
Contents lists available at ScienceDirect

Urban Forestry & Urban Greening

journal homepage: www.elsevier.com/locate/ufug

SAUS: A tool for preserving urban green areas from air pollution
Lígia T. Silva⁎, Fernando Fonseca, Maria Pires, Bruno Mendes
CTAC – Centre for Territory, Environment and Construction. University of Minho. Braga, Portugal

A R T I C L E I N F O

Handling Editor: Cecil Konijnendijk van den
Bosch

Keywords:
Preserving
Preventive planning
Urban air pollution
Urban green areas

A B S T R A C T

Urban spaces are increasingly exposed to air pollution, which critically influences the health and well-being of
cities’ inhabitants. Urban green areas provide recognised important environmental and social functions.
Providing, planning, managing, and protecting urban green areas are on the agenda of sustainability and live-
ability of cities. In this paper, urban green areas are classified as Sensitive Areas in Urban Spaces (SAUS),
corresponding to critical environmental and social spaces that should be preserved from surrounding air pol-
lution sources. The concept of SAUS was tested in two urban green areas of Guimarães, a medium-sized
Portuguese city, by defining a buffer of 300 m (m) around each area. Industrial plants and traffic were the
sources of air pollution analysed by considering their emissions of NOx, PM10 and SO2. Horizontal maps of NOx,
PM10 and SO2 were produced by using the model AUSTAL2000. Results showed that more than 97% of the SAUS
had concentrations equal to or below 5 μg/m3 of NOx, 0.5 μg/m3 of PM10 and 0.1 μg/m3 of SO2. Besides the
globally low levels of emissions, the sources located in the two buffers had environmental impacts and affected
the quality of the air at both SAUS. As the proposed concept was useful for identifying the main air pollution
sources and their impact on the air quality of urban green areas, the concept of SAUS could be helpful for support
the adoption of planning actions towards improving the sustainability of these areas and maximising their en-
vironmental and social benefits. However, more applications are needed for confirming the efficiency of this
concept to improve the air quality of urban green areas.

1. Introduction

Air pollution is considered the most hazardous environmental type
of pollution in urban spaces (Zannin et al., 2006). Common urban air
pollutants include carbon monoxide (CO), nitrogen dioxide (NO2),
ozone (O3), sulfur dioxide (SO2) and particulate matter including PM2.5

and PM10. Pollutants released to the atmosphere by human activities
are causing a significant decline in the air quality having serious im-
pacts on health including premature mortality and morbidity from
cardiovascular and respiratory causes (Selmi et al., 2016). In Portugal,
in 2012 and according to the EEA (2014), a significant fraction of the
urban population (15.7%) was exposed to PM10 concentrations above
the EU daily limit value (50 μg/m3). Moreover, the NO2 values recently
measured in the largest Portuguese cities namely in Lisbon (57 μg/m3),
Porto (74.8 μg/m3) and Braga (55.3 μg/m3) are above the daily limit
defined by the EU rules (40 μg/m3). A recent study also shows that air
pollution is causing about 6600 premature deaths annually in these
Portuguese cities (EEA, 2014). Besides the effects on health and the
environment, air pollution also has a negative impact on the built en-
vironment. Deposition of atmospheric pollutants on surfaces is one of
the most important deterioration phenomenon that affects historical

building facades and monuments (Slezakova et al., 2011).
In an increasingly urbanised world, urban green areas are important

for improving sustainability and citizens’ well-being. Urban green areas
may have different characteristics in terms of size, vegetation cover,
environmental quality, facilities and services provided (Wolch et al.,
2014). Urban green areas are generally described as the sum of all the
green spaces within a city, including formal open spaces with paved
surfaces, gardens, sport grounds, burial places that are directly pro-
vided for users and informal green areas comprising urban forests,
private gardens, road verges, horticulture, derelict land, etc. (Haq,
2011; Galeeva et al., 2014; Kabisch et al., 2016). Some researchers also
use the term “green infrastructure” to denote urban green space
(Schäffler and Swilling, 2013). In this current work, the authors used
the concept of urban green areas proposed by Contesse et al. (2017) as
public goods that allow free access and represent pockets of nature for
all residents and that are generally maintained by public agencies for
citizens’ leisure and recreation.

