 2007; Fletcher et al., 2013; Mak et al., 2017;
Palla & Gnecco, 2015). These applications are mostly
widespread in Anglo-Saxon countries, because the

concepts of the systems originated in the United States,
the United Kingdom and Australia, however many
other countries have adapted these frameworks. In
addition to these systems, there are various new
attempts with a complex approach for solving water-
related challenges (Sponge cities and other initiatives)
(Liu, et al., 2015).

In connection to the sustainable urban water
management and the rainwater harvesting systems, the
concept of the green and blue infrastructure should also
be mentioned. Green and blue infrastructures are
different categories of management elements, but in
urban and natural areas they should be treated as a
whole. Blue infrastructure includes all of the surface
and subsurface elements of water which is used and
treated in the water management system, including
open channels, lakes, ponds and other water surfaces.
Urban green infrastructure includes the vegetation in
urban areas and all of the combination of vegetation
and artificial infrastructure elements. These
combinations can improve the ecosystem services of
urban vegetation, because they are more applicable in
artificial environments. Green infrastructure elements
have varied shapes and sizes and different purpose of
application. Some examples for urban green
infrastructure elements: green roofs, green walls, rain
gardens, swales, RWHS combined with irrigation
systems, textured soils, etc. (Brears, 2018; Haase,
2015; Jayasooriya et al., 2014).

In the green infrastructure system vegetation
plays a key role to make the cities more sustainable and
has an important role on the mitigation of urban
microclimate. Parks and other public green areas can
provide opportunities for relaxation, either in the main
part of the city or around the local residential area
(Ayala-Azcéarraga et al., 2019; Cheng et al., 2021,
Kolcsar et al., 2021; Nita & Ioja, 2020; Razak et al.,
2016). Urban vegetation has air pollutant reducing
effect, especially the trees, which contributes
significantly to the carbon-dioxide and other pollutant
sequestration, like sulfur-dioxide. Trees also have
remarkable dust removal effect, which is a major
problem in dry and drought-prone areas (McDonald et
al., 2007; Nowak et al., 2006). Vegetation has also
major impacts on the hydrological cycle, which
depends on its quality and quantity. Interception,
evaporation and transpiration are the main processes
which contribute to the surface runoff reduction.
Vegetation also facilitates the process of infiltration via
its root system. These diverse effects and contributions
to a better urban life demonstrate the outstanding role
of urban vegetation (Berland et al., 2017; Kuehler et al.,
2017). These mean the urban planning systems need to
pay special attention on the irrigation and water
demand of the vegetation. Especially in dry, drought
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period the vegetation may requires surplus water,
which need an advanced irrigation infrastructure and
source. These sources can be potable drinking water,
groundwater and collected rainwater. The most
sustainable approach is to supplement traditional
irrigation water sources with collected rainwater
(Leong et al., 2018; Velasco-Mufioz et al., 2019)

This study estimated the maximal available
rainwater, which can be used for irrigating vegetation.
The main assumption of our work was that, in urban
areas each roof of buildings can be the source of
RWHS. A high percentage of the total surface is
covered by buildings within a city, thus a considerable
volume of rainwater is expected to be gathered on
rooftops. This volume of precipitation generally drains
onto the ground surface (pervious or impervious) or
directly into the sewer system. This ‘wasted’ resource
could potentially be used for RWHS and the irrigation
of surrounding urban vegetation. Several approaches
exist to estimate rainwater harvesting potential from
roof catchments (Adugna et al., 2018; Aladenola &
Adeboye, 2010; Gwenzi & Nyamadzawo, 2014,
Roman et al., 2017), and in many research in addition
to the building data, statistical data about population
formed also the basis of the study (e.g., Ghisi et al.,
2006, Villar-Navascués et al., 2020). One of the most
important part of some research in connection with
RWH is to define the appropriate site. Various GIS
approaches can help to solve these problems (Sayl et
al., 2020). Stormwater management models also can
help to estimate the benefits of rainwater harvesting
(Steffen et al., 2013). Stormwater runoff control and
flood mitigation are also key benefits of rainwater
harvesting, which examined in several studies (Huang
et al., 2015; Jamali et al., 2020; Petrucci et al., 2012).
The researches on RHW also tend to involve two
different approaches, depending on the aim of the
research. The pond harvesting systems (PHS) tend to
be used in larger-scale contexts, while the roof
harvesting systems (RHS) tend to be used in smaller-
scale contexts (a building and its environment) (Karim
etal., 2021; Liaw & Chiang, 2014; Zabidi et al., 2020).
Other assessments use slightly different, but still
similar methodologies for different examination level
(Belmeziti et al., 2013). In our work as well as the roofs
were the basis of the examinations, for which the RHS
approach was used. The runoff from the roofs
represents the maximal potential volume that can be
collectable within a specific site. Considering the sheer
quantity of roofs that were included in the assessment,
estimation of the net usable IW volume (volume that
installed RWHS could gather from the runoff) was
beyond the scope of present study. Therefore, the
results do not highlight the quantity that can be
collected with a real RWHS, but the maximal volumes

