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a  b  s  t  r  a  c  t

Global  population  growth  has led  to  an increase  of  the  number  of  people  living  in  urban  areas.  As a
consequence,  stresses  on  space,  ecosystems,  infrastructures,  facilities  and  personal  lifestyles  have been
enhanced.  Problems  related  to the  quality  of  life  in cities  are  increasingly  relevant,  especially  with  regard
to  environmental  issues.  Domestic  and  industrial  sources  and, primarily,  motorised  traffic  are  responsible
for pollutant  emissions  and  noise  that  decisively  affect  life  in modern  cities.  In this  context,  evaluating
and  monitoring  urban  environmental  quality  has  become  an important  issue  for  decision  making  and
planning  of more  liveable  and  sustainable  cities.  Computational  simulation  models  for  the  phenom-
ena  associated  with  emission  and  propagation  of  noise  and  dispersion  of air  pollutants  were  applied
within  a GIS  platform  to  generate  maps  of  noise  and  pollutant  concentrations.  This  paper  presents
an  urban  environmental  quality  index:  City  Noise-Air.  In  case  either  one  of the environmental  condi-

tions  (pollutants  or noise  level)  exceeds  the accepted  limit,  the  City  Noise-Air  index  will  reflect  that
exceedance  and  thus  equals  zero  (red).  If there  is  no limit  violation,  then  City  Noise-Air  incorporates
all  of the  selected  conditions  into  an overall  quality  index  by a multi-criteria  combination  that  allows
trade-offs.  A  case  study  is  presented  for Viana  do Castelo,  a mid-sized  Portuguese  city,  in  which  City  Noise-
Air values  were  calculated  taking  in  consideration  the noise  level  (Lden)  and  the  concentrations  of  CO,
NO2,  O3,  C6H6 and PM10.
© 2012 Elsevier B.V. All rights reserved.

ontents

1. Introduction  . .  . . . .  . .  .  . . .  .  . . .  .  . . .  .  . .  .  . . .  .  . . . .  . .  .  . . . .  . . . .  . . . .  . . . . . . . . . .  . .  .  .  . .  .  . . .  . . .  . . . . . .  . . . . . . .  . . . . . . .  .  . . . . . . .  .  . . .  .  . . .  .  . . . . .  . . .  . .  . . . . . . . . . .  . .  .  . . .  . .  .  .  . 2
1.1.  Urban  air  pollution  .  . . .  . . .  .  . . .  .  . . .  .  . .  .  .  . . .  . . . .  . . .  .  . . .  . . .  .  . . . .  . . . .  . . .  .  . .  . . . . . .  .  . . . .  . .  .  .  . . . . .  .  . . . . . .  .  . . . . . . .  .  . . .  .  . . .  .  .  . . .  . . . . . .  .  . . .  .  .  .  . . .  .  . . .  .  . . 2
1.2.  Urban  noise  pollution  . .  .  . . .  .  . . .  .  . .  .  . . .  . . . . . . .  .  . . .  .  . . .  . . . .  . . . .  . . .  .  . . . . . .  . . .  . . . . . .  .  . . . . . .  .  . . . .  .  . .  . .  . . .  . . .  . . .  .  . . . .  . . . . .  . .  . . . . .  . . . . .  . .  .  .  .  .  . . .  . .  . . 2

2.  The  City  Noise-Air  index  .  . . .  .  . .  .  . . . .  . .  .  . . .  .  . .  .  .  .  .  .  .  . . .  .  . . . . . .  .  . . .  . . . . . . .  .  . . . . .  .  .  . . . . . .  .  . . . . .  .  . . .  . . . .  .  . . . . . . .  .  . . . . . .  .  . . .  .  . . . .  .  . .  .  .  .  .  . . . .  .  . . . . .  . . .  .  .  .  .  . 3
2.1.  CityAir  formulation  . . .  . . . .  . .  .  .  . . .  . . . .  . . .  . . . .  . . . .  . . . .  . . .  .  . . . . .  .  . . . . . .  .  . . . . . .  . . .  . . .  . .  .  . . . .  .  . . .  .  . . .  . . . .  . . . . . . .  .  . . . .  . .  . . .  . .  .  . . .  .  . . . . .  .  .  . .  .  . .  .  .  .  .  .  . 3

2.1.1.  Pollutant  weights  . .  .  . . .  .  . . .  . . . .  . . . .  . . . .  . . .  .  . . . . . .  .  . .  .  . .  . . . . .  . .  . . .  .  . . .  .  . . .  . . . . . .  .  . . .  .  . . . .  . . . . . . . .  . .  . . . .  .  . . . . . .  . . . .  .  .  .  .  . .  .  . . . .  . . . . .  . . . 3
2.1.2.  Normalisation  of  concentrations  . . . . . . . . .  . . .  . .  .  .  . . . .  . . . .  . . .  . . .  . . . . . .  . . . . . . .  . . .  . . . . . . .  .  . . . . . .  .  . . . . . .  .  . . . .  . .  . . .  . .  .  .  . .  .  . . . . . .  . . .  .  . .  .  .  . 3
2.1.3.  Dummy  variables  .  . .  . . . .  . . .  .  . . .  .  . .  .  .  . .  .  .  .  . .  . . . .  . . .  . . .  . .  . . . . .  . . .  .  . . .  .  . . .  . . . . .  .  .  .  . .  .  . . . .  . . . . . . .  .  . .  . . .  .  .  . .  . . . .  .  . . .  .  . . . . .  .  . . .  .  .  .  . . . . . . . . 3