The overall benefits of urban green areas are discussed in depth in
the literature. Environmentally, green areas help to regulate the urban
climate (Depietri et al., 2013; Oliveira et al., 2014), namely by creating
a cooling effect through evapotranspiration and shade (Fonseca et al.,
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2010; Depietri et al., 2013; Jaganmohan et al., 2016; Nowak et al.,
2017) that reduces the urban heat island effect (Cohen et al., 2012;
Coppel and Wüstemann, 2017). Therefore, green areas equilibrate the
thermal balance (Fintikakis et al., 2011) and the energy consumption in
cities (Oliveira et al., 2014; Gupta et al., 2016). By reducing the thermal
balance and by their role in carbon sequestration, urban green areas
have an important role in climate change mitigation, namely in at-
tenuating the estimated increase in temperatures and heat waves in the
hottest seasons (Depietri et al., 2013; Selmi et al., 2016; Kanniah,
2017). Leaf stomata also provide important air-filtering functions by
removing some gases (Nowak et al., 2017) and by absorbing and re-
taining particles on plant surfaces (Schäffler and Swilling, 2013; Nowak
et al., 2017). For instance, Selmi et al. (2016) conclude that the trees
planted in Strasbourg remove 7% of the PM10 in the city. Urban green
areas also perform a well-documented reduction noise function, pro-
viding other positive soundscape experiences (Fang and Ling, 2005;
Van Renterghem et al., 2012; Liu et al., 2017). Moreover, they provide
habitats to different species and increase biodiversity in cities (Sanches
and Pellegrino, 2016; Contesse et al., 2017; Kanniah, 2017). They also
have a positive role in minimising flooding, erosion and silting up
(Sanches and Pellegrino, 2016). As urban green areas provide attractive
environments to residents, they perform a social function (Dzhambov
and Dimitrova, 2015). According to Zhou and Rana (2012), urban green
areas provide recreational opportunities, render aesthetic enjoyment,
promote physical health, improve psychological well-being, enhance
social ties and provide educational opportunities. While serving as
public and open outdoors spaces, they foster social interactions and
integration (Gupta et al., 2016; Rojas et al., 2016) and consequently
contribute to reducing loneliness and increasing the sense of commu-
nity (Donovan, 2017). From the economic point of view, researchers
agree that increasing the tree canopy cover in the vicinity of a property
raises its value (Bertram and Rehdanz, 2015; Li et al., 2015). There are
other economic benefits which are more difficult to estimate, including
savings in terms of medical assistance and energy consumption re-
sulting from the proximity to urban green areas (Fonseca et al., 2010).

Due to the multiple benefits, people worldwide have a positive
perception about the environmental role played by urban green areas
(Fonseca et al., 2010; Oliveira et al., 2014; Dzhambov and Dimitrova,
2015; Lo et al., 2017). Moreover, they are described by some authors as
“an oasis in the city” (Zhou and Rana, 2012:175) and as a “green lung
and nature-conservation companion of the city” (Tian et al., 2014:98).
However, vegetation may also cause less favourable effects on the
urban environment. For example, vegetation reduces air ventilation
that is responsible for distributing and diluting pollutants in the urban
atmospheric boundary layer (Vos et al., 2013; Janhäll, 2015; Daniels
et al., 2018). Similarly, Tong et al. (2015) showed that vegetation could
either decrease or increase PM concentration, depending on the road-
canopy configuration, particle size, and local flow field. By studying the
effects of urban park/forest vegetation on air pollutants and particles
deposition, Setälä et al. (2013) found that pollutant concentrations
were often only slightly lower under tree canopies than in adjacent
open areas. For these reasons, some authors argue that the positive
effects of vegetation on the urban environment can be exaggerated
(Whitlow et al., 2014).

Nonetheless, urban green areas recognisably play various social and
health benefits and are recreational outdoor public spaces (Zhou and
Rana, 2012; Donovan, 2017; Schebella et al., 2019). For maximising
environmental, social and health benefits, urban green areas should be
free from pollutants of anthropogenic sources, namely from air pollu-
tants. In this paper, urban green areas are classified as Sensitive Areas
in Urban Spaces (SAUS) that perform critical environmental and social
functions and benefits on urban spaces. As SAUS are particularly vul-
nerable to anthropogenic pollutant activities, they should be planned
preventively in strict articulation with the remaining urban area,
namely for: i) planning and designing SAUS effectively to protect these
areas from air pollution; ii) monitoring/sensoring the environmental

quality of SAUS; and iii) preserving SAUS from receiving undesirable
pollution from the surrounding urban area. Thus, the concept of SAUS
can help the adoption of planning policies to improve the environ-
mental performance and the conditions provided by urban green areas.
A description and the implementation of this concept are provided in
the following sections.

2. Material and methods

2.1. Methodology

The methodological steps of the study are as follows: i) spatial cri-
teria adopted to define SAUS; ii) emissions inventory from linear
sources (roads) and point sources (industrial plants) at SAUS; iii) pro-
ducing and validating maps representing the horizontal concentration
of air pollutants at SAUS; and iv) calculating the impact release by
sources located at the SAUS’s buffers.