of runoff which can be collected from roofs. This
volume of runoff formed the basis of the IW demand
investigation.

In this part of the examination buffer zones was
used to delimit the area of vegetation around roofs. The
information of vegetation within any given buffer zone
was calculated from a normalized difference
vegetation index (NDVI) map. Based on these data, the
guantity and quality of the vegetation and the IW
demand could be calculated within a buffer zone. The
EPA SWMM 5.1 model was used for the runoff
calculation part of the examination. The goal of this
work was to create a simple method to calculate the
maximal collectable rainwater from roofs in urban
areas, and to determine the quantity of vegetation that

can be irrigated with this volume. The used
geometrical and meteorological database are
comparatively easy-to-access in larger Central-

European cities, which means the examinations could
be adaptable in this region. In this assessment the aim
was to answer the following questions:
e Which city part is the most vegetated around
buildings?
e Which part of the city can provide enough
collectable rainwater for irrigation utilization?
e |s the buffer zone approach acceptable for the
examination of the vegetation water demand?

2. STUDY AREA

The study area is located in Szeged, which is one
of the largest cities in Hungary and the center of the
Southern Great Plain Region (approx. 168 000
inhabitants) (KSH, 2013). This region is exposed to
uncertainties caused by climate change because
especially in summer drought are common in the
continental climate. (Bartholy et al., 2014; Sabitz etal.,
2014). Furthermore, the city’s annual precipitation
(approx. 497 mm) is one of the lowest in Hungary and
is also affected by high sunshine duration (Balézs et al.,
2009; Mezési et al., 2016). These facts alongside the
trends of the climate change in this region highlight the
importance of the sustainable urban water
management and the RWH based solutions.

The examination was carried out in the main,
central area of Szeged (this part of the city is located
west from the Tisza River). The reason for selecting
this study area, was that this is the most artificially
modified part of the city, where a sustainable solution
could help the most to reduce the pressure on the water
management system. The radio-centric rebuild has
largely determined the land cover and the geometrical
characteristics of Szeged following the “Great Flood”
of 1897. In this examination the study site was divided
into five urban districts (D1-D5) (Fig. 1). The base of
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this division was the Local Climate Zone (LCZ)
system, which was implemented for the area of Szeged
by researchers of the department (Unger et al., 2014).
The LCZ system uses meteorological, geometrical and
land cover data for classification, therefore it can
already be estimated the hydrological processes in
different zones. The divided districts represent every
urban fabric type within Szeged.
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D1 has the highest proportion of built-up areas
within the city. It includes the downtown which is
characterized by compact mid-rise and low-rise
buildings and less vegetation coverage than other parts

of the city. Here, the buildings are comparatively old
and have large roof area. D2 and D3 are similar in
many ways, but in D2 building types are more diverse,
and there are more shopping malls with large roof
areas. The D3 district is a typical regular structured
single-family home district, where there are numerous
relatively small buildings with smaller roofs. The D4
is a housing-estate area with open high-rise structure
and large open green areas. The buildings were mostly
built between the 1960s and 1980s. These types of
buildings are characterized generally large roofs.
Districts like D4 are typical in many cities within the
post-socialist countries of Central-Europe. D5 is the
industrial and semi-industrial part of the city, which
contains numerous factories, railway buildings, and
other industrial structures, with a high variety of roof
sizes.