2.2.  CityNoise  formulation  . . .  .  . . .  . . .  .  . . .  . . .  .  .  . .  .  .  . .  .  . .  .  .  . . . . . .  .  . . . . . . .  . . . . . .  . .  .  .  . . . .  .  . . . .  . . .  .  .  . . .  . . . .  .  . .  . . .  .  .  . . . . . . .  .  .  . . . . .  .  .  . . .  . . . . . .  .  . . .  . .  .  .  . . .  . 4
3.  Case  study:  urban  environmental  quality  in  a mid-sized  city . . .  .  . . . .  . . . . . . .  . . .  . . . . . . . . .  .  .  . .  .  . . . .  . . .  . . . .  .  . . . . . .  .  . .  . . . . .  . . . . . . .  . .  .  . .  .  . . . . . .  .  . . .  . .  .  . . . 5

3.1.  Noise  of  Viana  do Castelo.  .  . .  .  . . .  .  . . .  . . .  .  . . .  . . . .  .  . . .  . . .  . . . .  .  . .  . .  .  . .  . . .  . .  . . . . .  . . .  . . . .  . . . .  . . . . .  .  .  . . .  . . . . .  . . .  . . . .  .  . . . . .  . . . .  . . . . . .  .  . . .  .  .  . . . .  .  . . .  . . 6
3.2.  Air pollution  of  Viana  do Castelo  .  . . .  . . . . .  . . . .  . . .  .  . . . . . .  .  . . . .  . . .  . .  . .  .  . .  . . . . . .  .  .  . . .  . . . . .  .  . . .  . . . .  .  . . . . . .  .  . .  . . . .  .  . . . . . .  .  . . .  . . . .  . .  .  .  .  .  . . .  .  . . .  . . . . . 7
3.3.  City  Noise-Air  quality  index  of Viana  do  Castelo. . .  .  . . .  . . . .  .  . . . . . .  .  . . . . .  . . .  . . . . . . .  .  . . .  .  . . .  .  . .  .  . .  . . . .  .  . . .  . . . . . .  .  .  . . . . .  . .  . . .  . . . . . . .  . . .  . .  .  . . . .  .  . 7

4. Analysis  .  .  . . .  . .  . .  .  . . .  .  . . .  .  . . .  .  . . .  .  . .  .  . . .  . . .  .  . . .  .  . .  .  .  . .  .  .  . .  .  . . .  . . .  . . .  . . . . . . .  .  . . . . . .  . .  .  . . .  . . . . . .  . . . .  .  . . .  .  . . . . . . . .  . . . . . . .  . . . .  .  . . . .  .  . . . . . .  . .  .  .  .  . . . . .  . .  .  . .  . 8
4.1. Noise  .  . . .  .  . .  .  .  . .  .  . . .  .  . . .  .  . .  .  . . .  .  . . .  . . .  . . .  .  . . .  .  .  . .  .  . . .  . . . .  . . . . . . .  . . . . . .  .  . .  . . . .  . . .  . . . . . .  .  . . . .  . . .  .  .  . . .  . .  . . .  .  .  . . .  . .  . . . .  .  . . . .  .  . . . . . . . . . . .  . . . . .  .  .  . .  . . 10

4.2.  Air pollution  .  .  . . .  .  . . . .  . . .  .  .  . .  .  . . .  .  . . .  . . . .  . . .  . . . .  .  . . .  .  . . .  . . . . .  . . . . . . .  

5.  Conclusions  . . .  . . .  . . . .  .  . . .  . . . .  . . .  .  . . .  .  . .  .  .  . .  .  .  . .  .  . .  .  .  .  .  .  .  . .  .  . . .  .  . . .  . . . .  .  . .  . . .
References  .  .  . .  . . . .  .  .  . .  .  .  . . .  . . .  .  . . .  . .  . .  . . . .  . . . .  . . .  .  . . .  .  . . .  . . .  .  . . .  . . .  . . . . . . .  .  .

∗ Corresponding author at: Department of Civil Engineering, University of Minho, Cam
E-mail address: lsilva@civil.uminho.pt (L.T. Silva).

210-6707/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.scs.2012.03.001
. . .  . .  .  . . . .  . . .  . . .  . . .  .  . . .  .  . . . . .  . . . . .  . . .  . . . . . .  .  .  . . . . .  . .  .  .  .  .  . . . . . .  . . . . .  .  .  .  . .  .  . 10
 .  . .  .  . . .  .  . .  . . . . . .  . . . . .  . .  .  .  . . .  . . .  . . . . . .  .  . . . .  . .  .  .  . . .  .  .  . . . . .  .  . . . .  . . .  .  . .  . . . .  . . 10

 .  . . . .  . . . .  . . .  . .  .  .  . . .  . . .  . . . . . . .  .  . . .  . . .  .  . . .  .  . . . .  . . . . .  .  .  .  . .  .  . . . .  .  .  . . .  .  . . .  . .  .  . 10

pus Gualtar, 4710 - Braga, Portugal. Tel.: +351 253 604726; fax: +351 253 604721.