The first step of the work consisted of spatially defining the concept
of SAUS. For an effective protection of urban green areas from sur-
rounding undesirable air pollution sources, SAUS are proposed within a
protective buffer of 300 m. The proposed buffer of 300 m has a pre-
ventive function that aims to protect and avoid installing new pollutant
sources in this area. This distance was selected because various studies
show that air pollutant concentrations decay within 300 m from the
source, especially in terms of traffic pollutants. For instance, Hoek et al.
(2008) provided a detailed overview of land-use regression models to
assess spatial variation of outdoor air pollution showing that 300 m is a
distance often used for analysing several pollutants. More recently,
other authors have shown that air pollution levels disperse from peak
levels near the centerline of roadways to background values largely
over a distance of about 300 m (Su et al., 2015; Muttoo et al., 2018).
When analysing the impact of industrial emissions on outdoor air pol-
lution, the literature provides several examples using different dis-
tances. However, a radius of 300 m from industrial sources has also
been used by some authors (Tunno et al., 2015; Subba et al., 2016; Wolf
et al., 2017). On the other hand, the peak of SO2 from industrial plants
studied by Macit and Gümrükçüoğlu (2012) occurs at 300 m decreasing
progressively as the distance increases.

Thus, the concept of SAUS was developed considering a protective
buffer of 300 m around the urban green areas. Pollutant emissions in
this buffer should be inventoried, and the influence of these emissions
on the SAUS quantified and evaluated. The air pollutants selected for
testing the concept of SAUS were nitrogen oxide (NOx), sulfur dioxide
(SO2) and particulate matter 10 (PM10 - particulate matter ≤10 μm).
These three air pollutants were selected by considering their harmful-
ness (EEA, 2014; Su et al., 2015; Silva, 2015) and by the fact of being
mainly emitted by traffic and industry (Subba et al., 2016; Abhijith
et al., 2017; Silva et al., 2014).

The second step of the work is the inventory of air pollutants.
Industrial plants were modelled and represented by points. Exposure to
industrial pollution consisted of evaluating the amount of pollutants
emitted by plants located in the buffer areas. In Portugal, data from
industrial emissions are provided by the Portuguese Environment
Agency (PEA). The most recent data available are from 2015 (PEA,
2015). Data collected for analysing these emissions were: type of in-
dustry; working time; type of fuel; annual fuel consumption; stack
height; flow emission; and stack location. The methods proposed by
CORINAIR 2016 (EEA, 2016) and by the Intergovernmental Panel on
Climate Change 2006 (IPCC, 2006) can be used for estimating the
pollutants emitted by industrial plants. Thus, emissions can be esti-
mated according to the emission factors, per pollutant, in g/GJ or kg/
GJ, fuel consumption in ton or m3, and to the lower heating value of the
fuel used in GJ/t or GJ/m3, as shown in Eq. 1:

= × × ×Emission EF CC PCI( ) 10i i
6 (1)

with:
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Emissioni – Emission of pollutant i (t/year)
EFi – Emission factor of pollutant i (g/GJ)
CC – Fuel consumption (t or m3/year)
PCI – Lower heating value (GJ/t or GJ/m³)

The pollutant emission factors (Table 1) and lower fuel calorific
values (Table 2) can be adopted according to regional and national
inventories, including CORINAIR (EEA, 2014, 2016) and IPCC (2006).

Furthermore, roads were modelled as linear sources of air pollu-
tants. Data required for this analysis include traffic flows, type and age
of vehicles and speed. Based on these data, emissions from traffic can be
estimated according to Equation 4.

= × × ×Emission EF N L( ) 10i
i

6

(2)

Table 1
Emission factors (g/GJ) of NOx, PM10 and SO2 according to the engine power
and fuel type.
Source: (i) EEA, 2016; (ii) EEA, 2014.

Pollutant NOx PM10 SO2

Power < 50 Mw > 50 Mw < 50 Mw > 50 Mw –
Natural gas 74 (i) 89 (i) 0.78 (i) 0.89 (i) 0.5 (ii)
LPG 70 (ii) 89 (ii) 0.5 (ii) 0.9 (ii)

Table 2
Lower calorific values according to the fuel type.
Source: IPCC (2006)

Fuel Type Lower Calorific Value

Natural gas 38,44 GJ/(Nm3 x 103)
LPG 48,45 GJ/t

Fig. 1. Location of the main urban green areas in Guimarães (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article).
Source: MG, 2015.

Table 3
Industrial plants and traffic volume in the buffers of the main urban green areas
of Guimarães.

Urban Green
Areas

Area
(Ha)

Number of plants
(Medium/big size)

Vehicles.km/day *

(buffer)

Campus de Azurém 22 1 71,651
Monte da Penha 45 0 7,514
Parque da Cidade da Costa 22 0 25,664
Parque da Cidade Desportiva 16 0 5,507
Parque das Taipas/Ponte 16 0 26,511
Parque do Rio Selho 14 1 34,046

* Number of vehicles per km of road per day.
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were:
Emissioni – Pollutant emission (t/year)
EF – Pollutant emission factor (g/km.veh)
N – Number of vehicles per road section (veh/year)
L – Length of road section (km)
The next step of the work consists of producing the maps re-

presenting the horizontal concentration of air pollutants. The CadnaA
software option APL was used to create the horizontal maps of NOx,
PM10 and SO2. This software uses the dispersion model AUSTAL2000
developed by the German National Environmental Protection Agency.
This model has been used by several authors to produce horizontal
concentration maps of air pollutants (Gerharz et al., 2013; Silva, 2015;
Paas and Schneider, 2016). The model AUSTAL2000 requires the fol-
lowing parameters:

- Meteorological conditions: wind speed (m/s) and wind direction
(degrees) for calculating the wind fields. Hourly data from 2015
provided by the Portuguese Institute for Sea and Atmosphere.