Based on an available building database, the
roofs were designated within the whole study site of
Szeged. Each roof represents a separate “system” and
a subcatchment in the modelling environment. In total,
13 980 subcatchments were designated (the total
surface area of roofs is 264 ha). All of the
examination used the area of these roofs (hereafter
subcatchments).

3. MATERIALS AND METHODS

The EPA SWMM is a complex dynamic
rainfall-runoff  simulation model which uses
subcatchments as the base of the modeling. This model
handles land cover proportion within the
subcatchments and various LID solutions (e.g., rain
barrels, and storage systems) (Rossman, 2010). Present
study is aimed to determine the maximum potential
rainwater volumes which are collectable from the
surface of subcatchments. A specific building database
provided an appropriate basis for the modeling (Gal et
al., 2009). The subcatchments contain information
regarding the geometrical parameters of the roofs. The
SWMM model required exact geometrical information
of the subcatchment. Many researches model the roofs
as a subcatchment in EPA SWMM (Burszta-Adamiak
& Mrowiec, 2013; Cipolla et al., 2018; Hamouz &
Muthanna, 2019; Iffland et al., 2021) and in our
examination all the roofs were also modeled as a
subcatchment. Each subcatchment’s result contains
information regarding the volume of precipitation,
evaporation, and the runoff with the latter forming the
basis of the subsequent examinations. The modeling
also required meteorological data (daily maximum and
minimum of the air temperature (°C), hourly
precipitation sum (mm)), which provided by the
Department of Climatology and Landscape Ecology of
Szeged (Unger & Gél, 2011).
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Following the model run, the data post-
processed in Esri ArcMap to visualize the result of the
subcatchments. Natural neighborhood interpolation
method was used to visualize city parts with highest
runoff and rainfall volumes. These maps can indicate
the areas within the urban districts, where are the
highest potential of runoff for RWH. The
interpolation was based on the volumes of the
subcatchment and showed the distribution of
precipitation and runoff on roofs within the city.

The quality and the quantity of the vegetation
are major parameters of the irrigation potential
(designation of the area of “worth to be irrigated™),
but the distance of vegetation from the subcatchment
(roof) is also a key parameter, therefore buffer zones
were the base of this parameter.
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Figure 2. The conception of buffer zones

In this examination, three buffer zones were
generated around every subcatchment with varying
distances: 10 m, 20 m, and 50 m. These buffer zones
did not contain the buildings themselves, which (in
order to prevent distortion) were removed from the
buffers (Fig. 2). To quantify and qualify the
vegetation within the buffer zones, an NDVI map and
an NDVI grid database were used. The NDVI map
had 5 m resolution derived from a four-band
UltraCam X (RGB-NIR) orthophoto (2015) which
provided by the Department of Climatology and
Landscape Ecology of Szeged.

Table 1. The boundaries of NDVI categories

NDVI categories Description
-1-0 Non-vegetation surfaces
0-0.2 Lower quality vegetation
0.2-1 Higher quality vegetation

The first method to specify the vegetation in a
buffer zone is the average of NDVI values within the
zones. This solution provides general information

about vegetation, but does not specify the quality of it
and its proportion within a zone. NDVI1 value of each
grid point was used to separate the vegetation from the
other land cover categories. The grid points represent
the NDVI value of a 25 m? area and each point were
classified to the NDVI categories (Table 1).

Based on this classification, the points of the
NDVI categories were counted and summarized
within each buffer zones. The area of the categories
was calculated, and two indicators were created based
on these data.

Gl=221,100 (1)

where:

Gl is the dense vegetation (proportion of higher
guality vegetation within buffer zone) (%),

A is the total area of a buffer zone (m?),

Ao2-1 is the area of NDVI values (m?) in the range of
0.2-1.

