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The between perception of individual exposure to different environmental stimuli; microclimate, noise and
especially particulate matter (PM) was examined. Microclimate, noise and PM were monitored during field
surveys with 260 questionnaire-guided interviews at a road construction site and a traffic site on the UC San
Diego campus. The overall comfort was determined primarily by the thermal environment. The air quality was
considered to be poor by 42% of the interviewees at the construction site, whichwas burdenedwith higher PM
counts and sound levels. Overall, higher PM concentrations were correlated with perception of poor air
quality. Similarity between the overall air quality and how dusty it feels suggests that visual clues of PM, such
as dust, affect the perception of air quality and pollution. The effect of medical or smoking history on the
perceived air quality was also examined. People with a medical history of hay fever voted more frequently for
poor air quality conditions than those without, whereas current smokers were the least sensitive to ambient
air quality conditions. Through the exposure–response relationships between the various perception votes
and PM, it was possible to predict perceived air cleanness using the PM count. Understanding the human
assessment of environmental stimuli could inform the design and development of urban spaces, in relation to
the allocation of uses and activities, along with air quality management schemes.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Urban populations are vulnerable, as a result of the Urban Heat
Island, where temperatures in built areas are higher than the
surrounding countryside, and poor air quality due to enhanced local
emissions (Daniels et al., 2000; Yaghoobian et al., 2010). This vul-
nerability to chronic exposure will increase further under global
warming, as increased temperatures increase heat stress and are often
associated with higher pollution concentrations (Sarrat et al., 2006).

In the context of sustainable urban environments, there is increased
interest on the provision of open spaces and environmental quality. A
successful network of external public spaces promoting outdoor living
can play an important role in cooling cities. It can also prevent people
from withdrawing to air-conditioned indoor spaces, further burdening
the environment under increased air temperatures due to urbanisation
and climate change. Open spaces can be even more beneficial in neigh-
bourhoodswithpoor socio-economic status. Increasedoutdoorpresence
enhances security and increases physical activity thus reducing the

burdenof chronic diseases.Other benefits includeenabling the increased
use of greener modes of transport, such as cycling and walking.

To improve the environmental quality and design of open spaces,
it is critical to evaluate individuals' perception of environmental
conditions, in particular microclimate, noise and air quality. Such
knowledge also can be used to induce environmentally sustainable
behaviour. Understanding the human assessment of air quality will
allow the development of targeted outreach campaigns by local
authorities and policy makers to protect the population from such
exposure, as recent studies found that air quality advisories for the
public were not effective in changing individuals' behaviour, even
in severe air quality episodes. Behaviour change was predominantly
motivated by perception of the environmental conditions and not the
advisory system (Semenza et al., 2008).

This article seeks to improve our understanding of the perception
of different environmental stimuli, focusing on the sensory awareness
of individuals' exposure to different levels of resulting environmental
quality, by monitoring microclimate, noise, and especially particulate
matter (PM) in a focused case study. PM (i.e. small particles) is of
great concern because it can remain airborne for days (Park et al.,
2006; Sapkota et al., 2005), contains toxic substances that accumulate
over the particle lifetime (Moffet et al., 2008) and enters the human
lungs (Harrison, 2004).
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Microclimatic conditions are now increasingly accepted as a critical
parameter for the use of open spaces in the urban environment, al-
though the responses to the microclimate may be unconscious
(Nikolopoulou et al., 2001). This study also highlighted that theoretical
thermoregulatory models do not accurately reflect the perception and
evaluation of outdoor comfort conditions. Consequently, various field
surveys have been conducted to investigate people's perception of
microclimatic parameters and the resulting thermal comfort conditions.
The RUROS study was conducted with surveys in different European
cities in 2001–2002 (Centre for Renewable Energy Sources, 2002). Local
microclimatic monitoring was combined with the evaluation of these
conditions by users of open spaces, leading to a large database of nearly
10,000 interviews. This comparison of objective and subjective data
shed light on the understanding of outdoor thermal comfort through
perception (Nikolopoulou and Lykoudis, 2006) and even suggested
relationships between meteorological parameters and thermal sensa-
tion and comfort, based on empirical data (Nikolopoulou et al., 2004).
RUROS also evaluated the acoustic environment and psychological
parameters in perceiving soundscape (Yang and Kang, 2005). They
found that although subjective evaluation of the sound levels were
correlated with the mean equivalent sound pressure levels, consider-
able differences occurred with the acoustic comfort evaluation. The
importance of personal parameters, activities, perceptions, and other
non-acoustic factors for the evaluation of acoustic comfort has since
been confirmed by further studies (Szeremeta et al., 2009; Kang and
Zhang, 2010).