- Buildings geometry and heights (m). Spatial data provided by the
municipality of Guimarães.

- Stack height: 15 m (PEA, 2015).
- Road network. Spatial data provided by the municipality of

Guimarães

- Topography: field counter lines (5 per 5 m). Spatial data provided by
the municipality of Guimarães.

- Grid spacing: 5 m (x, y-levels). Model parameter (Cadna, 2010).
- Height of the map: 1.20 m (z-level). 1.20 m corresponds to the

average height of the nose of human beings (Silva and Mendes,
2012).

- Roughness length: 0.5 m. This parameter characterises the turbu-
lence conditions of the atmospheric boundary layer (Silva and
Mendes, 2012).

- Industrial emissions inventory: database prepared in the previous
step (Tables 1 and 2).

- Reference year: 2015 (emissions factors from road traffic, Cadna,
2010).

- Average traffic speed: CadnaA-APL emission factors are provided for
various traffic situations depending on their average speed (HBEFA,
2004). The average speed considered in this study was: i) urban
roads: 32 km/h for light vehicles and 18.1 km/h for heavy vehicles;
ii) motorways: 120 km/h for light vehicles and 86.2 km/h for heavy
vehicles. All these values were obtained by the CadnaA-APL option
user manual (Cadna, 2010), according to the specifics traffic situa-
tions.

- Traffic related emissions per hour: The emissions per hour were
obtained from traffic flows, composition, speeds, and reference year
(HBEFA, 2004). For instance, the emission factors of one light ve-
hicle travelling at 32 km/h are: 0.238 g/km of NOx, 0.058 g/km of
PM10 and 0.001 g/km of SO2 (Cadna, 2010).

-Topography (digital terrain model) and buildings data: to include
the effects of these objects on the creation of local wind fields and air
pollutants dispersion. Model parameter (Cadna, 2010).

- Output: hourly average concentrations of NOx [μg/m3], PM10 [μg/
m3] and SO2 [μg/m3].

The validation process proposed in this paper consists of comparing
the values of NOx modelled and measured by a fixed automatic mon-
itoring station located at SAUS. Using NOx to validate the results is
justified by two reasons: i) it is a common air pollutant (Wang and
Schneider, 2011; Wang et al., 2016); and ii) the main sources of NOx are
traffic and industrial activity (Chen et al., 2018). The software adopted
in this study to visualise and analyse the simulation results was ArcGIS
10.5.

Finally, it should be highlighted that the results of the described
method are only supported on local emission sources since background

Table 4
Industrial and traffic indicators at Parque do Rio Selho and Campus de Azurém.

SAUS ID Surface Industrial plants Traffic

SAUS (Ha) Buffer (Ha) Number Type Size Road
Type

Length (m) Vehicles/
day

Parque do Rio Selho 14 Ha 184 Ha 1 Textile Big Arterial
Secondary
Local access

3858 m 115.184

Campus de Azurém 22 Ha 196 Ha 1 Textile Medium Main road
Secondary
Local access

4736 m 422.918

Table 5
Measuring equipment.

Parameters Method

Temperature and relative humidity Thermo-hygrometry. Air temperature at 1.5 m height,
average from the last 10 min of each hour (ºC).

Wind speed and direction Ultrasonic anemometry 2D. Wind speed (m/s) and direction (-), average from the last 10 min of each hour.

Table 6
NOx modelled and measured at Azurém Automatic Station.

Air
pollutant

Monitoring and modelled
statistics indicators

Values
(μg/m3)

NOx Monitoring data
(PEA, 2017)

Average 26.7
Standard deviation 7.3

Modelled data Average 24.9
Standard deviation 6.2

Table 7
Emissions from point and linear sources at both SAUS.

Air
pollutants

Road
traffic
(t/year)

Industry
(t/year)

Total
emission
(t/year)

Road
traffic
(t/year)

Industry
(t/year)

Total
emission
(t/year)

Parque do Rio Selho Campus de Azurém

NOx 8.94 36.78 45.72 18.19 8.05 26.24
PM10 0.52 0.39 0.91 1.07 0.08 1.15
SO2 0.02 0.14 0.16 0.03 0.03 0.06
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pollution, as well as the pollution from diffused sources, including other
point, mobile, area and biogenic emissions, were not included in the
model. In Portugal, data from background and pollution from diffused
sources is provided by the Portuguese Environment Agency (PEA,
2017). In Guimarães and according to PEA (2017), the background
values for the three pollutants are the following: NOx = 22.8 μg/m3,
PM10 = 9.0 μg/m3, and SO2 = 2.2 μg/m3.