G2 =2214100 @)
where:
G2 is the total vegetation (the proportion of all
vegetation within the buffer zone) (%),
Ao is the area of NDVI values (m?) in the range of
0-1.

These indicators show the proportion (%) of
the categories. G1 represents the higher quality of
vegetation, in contrast with G2, which represents all
the vegetation within the buffer zones. These
percentage values had been divided into three classes
(Table 2), which represent the proportion of the G1
and G2 indicators within buffer the zones.

Table 2. The classification of G1and G2 indicator (Giow =
low proportion of vegetation, Gmed =medium proportion of
vegetation, Gnigh = high proportion of vegetation)

Classes
Giow Gmed Ghigh
Calculated
proportion | 153y 35-50% 51%-
values for
G1 and Gz

The indicators and the classification together
characterize the vegetation and the available
rainwater for irrigation. The potentially available IW
can be calculated with information on the vegetation
water demand. We made our calculations using a 450
mm (0.45m3*/m?) IW demand per vegetation period
for the vegetation of Szeged based on Joszainé
Parkéanyi (2007). This value can be changed by
different geographical location, regional climate and
if there are more accurate data available for the
different types of vegetation. The value represents an
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average for all types of vegetation (based on lawn
vegetation). The 0.45m3/m? is the maximum value of
the irrigation which covers the 100% of the buffer
zone’s water demand. Following the equations help
to facilitate the evaluation of the water demand of
buffer zones.

Viotat = VA (3)

where:
Viotar 1S the total IW demand (volume of IW which
needed to apply to the buffer area, if the vegetation
proportion is 100%) (m?),
V is the IW demand (m?®) (0.45m?3 in this research),
A is the area of buffer zone (m?).

Protal = 7225 + 100 (4)

total

where:

Putal is the total feasible water demand (which means
how much percentage of Vil can be covered by the
runoff of the subcatchment) (m?),

Voot is the volume of runoff from roofs (m?).

VGl = 0-01Vtotal * G]. (5)

where:

Va1 is the IW demand of dense vegetation (volume of
IW which needed to apply to the buffer, if only the
vegetation area taken into account based on G1) (m?).

Viz = 0.01Viopa * G2 (6)
where:
Ve is the IW demand of the total vegetation (volume
of IW which needed to apply to the buffer, if the total
vegetation area taken into account based on G2) (m?®).

Vroo
Pc1 = Tlf * 100 (7

where:
Pc1 is the feasible water demand of dense vegetation
(how much percentage of V1 can be covered by the
runoff of the subcatchment).
Py, = xoof 4 100 (8)
Va2

G

where:

Pc2 is feasible water demand of the total vegetation
(how much percentage of Vg2 can be covered by the
runoff of the subcatchment).

These indicators were calculated for all the
buffer distances (10 m, 20 m, and 50 m). Based on
these, the areas which can be irrigated by collectable
rainwater can be identified. The three indicators (total
feasible water demand, feasible water demand of the
dense and total vegetation) show the irrigation
possibilities if the buffer zone fully covered by
vegetation, or the buffer zone covered by the real
proportion of vegetation (based on the NDVI
categories).

4. RESULTS AND DISCUSSION
4.1 Hydrological processes

The SWMM model provides data about the
precipitation, the runoff, and the evaporation. The
base year of the meteorological data was 2016, when
the amount of precipitation was higher than the
annual average (above 600 mm).

With the exception of spring, at least one
month with higher runoff and evaporation volumes is
observable in the data in the case of each season.
Overall, the volumes were the lowest in spring and
toward the end of the year (November, December).
The temperature in this year was close to the annual
average, which means the winter months are the
coldest, the summer months are the warmest and
between these spring and autumn have transitional
temperature values (Fig. 3).
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The spatial distribution of the processes (runoff,

evaporation) shows differences among the different
districts of the city. In the downtown and the outer
part of the city (D1, D4, D5) the precipitation and
runoff on the roofs were higher, than in the middle
part of the city (D2, D3) (Fig. 4) These results mostly
derived from the difference of subcatchments.