In thefieldof air quality, identifying relationshipsbetweenperceived
and actual levels of pollutants has not been possible (Brody et al., 2004).
Due to the serious health implications of different air pollutants most
of the work on perception has focused on the perceived risks and
epidemiological studies (Oglesby, et al., 2000; Rotko et al., 2002; Klæboe
et al., 2008; Llop et al., 2008; Badland and Duncan, 2009). While public
perception studies have been dating back to the 1960s (Craik and Zube,
1976; Brody et al., 2004), only recently has empirical research started to
examine the local level (Brody et al., 2004). Even in these cases, the data
are usually stratified by neighbourhood and not measured or assessed
at the local pedestrian level. This assessment at pedestrian level is
important as recent studies revealed that there are large variations
between the air quality levels at fixed monitoring stations and at the
local scale, or even at different sides of the road (Kaur et al., 2005).

Most studies on perception of air pollution have been carried out
through social and public opinion surveys, which focused almost ex-
clusively on the awareness or level of concern about air pollution,with a
few studies also investigating behavioural impacts or the psychological
consequences of air pollution (Howel et al., 2003). A recent review of
the air pollution perception literature (Bickerstaff and Walker, 2001)
showed that publicity about air pollution has been an important factor
in influencing public awareness of air pollution. Thus it was not possible
to identify whether people actually sensed polluted air in their envi-
ronment, or whether their perception was biassed by media coverage.
Assessing the ability of people to detect the existence of polluted air
in their environment is further complicated by the interference of
other environmental parameters affecting the overall comfort of the
individual.

Recent studies on the local scale have provided information on
place-specific conditions and evaluated how the location and its
surroundings are important in the experience of air pollution (Day,
2007; Brody et al., 2004; Bonnes et al., 2007). Arguing that the
psychological effects of air pollution may often be more important
to well-being than the biophysical effects, the EXPOLIS project also
linked annoyance with exposure to air pollution from vehicular traffic
(PM2.5, PM10 and NO2) at different cities across Europe (Rotko et al.,
2002; Amudsen et al., 2008; Klæboe et al., 2008).

Also, studies evaluating indoor environmental conditions in climate
chambers and offices have shown that perception of air quality is sig-
nificantly influenced by temperature and humidity (Fang et al., 2004).

Wargocki (2004) agrees that the combined effect of olfactory, chemical
and thermal sense affects the perception of air quality in the indoor
environment. As the outdoor context offers enormous variability in
microclimatic and air quality conditions, it could then be expected that
perception of air pollution varies under different weather conditions
(e.g. calm wind conditions, temperature inversions, heat waves, large
solar irradiance resulting in photochemical smog, etc.).

This paper investigates the individual perception of exposure to
different environmental stimuli, especially PM, at the local scale. The
research framework and data collection are described in Section 2 and
the conditions of thermal environment, noise, and PM are sum-
marised in Section 3. In Section 4, we examine the perception of these
stimuli separately by type. Potential sensitivity to PM is also examined
via the effect of medical and smoking history on the perceived air
quality. The development of exposure and response relationships,
based on sensory awareness, is examined in Section 5. It is important
to stress that this is a focused study, aiming to test the validity of the
overall concept which could then lead to large-scale empirical studies.
Such studies could investigate threshold levels at which different air
pollutants can be perceived, sensory adaptation and habituation, as
well as confounding effects of different forms of air/noise pollution
and microclimate.

Understanding the human assessment of environmental stimuli
could inform the development of urban spaces, in relation to the
allocation of uses and activities, as well as evaluating physical inter-
ventions to improve environmental quality. At a different level, such
knowledge could indirectly inform air quality management schemes
by addressing the public's interaction with the environment and
motivation for change.