2.2. Case study

The SAUS concept was implemented in Guimarães, a Portuguese
medium-sized city with approximately 52,000 inhabitants (SP, 2012).
Guimarães is known for the integrity and quality of its historic centre
that is included in the UNESCO World Heritage List. Guimarães is a
municipality that has an economy strongly underpinned in industrial
sectors, mainly in textile and leather goods.

Guimarães was chosen to develop the described concept for four
main reasons. Firstly, the municipality has an ambitious environmental
agenda due to being shortlisted for the European Green Capital Award
2020. The policies adopted for improving air quality intend to meet EU
goals and are included in the AQMP (Air Quality Management
Program). The city agenda prioritises the preservation of “air quality
even when it is good” (MG, 2018). Secondly, 66% of the residents in
Guimarães live less than 200 m from an urban green area (MG, 2018).
Thirdly, with 22.5 m2/inhabitant, Guimarães presents a ratio of urban
green areas above the value recommended by the United Nations
(20 m2/inhabitant). Fourthly, besides the good performance in terms of

surface and access, some of the urban green areas are located near air
pollution sources: industries and roads. Therefore, the environmental
quality of these spaces may be affected by anthropogenic activities.

The next step of the work consisted of selecting urban green areas
for implementing the SAUS concept. According to the municipal master
plan (MG, 2015), Guimarães has six main urban green areas (Fig. 1). In
this paper, it was assumed that industrial plants and traffic in the vi-
cinities of the green areas could potentially affect their environmental
performance in terms of air pollutants. Thus, for each one of the six
main urban green areas of Guimarães, the volume of road traffic and
the number of plants producing emissions in their vicinities (in a buffer
of 300 m) were analysed. In Portugal and according to the legislation
(Decree-law 127/2013 of August 30th), small and micro industries do
not need environmental licenses for operating. Therefore, data from
industrial emissions are only available for medium or large sized in-
dustries. For that reason, only data from medium and large industrial
plants with operating licenses were considered in the selection process.

As shown in Table 3, two green areas are known for having a higher
traffic volume and more plants producing emissions in their vicinities:
Campus de Azurém and Parque do Rio Selho. Therefore, these two
urban green areas were selected to implement the concept of SAUS.

Roads crossing the buffers were extracted from a geographical da-
tabase provided by the municipality of Guimarães by clipping the roads
that were within the buffer. Roads crossing the buffer were defined as
arterial (motorways), main roads (bypasses), secondary (national
roads) and minor (local access). Traffic emissions of NOx, SO2 and PM10

were estimated according to the respective emission factor (PEA, 2016).

Fig. 2. Modelled NOx concentrations at Parque do Rio Selho (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article).
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Data from traffic, including the type of fuel, the type of vehicle and age
of vehicle in Guimarães, were collected from the Insurance and Pension
Funds Supervisory Authority (IPFSA, 2017). Detailed data of traffic
flows, type of vehicles and speed were obtained from a traffic counting
campaign carried out in 2016 in a round-the-clock typical weekday. On
the motorway, traffic was counted during 24 h in a weekday, while in
the remaining roads, traffic was estimated using counts of one hour in
each road. These values were extrapolated using a 24 -hs traffic curve as
reference. More details about the industrial plants and traffic at both
SAUS are presented in Table 4.

Meteorological data used in the study came from the automatic
station located in Merelim (Braga) and was provided by the Portuguese
Institute for Sea and Atmosphere. Merelim is the closest meteorological
station from Guimarães (about 7 km). Data provided by the meteor-
ological station included temperature, wind speed and direction, as well
as precipitation. Merelim is located in Northern Portugal and has a Csb
climate (warm-Summer Mediterranean climate) according to the
Köppen-Geiger classification (Parente et al., 2016). The 30-year
averages at Merelim are described by an average temperature of
14.5 °C, a total annual precipitation of 1466 mm, and Northwest pre-
dominant winds. Table 5 describes the equipment used at the meteor-
ological station of Merelim.

As described in the Methodology, the pollutant used in the vali-
dating process was NOx, a typical urban pollutant. The Portuguese
Environment Agency has a monitoring station located near the Campus
de Azurém where several air pollutants, including NOx, are measured.

The validation process consisted of comparing the NOx values
measured in the PEA station with those modelled in this study. The
comparison was made by using the average and standard deviation
values considering the period between 25 November to 9 December
2016. Results are presented in Table 6. The difference between the
average values provided by the PEA (2017) and the average modelled
values was not significant (1.8 μg/m3). The same is valid for the stan-
dard deviation values. Therefore, results confirm the generally good
performance of the proposed method.

3. Results

3.1. Air pollutant emission

The first step of the work consisted of estimating the NOx, SO2, and
PM10 emissions for both urban green areas according to the methodology
described. As can be concluded from Table 7, at Parque do Rio Selho, more
than 80% of NOx and SO2 emissions were produced by the industrial plant.
In turn, road traffic was responsible for 57% of the PM10 emissions esti-
mated. Besides, at Campus de Azurém, road traffic is more determinant in
the NOx emissions, as well as PM10, which is typically a traffic pollutant.