dx.doi.org/10.1016/j.scs.2012.03.001
http://www.sciencedirect.com/science/journal/22106707
http://www.elsevier.com/locate/scs
mailto:lsilva@civil.uminho.pt
dx.doi.org/10.1016/j.scs.2012.03.001


2 able C

1

d
e
m
n
m

t
e
f
O
o

c
a
fi
a
t
a
t
m
u

a
a
s

1

p
s
a
t
a
s
t
(
2
r
G

e
i
p
s
o
d

d
a
p
i
b
t
c
c
n
(
b
d
o
w
s

L.T. Silva, J.F.G. Mendes / Sustain

. Introduction

Urban air pollution and urban noise are major factors that can
egrade quality of life in cities. These problems are generally wors-
ning due to the unbalanced urban development and increasing
obility and road traffic. As a consequence, the total emissions and

oise from road traffic have risen significantly and have been pri-
arily responsible for violations of air and noise quality standards.
Motorised traffic is nowadays recognised as the major con-

ributor to environmental noise in urban areas, mainly due to
ngine noise and rolling noise from tyre friction on the road sur-
ace (Boschmann & Kwan, 2008; King, Murphy, & McNabola, 2009;
ECD, 1995). Similarly, automobile traffic is the dominant source
f air pollution (O’Mahony, Gill, Broderick, English, & Ahern, 2006).

Usually air and noise pollution are considered separately. The
ombination of noise exposure and air quality analysis applied to

 specific location along the riverside boardwalk in Dublin, was
rstly proposed by King et al. (2009).  These authors developed an
ir-noise pollution reduction index (ANPr) to measure and assess
he combined reduction and assessment of air and noise pollution
long the boardwalk and footpath areas. The study concludes that
his index has considerable potential for use in aiding the decision-

aking process of urban planners and policy makers in a variety of
rban contexts.

This paper proposes a long-term model for urban air pollution
nd noise that allows for the combined assessment of noise and
ir pollution within an urban context, and presents an application
tudy to a mid-sized Portuguese city.

.1. Urban air pollution

After emission from a variety of extant sources, atmospheric
ollutants are transported and dispersed several times in the atmo-
phere before reaching receptors through wet deposition (rainout
nd washout by rain and snow) or dry deposition (particle adsorp-
ion). In an urban environment, typical anthropogenic sources
re road traffic and industrial activities. Emissions from mobile
ources contribute to primary and secondary air pollution that can
hreaten human health, damage ecosystems and influence climate
Nagurney, Qiang, & Nagurney, 2010; Sharma, Kharol, & Badarinath,
010). Traffic patterns, vehicle characteristics and street configu-
ations have a cumulative effect on exhaust emissions (Pandian,
okhale, & Ghoshal, 2009).

Compounds released into the atmosphere from motor vehicle
xhaust have an impact on the environment at various geograph-
cal and time scales (Highways Agency, 2007). Certain compounds
ossess an immediate and local effect. For instance, a plume of black
moke is instantly unpleasant for observers, and chronic releases
f black smoke can darken the facades of buildings through particle
eposition.

Combustion of hydrocarbon fuel in air generates mainly carbon
ioxide (CO2) and water (H2O). However, combustion engines
re not totally efficient, and not all of the fuel is oxidised. The
roducts of incomplete combustion are more complex and may

nclude hydrocarbons and other organic compounds as well as
enzene (C6H6), carbon monoxide (CO) and particulate mat-
er (PM) containing carbon and other pollutants. Additionally,
ombustion under high pressure and temperature conditions
auses partial oxidation of nitrogen in air and fuel, which forms
itrogen oxides, such as nitric oxide and some nitrogen dioxides
conventionally designated as NOx). Amongst the hydrocarbons,
enzene is the compound with the greatest environmental impact

ue to its toxicity and its carcinogenicity (ATSDR, 1997). Many
f the atmospheric pollutants derived from motor vehicles react
ith air components or with each other to form compounds called

econdary pollutants. Due to dispersion effects, the concentrations
ities and Society 4 (2012) 1– 11

of secondary pollutants typically do not reach maximum values
near the emission sources; its impact can extend over large areas
beyond the immediate vicinity of road traffic.

Traffic-related air pollution levels can be evaluated by either
direct measurements or predictive models. The direct measure-
ment method is only feasible for evaluating actual situations;
predictive methods can be applied throughout the planning process
from the initial concept to the final detailed design of air pollution
abatement measures. However, measurements provide essential
information to validate the predictive methods.

There are numerous dispersion models available, which rep-
resent an important set of tools for simulating air pollution
scenarios. The model adopted for this research was developed
by Cambridge Environmental Research Consultants (CERC) in the
United Kingdom. This model has been used by local authorities
all over Europe for urban air quality forecasting (Carruthers, Blair,
& Johnson, 2003; Carruthers et al., 1997; Carruthers, Edmunds,
Lester, McHugh, & Singles, 1998; McHugh, Carruthers, & Edmunds,
1997; Sabatino, Buccolieri, and Bitter, 2005; Timmis, Wilkinson,
Carruthers, & McHugh, 2000). The model uses a parameterisa-
tion of boundary layer physics in terms of boundary layer depth
and Monin–Obukhov length, and then applies a skewed-Gaussian
concentration profile for convective meteorological conditions. For
stable and neutral meteorological conditions, the model assumes
a Gaussian plume for the concentration profile distribution with
reflection at the ground and in the inversion layer.