2. Research Framework

TheUniversityof Bath,UK, and theUniversity of California, SanDiego
(UCSD, USA) collaborated in a project to evaluate the individual
perception of exposure to different environmental stimuli and different
concentrations of particulate matter (PM). Since westerly (onshore)
winds persist for most of the year, significant PM concentrations in
coastal San Diego are only expected near construction sites or during
forest fire events (County of San Diego Air Pollution Control District,
2007).

The UCSD campus was used as a case study for several reasons.
There are various on-going construction projects and hence elevated
PM levels could be studied. Also, UCSD has established a unique
network of stations to monitor environmental conditions on campus
for the Decision Making using Real time Observations for Environ-
mental Systems (DEMROES) project (Dominguez et al., 2007) that
provided the microclimatic information and measurement infra-
structure necessary for this work. Furthermore, as the campus is
reminiscent of suburban environments, perceptions are not subject
to the urban versus rural dichotomy that could lead to location being
the parameter controlling perception, rather than air quality levels
themselves (Brody et al., 2004).

The field surveys involved questionnaire-guided interviews with
the users of two sites on the UCSD campus (near 32.88ºN, 117.24ºW),
one a key node for vehicular traffic and public transportation (TS) and
the other a construction site (CS), where road surfacing work was
conducted, bordering a park on one side and built up areas on the
other. The two sites were about 750 m apart along a NNW–SSE axis,
about 1500 m east of the Pacific Ocean (Fig. 1).

The surveys were conducted in summer 2008 by undergraduate
students at UCSD who were trained prior to the project in survey
techniques and use of questionnaires. Concurrent highly time-
resolved environmental monitoring was taking place locally, in order
to record the microclimatic, noise and air quality parameters the
interviewees were experiencing. To this effect, an enhanced mobile
DEMROES station, mounted on a 2 m high tripod, was installed
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temporarily at the survey sites. It was equippedwith an Extech 407740
Type 2 sound level metre (at 1.5 m above ground level), a Davis
Instruments anemometer andwindvane at 1.9 m, aHumirelHTM2500
temperature and relative humidity probe at 1.8 m, and a Licor SZ200
pyranometer at 2 m.

A Shinyei PPD20V particle counter sensitive to particles with a
diameter larger than 1 μm was used to determine the number con-
centration of PM in particles per litre. PM emissions from traffic
combustion are smaller than 0.5 μm and cannot be detected with this
device. Based on a detailed chemical characterization of particulate
matter at a nearby site (Toner et al., 2008) we expect the majority of
the particles in the N1 μm range to be sea salt and local dust from
the wind shear created by vehicular traffic and construction. Since
international health standards and PM measurements are usually
reported in μg m−3 a conversion factor was needed to allow better
intercomparison of the reported PM concentrations. Given that the
sensor used is able to identify particles between 1 μm and 10 μm and
assuming a typical PM size distribution, the average aerodynamic
diameter would be around 3 μm (Seinfeld and Pandis, 1997). Thus, for
a typical silicate particle density of 2.2 g cm−3 the conversion factor
for transforming particle counts per volume air into particle mass per
volume air would be equal to 0.028 (μg m−3 per part/l). This con-
version to mass concentration is approximate but does not affect the
analysis qualitatively.

Using meteorological and air quality variables recorded every 2 s,
average meteorological and air quality, and equivalent sound level
values were calculated for the exact period when each interview was
conducted. The interviews were carried out at a distance of at least
5 m from the sound level metre, to avoid influencing the noise levels.

The participants in the surveys included students and staff, selected
at random, from the areas under investigation. They were asked to
answer all the questions with direct reference to the site they were
interviewed at and for the specificmoment in time; as opposed to their
general impression of the area.

As no general evaluation was asked for, this approach should avoid
anybias through the ‘haloeffect’where residents in anareaare reluctant
to recognise poor air quality conditions in their vicinity (Bickerstaff
and Walker, 2001; Bickerstaff, 2004).