3.2. Air pollutant concentration

The next step consisted of developing and validating the horizontal
air pollutant concentration maps. The software ArcGIS 10.5 was used to

Fig. 3. Modelled PM10 concentrations at Parque do Rio Selho (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article).
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produce the maps representing the concentrations of NOx, PM10 and
SO2 of both SAUS (Figs. 2–7) by using the simulation results from
CadnaA-APL software. These maps represent the annual average si-
tuation of the atmospheric pollution. In the case of Parque do Rio Selho,
road traffic and the industrial plant have an environmental impact on
the SAUS. The impact of the industrial plant is particularly significant in
terms of NOx. As shown in Fig. 2, exposure to classes of concentrations
of 5–10 and 10–15 μg/m3 were detected within this SAUS. However,
the highest concentration of NOx found was 105 μg/m3 around the
plant stack.

Regarding the concentration for PM10 (Fig. 3), the SAUS of Parque
do Rio Selho is predominantly exposed to levels lower than 0.5 μg/m3.
However, the area near the road, in the North sector of the SAUS, has
concentrations of 3.5 μg/m3. On other hand, the motorway does not
influence the concentration of this pollutant due to the greater distance
to the urban green area. Thus, the proximity to roads is a factor which
has a direct impact on the concentration levels of PM10. Results also
indicate that road traffic has a higher impact than the industrial plant in
concentrations of PM10 at this SAUS.

Finally, in terms of SO2, results show that industry exerts a strong
influence on the concentration of this pollutant, although its impact
within the SAUS is reduced (Fig. 4). The maximum concentration of SO2

is 0.5 μg/m3, but this level is only found outside the SAUS, near the
plant stack. At the SAUS, the dominant concentration is much lower
(0.1 μg/m3) and only a small fraction of the green area closer to the
industrial plant has concentrations of 0.2 μg/m3. Road traffic has no
impact on the concentration of SO2 at the SAUS.

The described method was adopted similarly to understand the
impact that road traffic and the industrial activity exerts on the con-
centration of air pollutants at the SAUS of Campus de Azurém and in its
respective buffer. In terms of NOx, the highest concentrations obtained
were 67 ug/m3 near the bypass that crosses the Northern area of the
buffer. This road does not have a direct impact on the NOx concentra-
tions at the SAUS. However, a local access road has a slight impact on
the Western sector of this SAUS. NOx concentration at this sector has
reached 15–20 u g/m3 (Fig. 5). The industrial plant located in the buffer
area has no visible impact on the concentrations of this pollutant at the
SAUS.

Concerning the concentrations of PM10 at Campus de Azurém,
concentrations are mostly explained by road traffic. As shown in Fig. 6,
the nearest road to SAUS has an impact on its Western sector. Although
the dominant concentration of PM10 in this SAUS is 0.03 μg/m3, in the
Western sector the exposure increases to 5.28 μg/m3. In turn, the most
distant roads, as well as the industrial plant, do not produce visible
impacts on the PM10 concentrations at the SAUS.

The sources identified do not produce significant impacts on the
concentration of SO2 at Campus de Azurém. Thus, the concentrations
are globally low ranging from 0.1 to 0.2 ug/m3. The highest values are
also detected in the Western sector, near the local access road.

3.3. Areas affected by air pollution

The ArcGIS 10.5 software was also used to make an in-depth spatial
analysis about the concentration of pollutants, namely for estimating

Fig. 4. Modelled SO2 concentrations at Parque do Rio Selho (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article).
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the areas exposed to the different concentrations of NOx, PM10 and SO2

at both SAUS. Table 8 presents the results of this spatial analysis. Re-
sults show that the sources located at both buffers were having impacts
on SAUS. However, these impacts are reduced as most of the SAUS was
exposed to the class with the lowest concentration of each pollutant.
The only exception is the concentration of NOx at Parque do Rio Selho
where 25.6% of the SAUS was exposed to the class with a concentration
of 5 to ≤10 μg/m3. At both SAUS, the areas affected by the highest
classes of concentrations were residual and closer to zero.

4. Discussion

Results from simulation showed that besides the globally low levels
of emissions, roadways and industrial plants had environmental im-
pacts at both SAUS. Results also demonstrated that the nearest areas to
roadways and plants are the most affected by these sources. Each SAUS
has one textile plant installed in the buffer boundary. The industrial
plant located at Parque do Rio Selho has more impact than the plant
located at Campus de Azurém, mainly in terms of NOx and SO2. The
highest impact felt by the plant at Parque do Rio Selho is explained by
two reasons. First, by the higher emission (ton/year), especially of NOx

and SO2 of the plant located there (Table 1). Second, the plant stack
located at Parque do Rio Selho is much closer to the green area (180 m)
than the plant stack located at Campus de Azurém (290 m). Thus, the
emission volume and the distance between the stack and the green area
have a direct impact on the concentrations of air pollutants at SAUS. On
other hand, results also show that car traffic has a higher impact than