The dispersion model has a methodological processor for input
variables, which typically include day of the year, time of day,
cloud cover, wind speed and temperature. These variables are used
to calculate model parameters such as boundary layer depth and
Monin–Obukhov length. The model does not account for anthro-
pogenic heat sources.

An additional and important feature that makes this dispersion
model suitable for modelling the urban environment is a chem-
istry scheme that facilitates the calculation of chemical reactions
between nitric oxide, nitrogen dioxide, ozone and volatile organic
compounds in the atmosphere.

1.2. Urban noise pollution

Although the exposure of communities to environmental noise
is a worldwide concern, most cities are still subjected to noise levels
that are a disturbance to human activities. The health effects of
environmental noise are well-documented. Traffic noise can cause
numerous health problems such as sleep disturbance, high blood
pressure and psycho-physiological symptoms (King & Davis, 2003;
Ko, Chang, Kim, Holt, & Seong, 2011; King et al., 2009; WHO, 2011).

According to WHO  (2011),  33% of the individuals are annoyed
during the daytime and 20% have disturbed sleep at night because
of traffic noise. Traffic-related noise is becoming the most health-
threatening environmental stressors in Europe, and more people
are exposed to traffic-related noise than to any other environmental
stressors (WHO, 2011).

Traffic-related noise levels can be evaluated by predictive mod-
els complemented with direct measurements. The measurements
provide essential information to validate the predictive methods
(Murphy & King, 2010a,b).

Numerous noise prediction models are available and thus con-
stitute an important toolbox for simulating the acoustic situation,
as discussed by Bertellino and Licitra (2000).

The model adopted for this research is the New Method of
Forecast of the Traffic Noise (NMPB 96), which was developed

in France in 1996. This method is the recommended interim
computation method for road traffic noise calculation by European
Parliament Directive 2002/49/EC and the Council of June 25, 2002
(Directive 2002/49/EC, 2002), which addressed the assessment
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nd management of environmental noise. The NMPB 96 calculates
he acoustics for each ray issued from a receptor that cuts a source
ine. If the angular step is sufficiently small (several degrees), the
opography represented by the segments intersected by the ray
s assumed not to vary in the angular cone; in other words, it is
ssumed that the propagation medium does not vary in the cone.
nder these conditions, the problem is simplified to the calculation
f a cross sectional cut between a point source and a receptor.
his calculation requires definitions for acoustic power associated
ith the cross section, attenuation by the geometric divergence

Adiv), absorption by the air (Aatm), diffraction (Adif), ground effects
Aground), and absorption by the vertical surfaces (Aref) on which
he ray has been reflected in the horizontal plane.

The calculations are performed for the three long-term sound
evel indicators: Lday (represents the A-weighted equivalent sound
evel of all the day periods of a year (pday)), Levening (represents the
-weighted equivalent sound level of all the evening periods of

 year(pevening)) and Lnight (represents the A-weighted equivalent
ound level of all the night periods of a year (pnight)). The Lden indi-
ator is calculated from Lday, Levening and Lnight values according to
q. (1).

Lden = 10 log
(

1
24

)
· (pday10(Lday/10) + pev. · 10((Levening+5)/10)

+ pnight · 10((Lnight+10)/10)) (1)

here in compliance to Portuguese legislation (DR, 2007),
day = 13 h (day period between the hours of 07:00 and 20:00);
ev. = 3 h (evening period between 20:00 and 23:00); and pnight = 8 h
night period between 23:00 and 7:00).

Although the method has been simplified, the City Noise-Air
ndex could be applied to any noise calculation method, namely in
he recently released version of NMPB-Routes-2008.

. The City Noise-Air index

The proposed City Noise-Air model is based on both long-term
oise levels and long-term air pollutant concentrations that were
ither historically measured or derived from mathematical simula-
ion models. Modelled data can provide a predictive view of urban
nvironmental quality.

The City Noise-Air index results from the weighted linear com-
ination (WLC) of two normalised indexes: cityNoise and cityAir
Eq. (2)):

ity Noise-Air = (0.5 × cityNoise + 0.5 × cityAir) (2)

here cityNoise is the normalised index of urban noise quality, and
ityAir is the normalised index of urban air quality.

The numerical value of the City Noise-Air index varies between
 and 1. City Noise-Air is equal to zero when the noise level is above
he legal limit and at least one air pollutant concentration is above
he limit value. On the other hand, City Noise-Air is equal to one
hen the noise level is below the limit value and all of the air pol-

utant concentrations are at or below the values recommended by
HO  (2005, 2009).

.1. CityAir formulation

The proposed CityAir model compiles long-term concentration
ata from historical measurements or, alternatively, from mathe-
atical simulation models to predict air quality.

Air pollution concentrations in a city are simulated and the val-

es for each point or area are compared with a standard limit (in
his paper, the legal limit). This comparison generates a dummy
ariable: zero if the standard is exceeded and unity if it is not.
ities and Society 4 (2012) 1– 11 3

The cityAir index results from the weighted linear combina-
tion of normalised concentration values, which are subjected to
the product of the dummy variables (Eq. (3)):

cityAir =
∑

i

wici ×
∏

i

vi (3)

where wi is the relative weight of the pollutant i; ci is the normalised
concentration of the pollutant i; and vi is the dummy variable of the
legal limit violation Li of pollutant i, defined as follows:

vi = 1 when ci ≤ Li

vi = 0 when ci > Li

The proposed model makes use of multi-criteria techniques for
combining, aggregating and standardising pollutant concentration
data.