The questionnaire was developed by merging microclimatic
parameters and noise questions similar to the RUROS project (Centre
for Renewable Energy Sources, 2002) with air quality questions from
studies on indoor climate (Engvall et al., 2004; Environment Protection
Agency, 2003;Mendell et al., 2007;Wargocki et al., 1999). Specifically,
the questionnaire asked for gender, age, smoking status, perceptions
about the thermal and acoustic environment, environmental quality,
and health and well-being. The symptoms elicited from the question-
naire included nose blocked, dry nose/throat/mouth/skin; and dry or
itchy eyes. Past history with asthma, hay fever and eczema were also
taken into account. The interviewees were reporting their evaluation
of different environmental parameters on a 5-point scale and
preference on a 3-point scale, as well as their assessment of their
overall comfort state (Table 1).

3. Environmental and Demographic Data

Overall, 6 days of surveys were carried out in August and
September 2008. A total of 260 questionnaires were completed.

Descriptive statistics and histograms were employed to illus-
trate the interviewees' characteristics, their responses, as well as
possible differences between sites or groups of people. Whenever
needed chi-squared tests provided significance levels for the ob-
served differences. The relationship between the various perception
variables and the implied causative environmental parameters was
investigated using Pearson correlation coefficients. All the coeffi-
cients reported in the following sections are significant at the
0.05 level or better. The effect of confounding parameters was also
investigated using partial correlation coefficients and cross-tabs, as
well as chi-squared tests against equiprobability. Finally, ordinal
regression based on a logit probability model, was used to quantify
the relevance of the various parameters with respect to the

Fig. 1. (a) Overview of the survey sites (adapted from Google Earth), (b) Gilman shuttle
stop TS with the DEMROES station visible in the centre, and (c) construction site CS.
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reported perception votes. All data analyses were performed with
SPSS (SPSS Inc., 2008).

3.1. Microclimatic Data

Weather conditions in San Diego are strongly affected by proximity to
the ocean resulting in a diurnal sea breeze circulation which, in turn,
results in a small diurnal temperature range and high humidity (Western
Regional Climate Center, 2009). The range of air temperature over the
specificmeasurement periods was small (20.6 °C to 24.4 °C)with amean
of 23.1 °C. Relativehumiditywasmoderate tohigh (meanat 79%) andalso
had a narrow range, varying from 71% to 85%. Although all survey days
were sunny, the changing solar angle and surrounding obstructions
caused global horizontal solar radiation to bemore variable.Wind speeds
were low, varying between 0.3 and 3 m s−1, with a mean value of
1.5 m s−1. There was no significant topographical difference between the
two sites, as both of them are open and exposed to the wind.

3.2. Sound Level Data

Equivalent sound pressure levels were obtained from the 2 s mea-
surements (in dB(A)), by first converting the latter to sound pressures
(in Pa) that can be averaged arithmetically, and then converting these
to sound pressure levels (in dB(A)) (Pfafflin and Ziegler, 2006).

Soundpressure levels are higher for the CS (Fig. 2a,b). Although both
sites have a minimum sound pressure level around 62 dB(A), the
maximumvalue of the CS is 87.5 dB(A), as opposed to 77.1 dB(A) for TS.
Overall, the acoustic environment is rather poor for both areas, with
equivalent sound pressure levels of 78.6 dB(A) and 68.9 dB(A), for the
CS and TS, respectively. These values represent the noisy activities
taking place (construction activities/heavy machinery in the former,
high level of vehicular traffic and buses particularly in the latter).

3.3. Air Quality Data

Air quality varies significantly between the two sites. CS is clearly
more burdened from an environmental point of view, as the PM count
distribution has a long tail towards higher values (Fig. 3a,b). The
minimum values are fairly similar for both sites (around 53 part/l),
but the maximum value is 3 times higher at CS (2868 part/l as
opposed to 967 part/l, or 80.3 μg m−3 as opposed to 27.1 μg m−3). The
mean value is 4 times higher (806 part/l as opposed to 216 part/l, or
22.6 μg m−3 as opposed to 6.1 μg m−3). The measurements reflect
the higher pollution load of the CS, which we attribute mainly to
dust loading. However, given that the campus is an open area and
well ventilated in an otherwise clean region, the absolute values are
considered rather good.