industry at both SAUS. Both buffers are crossed by roads with different
categories and have different traffic volumes. More traffic causes more
concentration of pollutants at SAUS. This is particularly seen at Campus
de Azurém. NOx and SO2 concentrations are much higher on roads with
more traffic (the bypass that crosses the buffer at Northeast) than on
other local access roads (Figs. 5 and 7). However, the concentration of
PM10 (Fig. 6) is lower due to the higher traffic speed in the bypass.
Besides the impact of traffic volume and traffic speed, the distance
between the roads and SAUS is also a very relevant factor on the con-
centrations found in the green areas. In fact, the roads that have more
impact on SAUS are not those with more traffic, such as the bypass, but
local access roads near the green areas. This is consistent with previous
studies showing that air pollutant concentrations from traffic rapidly
decrease with distance to roads/motorways (Zhang and Batterman,
2013; Pasquier and André, 2017). The modelled air pollution at both
SAUS are globally low, and both line and point sources influenced the
spatial distributions of NOx, PM10 and SO2. Therefore, more than 97%
of the surface in each SAUS has concentrations equal to or below 5 μg/
m3 of NOx, 0.5 μg/m3 of PM10 and 0.1 μg/m3 of SO2. The exception was
Parque do Rio Selho, where about 26% of the surface had a con-
centration of > 5 - ≤10 μg/m3 of NOx. Even if the background emis-
sions and the emissions from diffused sources provided by the Portu-
guese Environment Agency for Guimarães (check subsection 3.1) is
added, the simulated NOx is lower than the EU daily limit values
(50 μg/m3) and the World Health Organization reference level (20 μg/
m3) (EEA, 2014).

The obtained results also reflect the performance of specific

Fig. 5. Modelled NOx concentrations at Campus de Azurém (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article).
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variables, including the height of the stacks, the meteorological con-
ditions, the topography of places and the presence of obstacles, de-
pending on the specificities of these variables, results might be dif-
ferent. As described in the Methodology, the height of the stacks used in
this study was 15 m. The height of the stack is inversely related to its
impact on the surface pollution levels, since a higher stack results in
more dispersion and chemical transformation prior to the plume
reaching the ground (Chen et al., 2018). The lowest impact occurs near
the base of the stack, and the highest can occur up to several kilometres
from the source (Chen et al., 2018). Thus, a higher or smaller stack can
produce a different result in the dispersion of the pollutants. In terms of
meteorological conditions, the wind always has an important role in the
dispersion of the plume (Hoek et al., 2008; Pasquier and André, 2017;
Sahu et al., 2018). The model described in this paper includes the an-
nual mean of wind speed and wind direction. In Guimarães, the
dominant wind direction which is Northwest has an impact on the
pollutant dispersion, mainly at Parque do Rio Selho, where the SAUS is
located Southeast of the industrial plant. The SAUS and the source lo-
cation regarding prevailing winds has a strong impact. When SAUS are
located downstream concerning the main sources, the influence is
higher since the wind blowing from the emission sources can reach
SAUS directly. This effect is visible on the modelled SO2 concentrations
at Parque do Rio Selho (Fig. 4). The presence of hills or other relevant
obstacles could block and reduce that impact. On the other hand, there
are no significant physical obstacles to the wind between the sources
and the SAUS. In this case study, the topography does not exert influ-
ence on the dispersion as the SAUS and the sources are at similar alti-
tudes: the maximum slope is 20 m at Parque do Rio Selho and 35 m at

Campus de Azurém. Furthermore, the simulation model used meteor-
ological data from the closest weather station, which is located at about
7 km from SAUS. Although the meteorological station and the two
SAUS have identical topographic and climatic characteristics, meteor-
ological data may differ over the 7 km. In the literature, there are also
some air pollution and environmental studies supported in data from
distant meteorological stations (Tan et al., 2012; Paas and Schneider,
2016). However, it is recognised that data from distant meteorological
stations could have implications on the ability to compare and under-
stand the simulated results and can introduce uncertainty and limita-
tions in the simulation model (Parvez and Wagstrom, 2018). Thus, the
use of meteorological data from a station located 7 km away from the
SAUS may influence the obtained results.

The proposed method is supported on a protective buffer of 300 m
around the SAUS. In the case of the two SAUS analysed, the buffer was
large enough to prevent the concentration of high levels of pollutants in
the air. The described impacts occur because industrial plants and roads
are within the protective buffers. However, there is a need for re-
plicating this model in other case studies to confirm its robustness and
the suitability of the buffer. It will be particularly important to test the
model with higher stacks and emission sources. In fact, several studies
confirm that when the stack is high, the plume sinks down to the
ground only after a long distance and after the wind has ensured a
better dispersion of the plume (Macit and Gümrükçüoğlu, 2012). On the
other hand, the emissions were low. In both SAUS, the NOx emissions
were 71.9 ton/year (Table 1) which corresponds to 5% of the emissions
produced by the municipal industry and traffic (NPRCDC, 2014).
However, NOx emissions are much higher in larger cities. For instance,