2.1.1. Pollutant weights
The pollutants selected for inclusion in the cityAir index may

vary according to source type or data availability. The current paper
presents the pollutants considered in the case study, all of which
typically result from road traffic:

• CO: carbon monoxide
• NO2: nitrogen dioxide
• PM10: particulate matter < 10 �m
• C6H6: benzene
• O3: ozone

Equal weights were considered, which means that the value of
0.2 was adopted for each of the five pollutants.

2.1.2. Normalisation of concentrations
Because concentration data were measured in different scales,

they must be standardised prior to aggregation. The process of stan-
dardisation is essentially identical to that of fuzzification in fuzzy
sets. Standardisation is intended to transform any scale into a nor-
malised range (i.e., zero to one). In the present case, the results
express a membership grade that ranges from 0.0 to 1.0, represent-
ing a continuous spectrum from non-membership (bad air quality)
to complete membership (very good air quality) on the basis of the
criterion (pollutant concentration) being fuzzified.

A sigmoidal function has been adopted for standardisation (Eq.
(4)):

score = 1

sin2˛
= cos2

 ̨ (4)

where

˛ =
[

(x − xa)
(xb − xa)

]
× �

2
(5)

where x is the concentration value being normalised, and xa and
xb are control points in the function. Fig. 1 presents this func-
tion graphically for each of the five pollutants. The control points
adopted (a and b) are listed in Table 2.

The control points of the sigmoidal functions were selected
according to the following criteria: score = 0 for the concentration
limit values considered in the Portuguese legislation for human
health protection and score = 1 for the concentration guidance
values recommended by the World Health Organisation (WHO,
2005), NO2 and CO values represented a non-polluted atmosphere
(Seinfeld & Padis, 1997). Table 1 presents the adopted values.
2.1.3. Dummy variables
Dummy  variables switch from zero to one at the concentration

limits mentioned above (third column of Table 1). Fig. 2 shows a
graphical view of the dummy  variable functions.
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Fig. 1. Normalisation functions. Fuzzy functio

.2. CityNoise formulation

The proposed cityNoise model utilises the long-term noise indi-
ator Lden (day–evening–night noise indicator), as defined by EU
irective 2002/49/EC. Data may  include historical measurements
r mathematically simulated results. Noise levels in a city are simu-
ated, the values for each point or area are compared with a standard

in this paper, selected limits reflect the acoustical classification).
he value is zero when the limit is exceeded and equals one if it is
ot.

able 1
ontrol points of the fuzzy functions.

Score = 0 Score

CO [CO] > 10.0 mg/m3 [CO] ≤
PM  [PM10] > 40.0 �g/m3 [PM10
NO2 [NO2] > 40.0 �g/m3 [NO2]
O3 [O3] > 110.0 �g/m3 [O3] ≤
C6H6 [C6H6] > 5.0 �g/m3 [C6H6
a) PM10, (b) CO, (c) NO2, (d) C6H6, and (e) O3.

Based on the land-uses established by the Master Plan and Por-
tuguese Legislation (DR, 2007), the acoustic zoning map classifies
land into two classes: “sensitive areas,” which currently are (or
likely will be) used for residences, schools, hospitals, recreation and
leisure; and “mixed areas,” which include sensitive uses as well as
retail shops and services, parking, etc. This legislation forces the
consideration of outdoor noise levels in the planning process and

specifically in the elaboration of zoning plans. The law prescribes
weighted average sound level standards for the entire day (Lden(A))
and for the night(Ln(A)). Sensitive areas may  not be exposed to an

 = 1 Averaging period

 0.140 mg/m3 8 h (rolling average) for calendar year
] ≤ 20.0 �g/m3 Calendar year

 ≤ 20.0 �g/m3 Calendar year
 100.0 �g/m3 8-h average for calendar year
] ≤ 1.0 �g/m3 Calendar year
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Fig. 2. Dummy variable function of (a) PM10: where score = 1 when [PM10] ≤ 40 �g/m3, score = 0 when [PM10] > 40 �g/m3, and [PM10] = calendar-year average concen-
tration,  expressed in �g/m3; (b) CO: where score = 1 when [CO] ≤ 10.0 mg/m3, score = 0 when [CO] > 10.0 mg/m3, and [CO] = 8-h rolling average concentration for the
calendar  year, expressed in mg/m3; (c) NO2: where score = 1 when [NO2] ≤ 40 �g/m3, score = 0 when [NO2] > 40 �g/m3, and [NO2] = calendar-year average concentration,
e hen [
� 10 �g
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e
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xpressed in �g/m3; (d) C6H6: where score = 1 when [C6H6] ≤ 5.0 �g/m3, score = 0 w
g/m3; and (e) O3: where score = 1 when [O3] ≤ 110 �g/m3, score = 0 when [O3] > 1

n  mg/m3.

quivalent continuous sound level higher than 55 dB(A) during the
ntire day (average value over the day, evening and night periods),
nd 45 dB(A) during the night; mixed areas may  not be exposed to
ore than 65 dB(A) during the entire day and 55 dB(A) during the

ight.
The cityNoise index results from the normalisation of the Lden

alues. A sigmoidal function has been adopted for this process (Eq.