3.4. Demographic Data

The majority of the interviews took place at TS (163 or 62.7% of
the 260, as opposed to 97 or 37.3% at the CS), as more people could
be found there, given the nature of the site, an important public
transportation hub for the campus.

Gender composition was predominantly males (63.3%). Age is
biassed towards younger people with 67% in category 18–24 and
19% in 25–34. This is not surprising, given that both sites are on a
University campus, where the majority of the population is students.
Consistent with the general makeup of the student population at
UCSD, Asians and Caucasians are about equally represented in the
sample, at about 35% each. There were very few African or Mexican-
Americans and Native Americans.

In terms of the activities carried out, about 80% of the people were
either walking or standing, reflecting the nature of the sites. Only 20%
were actually sitting. In agreement with the recorded activities

Table 1
Extract from the questionnaire related to the environmental conditions.

How would you describe the wind environment at the moment? 

1. 2. 3. 4.  5. 

Would you prefer it to be? 

1. 2. 3. 
At the moment, do you find it: 

1. 2. 3. 4.  5. 
Would you prefer to be:

1. 2. 3. 
With regard to overall weather conditions, are you feeling comfortable at the moment?

1. 2. 
What is your opinion of the air at the moment?

1. 2. 3. 4.  5. 
What is your opinion of the overall air quality at the moment?  

1. 2. 3. 4.  5. 
How would you describe the acoustic environment at the moment?   

Very windy Windy Moderate A bit calm Calm

More windy No change Less windy

Cold Cool Neither cool nor warm Warm Hot

Cooler No change Warmer

Yes No

Very clean Fairly clean Neither clean nor dusty Fairly dusty Very dusty

Very good Fairly good Neither good nor poor Fairly poor Very poor

Very quiet Fairly quiet Neither  quiet nor noisy Fairly noisy Very noisy

1. 2. 3. 4.  5. 

2496 M. Nikolopoulou et al. / Science of the Total Environment 409 (2011) 2493–2502
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‘waiting for the bus’ is themain reason for being in the area (39.4% out
of the 62.7% that TS represents). The remaining group consists of
people passing by on their way to home/work/class, etc. Every day
users of the space are the largest group (47%) followed by weekly
users (35%).

4. Perception of Environmental Conditions

4.1. Thermal Environment

Regarding thermal sensation (Fig. 4), the conditions were
perceived as warm (48.3%). With regards to their overall comfort,
87.7% of the people voted comfortable. The interviewees seemed to
prefer no change (58.1%), or desired cooler conditions (39.2%) and
only 2.7% voted for warmer conditions. Regarding wind conditions,
nearly 70% preferred no change with 22.3% asking for more wind.

Wind perception is significantly correlated with wind preference
(r=−0.28), air temperature (r=0.18) and wind speed (r=−0.19).
Wind preference on the other hand is not correlated with wind speed
but only with air temperature (r=−0.21). This is not surprising since
under low wind speeds, as in these surveys, wind preference is
influenced by thermal sensation (r=−0.19).

Thermal vote is strongly correlated with thermal preference
(r=−0.40), implying that respondents who felt warmer preferred
to be cooler. Air temperature is well correlatedwith both thermal vote
(r=0.33) and preference (r=−0.17), whereas humidity and wind

speed are not. Finally thermal vote is correlated with solar radiation
(r=0.13) but preference is not. These results are consistent with the
RUROS field surveys (Nikolopoulou and Lykoudis, 2006).
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Overall weather related comfort is only correlated with air
temperature (r=0.16). Presumably, the limited variability of relative
humidity and wind speed during the survey periods did not allow for
any other relationships to manifest themselves. Also, no significant
correlation exists between the comfort vote and sound or PM levels.