In general, in the D2 and D3 the areas of
buildings are mostly smaller than the other districts
which means the volume of the runoff also lower
(Table 3.). Some larger roofs in these districts are an
exception to this and the water on these larger roofs
also mean more available rainwater for the
surrounding vegetation.

Table 3. Average roof area by district

Districts Average area of roofs (m?)
D1 265
D2 175
D3 101
D4 247
D5 438

The maximal evaporation and runoff of
districts show the most outstanding values of
subcatchments (the maximal evaporation and runoff
represent the subcatchment with the highest value
within a district). In D2 and D5 there are some
industrial buildings and warehouses, which surfaces
are the largest in the database. Figure 5 shows these
outstanding values in connection with the evaporation
and the runoff.
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Figure 5. The maximal evaporation and runoff by urban
districts

The average runoff of subcatchment by districts
shows a slight difference: D1, D4 and D5 are high,
while D2 and D3 are the lowest. D5 is the highest,
because of warehouses with extensive roofs within its
area (Fig. 6).

The peak runoff shows the differences between

the districts. The maximum peak runoff is the highest
values in each district, where D5 is the highest
regarding both indicators (Fig. 7). In D3 the relatively
small roofs result in the lowest mean values. The D2
district has some larger roofs (e.g., malls, shopping
centers), which means these roofs contribute to the
high maximum value, but due to the average roof size
the average values relatively low. In the case of D1
district there are not outstanding roof sizes, but the
average size of roofs contributes to the higher average
values.

250

O Average evaporation

B Average mnoft

200

150

100 4

, ;—|I
m2 D3 D4 D5

Urban districts

Volume (m*)

Figure 6. The average evaporation and runoff by urban
districts

3.0 250

M@ Peak runoff average

2.5 1  oPeak runoff max.

150

15 4
100
1.0 4
I 50
05 4 I
0.0 4 0

Urban districts

Peak runoff average (Us)
(s/]) "xpu jjont yeaq

Figure 7. The average and maximal of peak runoff by
urban districts

These data and maps provide a comprehensive
and general information about the hydrological
processes in the study site by urban districts. These
values and calculated volumes are the base of the
irrigation potential maps and the indicators in
connection with the vegetation.

4.2. Vegetation related results

The vegetation data is one of the most
important data in this research. The information about
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the quantity and quality of vegetation are essential to
determine the IW demand.

In this research three distance of buffer zones
were used (10 m, 20 m, and 50 m). The runoff of each
subcatchments means the potentially available water
for the vegetation within the buffer zones. Larger
buffer zones do not mean higher quality vegetation
cover and NDVI values, because in the city there are
roads, walkways and other artificial surface elements
which reduce the ratio of vegetation within a buffer
zone. The average NDVI values provide general
information about the vegetation cover within the
buffer zones, but these average values do not
precisely highlight the quality and quantity of the
vegetation and its water demand (Fig. 8).

Based on the average NDVI, the northeastern
and the southwestern parts of Szeged are the
»greenest” within the buffer zones while the
innermost downtown and the northwestern industrial
part of the city have the lowest average NDV I values.
As the figure shows, within the 50 m buffer zone
distance there are fewer buffer zones with high
average NDVI value compared to the other two buffer
zone distances (10 m, and 20 m). The northeastern
part of the city in all three cases has the highest
average NDVI values (Fig. 8). In contrast with the
average NDVI the categorized NDVI data can
provide more accurate information about the
vegetation quality  within subcatchments.
Categorization of the vegetation into two main
categories is the first step of these processes. Within
the dense vegetation (which represents the high-
quality vegetation) and the total vegetation (which
represents mostly of the entire vegetation) there are
three classes (Giow, Gmed, Gnigh) Which represent the
ratio of the vegetation within buffer zones. Higher
proportion (within buffer zones) of dense vegetation
appears in the northeastern and the southwestern part
of the city. More buffer zones of 10 m and 20 m have
Gnigh Class of the dense vegetation than the 50 m
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buffer zones. The main reason for this is because the
50 m buffer zones are larger, and thus contain more
low quality vegetation patches and artificial elements
around their buildings. The results are similar in the
case of the total vegetation, since this category
contains all the vegetation, more buffer zones had
higher vegetation proportions. The three buffer
distances have nearly similar counts of Gpign class.
The quantity of buffer zones with Gpigh class of the
total vegetation are higher especially at the
southwestern part of the city (which is a residential
area) where the average area of subcatchment is small.
The greenest” buffer zones are in the northeastern
part of the city which is a housing estate area with
open green spaces and subcatchments with relatively
large roof area (Fig. 9).