4)), where x is the Lden value being normalised, and xa and xb are
ontrol points in the function. Fig. 3 shows a graphical view of this
unction for sensitive areas.

able 2
ontrol points of the fuzzy function for noise.

Score = 0 

Lden (sensitive areas) Lden > 55 dB(A) 

Lden (mixed areas) Lden > 65 dB(A) 
C6H6] > 5.0 �g/m3, and [C6H6] = calendar-year average concentration, expressed in
/m3, and [O3] = 8-h rolling average concentration for the calendar year, expressed

The control points of the sigmoidal function were selected
according to the following criteria: score = 0 for the limit value of
the annoyance indicator Lden; and score = 1 for the limit value of the
sleep indicator Ln. Table 2 presents the adopted values.

3. Case study: urban environmental quality in a mid-sized
A case study was undertaken to evaluate the urban environ-
mental quality in the Portuguese city of Viana do Castelo, which

Score = 1 Averaging period

Lden < 45 dB(A) Calendar year (long-term average)
Lden < 55 dB(A) Calendar year (long-term average)
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Fig. 3. Normalisation function for Lden for sensitive areas.

s located in the north-western seaside. This mid-sized city has a
opulation of around 36,000 in an overall area of 37 km2. The most
otable source of noise and air pollution is a main road (Avenida
5 de Abril) that crosses the city, dividing it into two parts.

Based on traffic data and the physical characteristics of the area,
orizontal noise maps and horizontal concentration maps were cre-
ted for five main pollutants: CO, NO2, C6H6, PM10 and O3. A range
f numerical models were used to produce results. The New Method
f Forecast of the Traffic Noise (NMPB 96) was used to develop noise
aps. The ADMS-Urban model was used for pollutant dispersion.

he hills model was used to calculate air flow and turbulence over
omplex terrain and to account for the effects of variable surface
oughness (CERC, 2001). The COPERT4 model (COPERT4), which is
ased on CORINAIR v.5 (CORINAIR, 2006), was used to estimate
raffic emissions.

.1. Noise of Viana do Castelo

The modelling of outdoor acoustic propagation in built up urban
reas must integrate all the parameters that influence its propaga-
ion, such as the topography, the location, the screens, the nature

f the ground and the meteorological conditions, amongst others.

For the acoustic characterization of the sources, and considering
hat Viana do Castelo is a tourist seaside city, two traffic counting
ampaigns were carried out, one in winter time and another one

Fig. 4. Noise map, summer sce
ities and Society 4 (2012) 1– 11

in summer time, of which resulted the data for two  scenarios. Each
campaign included most of the city streets and traffic was  counted
round-the-clock in a typical week day.

A full survey, including topographic characteristics, sound
absorption characteristics of the ground, presence of natural and
artificial barriers, and the specification of the emission sources (pro-
file, cross section and pavements of streets) was  carried out for
the whole city. The noise maps have been made for a height of
1.2 m,  as this height was the recommendation of NP 1730 (1996)
and corresponds approximately to the height of the ears of a per-
son. The same height was  adopted to the air pollution maps in
the following section. In order to validate the noise map  pro-
duced for the city of Viana do Castelo a measurement campaign
was undertaken to establish environmental noise levels in the city.
In accordance with APA (2008) and with NP 1730 methodology,
three long-term measurements were carried out. The site selection
was undertaken according to the following criteria: predominant
influence of one type of source, predicted values exceeding the
regulatory requirements (hot spots) within the perimeter of the
urbanised area closest to the source, and doubtful results. The
measurements were made over two  typical days. In each case
the measurement height was 1.2 m, carried out away from the
faç ade of buildings (≥4 m).  The comparison between measure-
ments taken on-site and the noise map  has confirmed the generally
good performance of the model. It was  found that Lden mea-
sured levels were generally within 3 dB(A) of the Lden predicted
levels (Silva, 2008).

The model utilised the accumulated data to produce horizontal
noise maps for winter and summer traffic scenarios. These maps
should be interpreted as long-term maps. The following calculation
parameters were adopted:

Grid spacing: software-generated variable grid spacing (less than
10 m);
Height of the map: 1.20 m;
Occurrence of favourable meteorological conditions: in compli-

ance to WG-AEN (2006),  day period 50% (p = 0.5); evening period
75% (p = 0.75); night period 100% (p = 1);
Number of rays: 50; distance propagation: 250 m;
Reflection order: 2nd;

nario, Lden (Silva, 2008).
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Table  3
Population and area exposed to noise.

Noise level Lden [dB(A)] Summer scenario

Population (%) Area (%)

≤35 4.98 13.02
≤40 4.12 6.62
≤45 10.84 10.11
≤50 14.19 13.59
≤55 18.53 16.21
≤60 16.31 15.35
≤65 14.00 11.30
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Table 5
Areas and populations affected by air pollution.

cityAir Summer scenario

Population (%) Area (%)

=0 0.2 0.2
<0.35 0.0 0.0
<0.65 0.0 0.0
<0.85 71.7 47.3
≤1.0 28.0 52.4
Total 100 100
>65  17.03 13.80
Total 100.00 100.00

Output: Lden(A) day–evening–night period, long-term average
[dB(A)];
Road surface: variable; average speed: variable.