4.2. Acoustic Environment

The overall impression of the acoustic environment is that it is
fairly noisy. In fact 56% voted for one of the noisy categories.
Considering each site separately, it becomes clear that the CS is by
far noisier than TS, with 81.3% of the votes on the noisy side of the
scale, against 40.5%. This is consistent with the sound pressure level
profile of the two sites presented in Fig. 2. Traffic and the construction
are the major sources of annoyance. Considering each site separately,
as expected, in the CS, construction is the single most dominant
annoyance factor (64%) followed by construction related activities,
such as machinery, trucks, etc. In TS on the other hand, traffic is the
only significant annoyance factor. Several interviewees did not
consider any particular source being an annoyance.

The personal evaluation of the acoustic environment, correlates
well with the recorded sound pressure levels (r=0.54), as well as
with the evaluation of how clean/dusty it feels (r=0.47). The latter
is presumably due to the common source of noise and pollution
(vehicular traffic and construction activities), which also explains the
good correlation between sound levels and PM levels (r=0.41).

4.3. Air Quality

More than 50% of the participants consider the air to be very or
fairly clean. A quarter of the people consider the air to be neither clean
nor dusty and 22.3% fairly or very dusty (Fig. 5a). Examining the two
sites separately, most people consider the air to be clean at TS (67.5%)
whereas, as expected, about 50% of the interviewees at the CS consider
the air to be dusty (Table 2).

The air quality vote distribution (Fig. 5b) is practically identical to
that of clean/dusty air vote, with similar complaints for the different
sites (Table 2).

Air clean/dusty vote has a very good correlation with air quality
vote (r=0.80). Both votes have good, statistically significant, cor-
relations with PM count (r=0.31 and 0.30) and surprisingly with
solar radiation (r=−0.31, −0.27). This could mean that the way
people perceive PM related air quality is through the visual effect
of particles, which becomes more noticeable under low irradiation
conditions, resulting in negative Pearson correlation coefficients for
solar radiation. This influence of visual clues of particulate matters,
such as dust, affecting the evaluation of air quality and overall
pollution is consistent with other studies, where visual evidence was
the most important for the perception of pollution (Bickerstaff and
Walker, 2001). In fact, the power of vision consistently has been found
to be integral in helping people understand pollution, through the
physical presence of dirt, soot, fumes, etc. (Bickerstaff, 2004; Hyslop,
2009).

Stacked bar-charts of the cumulative percentage of votes visualise
the distribution of votes at different levels of PM (Fig. 6). Both Air
Clean/Dusty and Air Quality votes demonstrate that as the PM
increases, the number of ‘clean’ and ‘good’ votes decreases, whereas
the number of ‘dusty’ and ‘poor’ votes increases. The bar on the far
right of each graph, corresponding to 3000 particles/l does not follow
this trend. From the frequency distribution of the PM data (Fig. 3), it is
apparent that there is little data for the high pollution loads and,
therefore, the respective cumulative frequencies are not reliable.

4.3.1. Perception of Pollution and Health Problems
In an attempt to understand the different stimuli that may affect

people's evaluation of air quality, the possible history of medical

conditions such as asthma, hay fever and eczema, as well as the
smoking status were also investigated, as these could affect sensitivity
to polluted air. The majority of the interviewees had no medical
history of asthma, eczema, or hay fever. The most common condition
was hay fever with 17.1% occurrence (n=44), followed by asthma
with 13% and eczema with less than 6% (n=15). Also, the majority of
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Table 2
Cumulative frequency distribution of air clean/dusty and air quality votes for the two
sites.

CS TS

Air clean/dusty
Very clean 4.1 5.5
Fairly clean 25.8 62.0
Neither clean nor dusty 20.6 6.4
Fairly dusty 33.0 4.3
Very dusty 16.5 1.8
Total 100.0 100.0

Air quality
Very good 6.2 8.0
Fairly good 26.8 62.0
Neither good nor poor 25.8 22.7
Fairly poor 32.0 6.7
Very poor 9.3 0.6
Total 100.0 100.0
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the people have never smoked (79.9%), while 13.9% were former
tobacco smokers.

To further examinewhether there is a difference in the way people
withmedical or smoking history perceive air quality, i.e. whether they
appear to be more sensitive to changes in PM levels we have created
cross-tabulations of air quality vote versus the existence or not of
a medical history. This was done both for all the data and only for the
CS data where, due to the elevated PM levels, we expect a clearer
differentiation (Table 3).