In order to identify which subcatchments have
the ability to cover the IW demand of the vegetation
within the buffer zones, further indicators were
calculated. The following figures show these
indicators’ average values by urban districts and
buffer zones (Fig. 10-13). Figure 10 shows the
indicators of the total IW demand (Vi) and total
feasible water demand (Puwtal). It is visible on the data
that the 50 m buffer zones are too large for single
subcatchments (rooftop) to cover the whole buffer
zone water demand based on the volume of runoff.
Total IW demand and total feasible water demand do
not consider the quantity and quality of vegetation
within a buffer zone (Fig. 10).

IW demand and feasible water demand of the
dense and the total vegetation have already taken into
account the proportion of the vegetation. In these
cases, the water demand is lower than the total IW
demand and total feasible water demand, because
they are operated only with the vegetation covered
areas within the buffer zones. Figure 11 shows the
indicators of IW demand (Ve1) and feasible water
demand of the dense vegetation (Ps1), which take into
account only the higher NDV1 values.
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Figure 9. The vegetation proportion within buffer zones, by vegetation categories (Giow = low proportion of vegetation,
Gmed = medium proportion of vegetation, Gnigh = high proportion of vegetation)
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Figure 10. The average of total IW demand (Viota) and
total feasible water demand (Pita) by urban districts and
buffer zones

This fact means the IW demand values are
lower and the feasible water demand values are
higher, since the proportion of vegetation which
needed irrigation is lower within each buffer zones.
On the figure (Fig. 11) only the buffer zones with
medium and high proportion of vegetation (classes
Gmed and, Gnign) are included, subcatchments where
roofs were estimated to have high runoff volumes, but
insufficient vegetation where gathered water can be
effectively used for irrigation were excluded from the

analysis. In the D3 district the average roof area is
small, but the vegetation coverage is high within the
buffer zones, which caused the relatively low feasible
water demand values of dense vegetation. A notable
change appeared in the D5 district. D5 is one of the
industrial districts of the city. During the vegetation
classification (Gmed, Ghign), a large number of buffer
zones were excluded. The non-excluded buffers in the
examination have high IW demand values of dense
vegetation, but the remaining roofs are relatively
small, thus it can not cover the zone’s water demand.
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Figure 11. The average of the IW demand of the dense
vegetation (V1) and the feasible water demand (Pg1) of
the dense vegetation by urban districts and buffer zones.
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In the case of the IW demand (V) and feasible
water demand of the total vegetation (Ps.), the same
results are expected with lower feasible water demand
values. Due to the usage of total vegetation category, the
vegetation area is higher within the buffer zones, which
means that with the water collected from roofs, only a
lower percentage of vegetation can be irrigated (Fig. 12).
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Figure 12. The average of the IW demand of the total
vegetation (Ve2) and feasible water demand (Pg2) of the
total vegetation by urban districts and buffer zones
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Buffer zones within D4 (one of the "greenest"
districts among the study sites have high water
demand. Considering the 10 m buffer zones, 60% of
VG, and 50% of VG2 can be covered by the
gathered rainwater. In the case of D1, the water
demand is not high, as in D4, but the feasible water
demand of dense (Pc1) and total vegetation (Pg,) are
approximately the same (Fig. 11, 12).
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Figure 13. The average of the indicators of IW by the size
of buffer zones (total IW demand (Vioa), total feasible
water demand (Piotar), IW demand of the dense vegetation
(Va1), feasible water demand of the dense vegetation
(Ps1), IW demand of the total vegetation (Vez), feasible
water demand of the total vegetation (Pg2))