In this article, the results are presented for the most critical
cenario: the summer scenario (Fig. 4).

The 2001 population data, obtained from the Census Bureau
ENSO2001 and georeferenced to the smallest geographical spa-
ial unit available – the census block, was stored in a topological
IS coverage and overlaid together with the Lden map  in order to
nd out the percentage of people and territory exposed to noise
bove the legal limits. For this purpose, a uniform distribution of
he population within the blocks was assumed. The results can be
bserved in Tables 3 and 4.

.2. Air pollution of Viana do Castelo

The characterization data of the sources was originated from the
wo traffic counting campaigns as described in the previous sec-
ion. Main and secondary roads were modelled explicitly, as was
ne pulp and paper mill located in the vicinity of the city. This fac-
ory was modelled as one point source that represents the stack.
ne single profile was developed to represent the hourly variation
f traffic flows on all the roads. A full survey, including topographic
haracteristics, surface roughness and the specification of the emis-
ion sources, and cross and longitudinal profiles (for canyon roads)
as carried out for the whole city.

The methodology adopted for the validation of urban air dis-
ersion model was based in BOOT statistical approach, deriving
rom that of Hanna and Paine (1989).  The calculated statistics
nclude mean, standard deviation, normalised mean square error,
ormalised bias and the FAC2. The pollutant used in the validating
rocess was CO, a primary and typical road pollutant. The pollu-
ants were measured at three monitoring sites in the city over three
ypical days. The validation process was developed at two  levels:
a) averaging the data in order to obtain daily concentration pro-
les, both for monitored and predicted data; (b) for each monitoring

ite, comparison of the averaged daily concentration profiles by the
OOT statistical methodology. The comparison of the modelled val-
es with pollutant concentrations measured in the control points

able 4
opulation and territory exposed to noise level above the legal limits.

Census blocks Summer scenario

Population (%) Area (%)

Areosa 12.6 12.4
Darque 11.7 5.8
Meadela 11.8 24.7
Monserrate 20.1 19.1
Santa Maria Maior 25.5 34.1
(Silva, 2008)

has confirmed the generally good performance of the model (see
Silva, 2008; Silva, Mendes, & Ramos, 2010).

Horizontal concentration maps were created using ADMS-
Urban model. These maps represent the average atmospheric
pollution situation in one year. The following calculation param-
eters were adopted:

Grid spacing: variable grid spacing (less than 10 m);
Height of the map: 1.20 m;
Meteorological conditions: data gathered at the automatic moni-
toring sites for one year (hourly);
Monin–Obukhov length: 30 m;
Surface roughness: 0.5 m;
Emissions inventory: database prepared for Viana do Castelo
including road sources and industrial sources;
Background file: annual average background concentration of
NO2, CO, PM10 and O3 at background monitoring sites (Silva,
2008);
Output: hourly average CO [mg/m3], NO2 [�g/m3], PM10 [�g/m3],
C6H6 [�g/m3], O3 [�g/m3];
Average speed: variable.

This article presents results for the summer scenario, since it is
the most critical scenario (Fig. 5a–e).

The combination of the concentration maps, according to Eq. (3),
results in an overall air quality map.

Model results were overlain with a population GIS layer to esti-
mate the affected population. Table 5 presents a synthesis of the
areas and populations affected by air pollution in the city.

3.3. City Noise-Air quality index of Viana do Castelo

According to Eq. (4) and the control points of the fuzzy function
for noise (Table 3), noise level values were normalised. CityAir and
cityNoise were combined according to Eq. (2),  yielding an overall
urban environmental quality map. Table 6 presents the classifica-
tion frame adopted, which considers five categories from Very Poor
to Very Good.

The final map  of the City Noise-Air quality index across the city

for the summer scenario is presented in Fig. 7.

Table 6
City Noise-Air quality classification.

City Noise-Air Quality classification

[0; 0,2[ Very poor
[0,2; 0,4[ Poor
[0,4; 0,6[ Fair
[0,6; 0,8[ Good
[0,8; 1] Very good
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Fig. 5. Air pollution maps, summer scenario: (a) carbon monoxide, CO; (b) nitro

. Analysis

The present work proposes a new urban environmental quality
ndex: City Noise-Air. If at least one of the environmental condi-
ions (pollutants or noise level) exceeds the accepted limit, the City

oise-Air index will reflect that exceedance and return zero (red). If

here is no limit violation, then City Noise-Air incorporates all of the
elected conditions into an overall quality index by a multi-criteria
ombination that allows trade-offs.
ioxide, NO2; (c) benzene, C6H6; (d) particulate matter, PM10; and (e) ozone, O3.

A  case study is presented in which City Noise-Air maps were
generated for Viana do Castelo, a mid-sized Portuguese city, based
on noise level (Lden) and concentrations of CO,  NO2, O3, C6H6 and
PM10.

Given the seasonal characteristics of the city, two long-term

scenarios were developed for summer and winter.

The cityAir index was developed to quantify city air quality. It
depends on the concentrations of the five major urban pollutants:
CO, NO2, O3, C6H6 and PM10.
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Fig. 6. CityAir

When none of the concentrations of these pollutants exceeds the
egal limit, cityAir is calculated by combining the concentrations of
ifferent species. The cityAir index is zero for areas with at least
ne pollutant concentration above the limit. Each area was  also
escribed as a binary data set, whereby a value of one signifies that
ll concentrations fall below the limit and a value of zero signifies

 threshold violation.