Fig. 6. Modelled PM10 concentrations at Campus de Azurém (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article).
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Shahbazi et al. (2016) analysed NOx emissions in Tehran and found that
industry and traffic were producing 43,000 ton/year (Shahbazi et al.,
2016). In Gothenburg, Molnár et al. (2015) estimated NOx emissions
from traffic and industry at 2000 ton/year. These examples show that
emissions are extremely changeable from city to city. On the other
hand, various studies have shown that the impact of pollutant sources,
such as major roads, on concentrations of air pollutants declines ex-
ponentially with distance (Hoek et al., 2008). In this paper, a buffer of
300 m was used to analyse the impact that the emission from traffic and
industrial plants have on the air quality at two SAUS. The buffer size is
a crucial variable in determining the performance of the model, and the
spatial resolution of the estimates. In compact European urban areas,
Hoek et al. (2008) argue that the use of buffer sizes of more than
100–200 m for traffic intensity may thus be misleading, for they would
incorporate sources too far removed to have a significant effect. In
contrast, industrial air pollutants depend on industrial activity and of
specific factors such as the height of the stack. Typically, industries may
produce substantial plume rise, and higher stacks result in more dis-
persion and chemical transformation before the plume reaching the
ground (Chen et al., 2018). Usually, industries produce a low impact
near the stack, and a maximum ground-level impact at up to several
kilometres downwind from the source (Seinfeld and Pandis, 2006).
Thus, in future studies, more applications are needed to test the effi-
ciency of the 300 m buffer in protecting SAUS from air pollutants,
namely of industrial origin. Adjusting and using other buffer sizes
should also be tested to ensure that SAUS are efficiently protected from
air pollutants.

5. Conclusions

Urban green areas are outdoor public spaces performing important
environmental and social functions. For that reason, urban green areas
should have the best environmental quality for the benefit of their users
and urban inhabitants. Despite the large number of studies examining
the impact of green urban areas in terms of improving the urban mi-
croclimate (cooling effect), on cleaning the air and on reducing noise
(Cohen et al., 2012), little research has been conducted for planning
these spaces in a sustainable way based on integrated environmental
sensitivity analysis. Assessing the environmental quality of urban green
areas has been less exploited.

In this paper, urban green areas are classified as Sensitive Areas in
Urban Spaces (SAUS). The concept proposed in this study sustains that
SAUS should be sufficiently away from industrial plants and roads with
high traffic of vehicles, as they are main sources of urban pollution. The
concept was developed and implemented in two SAUS of Guimarães, a
Portuguese medium-sized city, by defining a buffer of 300 m around
SAUS to preserve them from undesirable surrounding air pollution
sources. Industrial plants and car traffic were the sources considered of
NOx, PM10 and SO2 in the buffers. Maps representing the horizontal
concentrations of each pollutant were produced by using the
AUSTAL2000 model. Results show that besides the globally low levels
of emissions, the sources located in the two buffers had environmental
impacts and affected the quality of the air at both SAUS. Thus, these
spaces require actions to prevent SAUS from air pollutants and to im-
prove their environmental quality. In a broader view and since SAUS

Fig. 7. Modelled SO2 concentrations at Campus de Azurém (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article).
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provide various services and functions to urban residents, this study
highlighted that urban green areas are invaluable resources that must
be adequately planned, maintained and protected.
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Table 8
Areas affected by air pollution at Parque do Rio Selho and Campus de Azurém.

SAUS Pollutant Concentration classes
(μg/m3)

Area exposed to
pollutant classes (%)

Parque do Rio
Selho

NOX 0 < NOx ≤5 71.86
5 < NOx ≤10 25.64
10 < NOx ≤15 2.48
15 < NOx ≤20 0.02

PM10 0 < PM10 ≤0.5 97.09
0.5 < PM10≤1.0 1.43
1.0 < PM10≤1.5 0.60
1.5 < PM10≤2.0 0.31
2.0 < PM10≤2.5 0.22
2.5 < PM10≤3.0 0.23
3.0 < PM10≤3.5 0.12

SO2 0 < SO2 < = 0.1 99.98
0.1 < SO2 < = 0.2 0.02

Campus de
Azurém

NOX 0 < NOx ≤5 98.82
5 < NOx ≤10 0.79
10 < NOx ≤15 0.34
15 < NOx ≤20 0.05

PM10 0 < PM10≤0.5 97.34
0.5 < PM10≤1.0 1.01
1.0 < PM10≤1.5 0.39
1.5 < PM10≤2.0 0.24
2.0 < PM10≤2.5 0.18
2.5 < PM10≤3.0 0.17
3.0 < PM10≤3.5 0.18
3.5 < PM10≤4.0 0.20
4.5 < PM10≤5.0 0.26
5.0 < PM10≤5.5 0.00

SO2 0 < SO2 < = 0.1 99.94
0.1 < SO2 < = 0.2 0.06
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