In the summary figure it is noticeable, that the
50 m buffer zone category is too large for irrigation

purposes. The 10 and 20 m buffer zones can be
irrigated based on the volume of runoff especially, if
only the higher quality vegetation is considered (Pca).
The irrigation percentage in the case of 10 m buffer
zones are the highest, and there is no notable
difference between feasible water demand values of
the dense (Ps1) and the total vegetation (Pg2). In
contrast these, there is a major difference between the
total feasible water demand (Pww) and the feasible
water demand of the vegetation (Pg1, Pc2). In the other
two buffer zones (20 m, 50 m) the differences
between these indicators are similar to the 10 m buffer
zones, but the values are lower. The cause of this, the
subcatchments’ sizes do not grow with the buffer
distances, which means, that the runoff from the
subcatchment covers less and less of the buffers’ IW
demand as the distance increases (Fig. 13).

There are many approaches to estimate the
potential RWH solutions in cities. These approaches
use building database or delineate the roof of
buildings based on orthophoto or satellite image. In
many cases residential databases are used to estimate
the required water demand for domestic or
community utilization. In present work a building
database was also used to estimate the maximal value
of the runoff from rooftop. In contrast to some
examination, this work calculates the collectable
rainwater for irrigation use, and does not take into
account the population data (Liaw & Chiang, 2014;
Villar-Navascués et al., 2020). These studies examine
the RWH in the terms of grey water usage like toilet
flushing and its financial implications. The
vegetation’s water demand is independent from the
population and its density, but from a certain point of
view, the vegetation has connection with the area of
buildings and artificial elements in urban areas. Other
assessments examine the RWHS in terms of urban
flood mitigation (Huang et al., 2015). The vegetation
is highly valuable in urban areas, therefore the
irrigation is a key elements in a sustainable urban
water management. The irrigation of vegetation has
high water, energy and financial demand. There are
two approaches of the RWH: the larger scale pond
harvesting system and the smaller scale roof
harvesting systems, of which the latter was used in
present study as well, in order to determine the IW
demand of the buffer zones (Zabidi et al., 2020).

5. CONCLUSION

Climate change can cause serious problems in
the near future, especially in cities and drought
exposed areas. The water scarcity will be a major a
problem for urban water management, and water
usage will require serious restrictions. In dry and
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drought exposed areas urban vegetation requires
irrigation to maintain a healthy condition, but the
source of used IW is a key element in a sustainable
water management system. Rainwater harvesting
systems can reduce the pressure on the potable and
groundwater sources by storing it for future usage.
The RWHS can be connected to rooftop, but for
irrigation in urban areas, the vegetation proximity to
the roofs is also important. In our assessment, a
simple method was created to delineate buildings and
their environment, which have the potential for a
future RWHS installation. In the first part of the
assessment the runoff of roofs was calculated using
the EPA SWMM model based on a building database.
The runoff volume of each rooftop represented the
basis of the irrigation potential calculation. Buffer
zones were created around each roof as a potential
area of irrigation. Within each buffer zones the
vegetation was delineated based on average NDVI
values and NDVI based categories.

The results outline the areas, where the most
vegetated buffer zones are located, and where the
irrigation can be most effective. The proportion of the
vegetation is high in the northeastern housing estate
part of Szeged and also in the southwestern part of the
city. In the innermost city center the vegetation within
the buffer distances does not appear in a high
proportion. In the examinations, the the
subcatchments where the vegetation proportion was
low, were filtered out (there are no sufficient
vegetation  for  effective  irrigation).  The
subcatchments, where the runoff from roofs were also
filtered out, because the reason of effective irrigation.
The methodology introduced in this work can be
applied for urban areas in general, if required data is
available. These results might be the most useful for
urban planners in Central-Europe, especially in post-
socialist countries, where there are urban districts and
urban fabric types similar to Szeged (e.g., housing
estate areas from the 1960s to 1980s).
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