In combination with a Geographic Information System platform,

he models and technologies used in this study proved to be useful
or evaluating urban environmental quality. The predictive noise

odel is capable of continuously quantifying the city noise levels.

Fig. 7. City Noise-Air, s
mer scenario.

Although the inventory of air pollutant emission sources in the
city of Viana do Castelo included one integrated pulp and paper
mill, the road traffic sources provide the greatest contribution to air
pollution in the city. A dispersion model was used to calculate air
pollution in a continuous space of urban pollutant concentrations in
the city. Horizontal maps were created for all major air pollutants in
urban areas (CO2, C6H6, CO, NO2, PM10 and O3). The results demon-

strated that the highest concentrations of primary air pollutants
occurred in areas adjacent to major roads. The obtained results are
in agreement with field measurements and expected values. The
highest pollutant concentrations were found in areas with higher

ummer scenario.
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raffic flow or on roads with channel characteristics. Additionally,
he weather conditions in the summer scenario were relatively
nfavourable for dispersion and natural pollutant removal.

The cityAir index defines air quality within a range from zero
poor air quality) to one (good air quality). Applying this model to
he city of Viana do Castelo proved very useful for comparing the
oncentrations of major air pollutant species to their standards.
his model generates a summary index of air quality that is easy to
nderstand and intuitive for the general public.

.1. Noise

Based on an analysis of the city noise map  (Fig. 4) and of the
ummary tables, it can be concluded that Monserrate and Santa
aria Maior as the noisiest areas, followed by Meadela, Areosa and

nally Darque. About 12% of the total area of Areosa and about 6%
f Darque were above the legal limits. About 25% of the total area
f Meadela exceeded the limit value. Due to its use, this urban park
s classified as acoustically sensitive; observed noise levels indicate
hat Meadela is a critical area. About 19% of Monserrate and 34% of
anta Maria Maior exceeded the legal limits. Due to its high traffic
ow, the areas adjacent to Avenida 25 de Abril are identified as
coustically critical areas.

The historic centre (pedestrian zone) appeared to generally
omply with the legal limits.

.2. Air pollution

Of all the studied species, only NO2 was found to be above the
hreshold for human health protection (40 �g/m3). Air pollution

aps reveal that the concentrations of PM10, NO2, CO, CO2 and
6H6 are higher in areas that are adjacent to high-traffic roads
unning through and around the city.

Because ozone is a secondary pollutant, its highest concentra-
ions are not found near emission sources. Horizontal maps of O3
how that the maximum ozone concentrations do not exceed the
hreshold for human health protection (110 �g/m3). However, in
utlying areas, ozone concentrations reach the threshold for vege-
ation protection (65 �g/m3).

The distribution of the calculated cityAir index across Viana do
astelo revealed that air quality is globally acceptable in this city
Fig. 6). Nonetheless, the dearth of small zones on this map  may
e problematic. Small zones, including Av. 25 de Abril (the ramp to
he bridge), the roundabouts of the hospital and football field and
he access to the main road (IC1), have high levels of NO2 above the
egal limit.

Based on an analysis of Table 6, it can be concluded that in the
ummer only 0.2% of the population is exposed to a cityAir index
f zero.

. Conclusions

The urban environmental quality index used in Viana do Castelo,
ity Noise-Air, aggregates data for the assessment of air and noise
uality of a city and presents results in the context of standardised

egal limits for air pollution and noise.
Based on City Noise-Air, several priority areas for future miti-

ation and monitoring are proposed: Avenida 25 de Abril, Avenida
aspar de Castro, access to west IC1 and access to north and south
N13.
When the results of this analysis were presented to the Munic-
pality of Viana do Castelo, City Noise-Air index proved to be easily
nderstood and quite intuitive. For the problematic areas, a Moni-
oring & Mitigation Plan is being prepared.
ities and Society 4 (2012) 1– 11

In addition to the specific findings for individual areas of the city,
it is possible to draw some general conclusions and to appreciate
the potential uses of the model herein proposed.

The City Noise-Air index developed here is transparent, simple
and easy to understand. Indicator weights and dimensions used in
the City Noise-Air calculation depend on the control points defined
during the normalisation process. It is also possible to include
weighting factors depending on the geographic conditions within
particular urban contexts or in situations where it is determined
that one pollutant mechanism is more important than others. A
variety of options can be used during the City Noise-Air calculation
to focus index results on different dimensions and indicators of
overall urban environmental quality. Additionally, the dose-effect
relationships in relation to the impact of noise and air pollution
exposure on human health could be adopted for the standardis-
ation process rather than the sigmoidal functions used here. This
would allow the assessment of combined noise and air pollution
risk within human health context. However, this is an area where
further application and analysis could be considered in the future.

The development of the City Noise-Air index has consider-
able potential for use in aiding the decision-making process of
urban planners and policy makers in a variety of urban contexts.
Rather than viewing noise and air pollution impacts separately
for planning and environmental sustainability considerations, the
possibility of assessing noise and air pollution in a combined envi-
ronmental pollutant index has been demonstrated.
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