It appears that only people with a medical history of hay fever
voted more frequently for poor air quality conditions than those
without (Table 3). In fact of those with hay fever, 25.0% overall and
nearly 58.9% in the CS voted for poor air quality, compared to 18.8%
and 36.7% of those without hay fever.

People with asthma or eczema history voted less frequently for
poor air quality conditions than those without this medical history,
which could be attributed to the small number of interviewees we
had with a history of asthma and eczema, hence rendering such an
analysis unreliable.

Current smokers seem to be the least sensitive to air quality
(Table 3) since they invariably voted for neutral or good conditions,
whereas 22.7% of the non-smokers voted for poor conditions in both
sites, and 45.6% when only the CS was considered. The values for
former smokers were 13.9% and 33.3%, respectively.

4.3.2. Perception of Pollution and Health Symptoms
People were also asked whether they had any symptoms such as

blocked or dry nose, dry throat/mouth or skin, as well as dry/itchy
eyes, andwere asked to evaluate these on a 5-point scale varying from
‘not at all’ to ‘very severe’. Such symptoms were to be evaluated
against sensitivity to air quality to investigate the means by which
pollutants are being perceived (e.g. sensory irritation to eyes, nose,
throat, etc.).

Most of the interviewees (around 70%) did not present any
symptoms related to poor air quality, while a 20–25% presented some
mild symptoms. The distribution of the symptoms is the same for both
sites and does not depend on gender (not shown).

In order to explore the possible relationships between medical
history and smoking status with various symptoms and perception
of air quality, a series of partial correlation and chi-square analyses
were carried out. There appears to be a tendency for smoking to make
individuals less sensitive to poor air quality, but given the small
number of interviewees it was only significant at the 0.08 level. With
the constraint of having small samples in the various medical history
categories, there is no indication that prior medical history plays a
role in the way people perceive air quality.

Mann–Whitney (for medical history) and Kruskal–Wallis (for
smoking status) tests, conducted for equality of location of the
respective observed statistical distributions, also indicated that there
is no differentiation of the PM-related sensitivity according to the
existence or not of a medical history.

Chi-square tests of the observed dichotomous (trichotomous)
responses for medical history (smoking status) against equiprob-
ability, per symptom reported, revealed that medical history may
affect the rate of occurrence of a specific symptom. A history of hay
fever increases the odds of developing a mild symptom of Blocked
Nose (48% observed versus the 24% expected, significant at pb0.01),
Dry Nose (30% observed versus the 18% expected, pb0.05) and Dry
Mouth (33% observed versus the 19% expected, pb0.05). Also a
history of eczema is associated with increased moderate skin dryness
(27% observed versus the 9% expected, pb0.05). Finally Asthma is
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Fig. 6. Frequency distributions for the votes of (a) air clean/dusty and (b) air quality for
different levels of PM (N=260).

Table 3
Cross tabulation of air quality votes versus hay fever history and smoking status.

Air quality Hay fever history Smoking status

All data CS All data CS

Yes No Yes No Never smoked Former smoker Current smoker Never smoked Former smoker Current smoker

Very good 4.5 8.0 5.9 6.3 6.8 11.1 6.2 7.4
Fairly good 40.9 50.2 17.6 29.1 47.8 55.6 43.8 24.7 44.4 28.6
Neither good nor poor 29.5 23.0 17.6 27.8 22.7 19.4 50.0 22.2 22.2 71.4
Fairly poor 20.5 15.5 47.1 29.1 18.8 8.3 37.0 11.1
Very poor 4.5 3.3 11.8 7.6 3.9 5.6 8.6 22.2
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
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related to increased mild Dry Mouth (35% observed versus the 19%
expected, pb0.05) and moderate Dry Throat symptoms (12% ob-
served versus the 4% expected, pb0.05).

Smoking is associated with increased mild symptoms of Dry Nose,
and mild and moderate Dry Throat (both for current and former
smokers, Table 4). Current smokers also report increased symptoms of
eye dryness, although this is only based on 10 responses.

5. Modelling Exposure–Response Relationships

An attempt was made to build models for the prediction of the
various perception votes, using meteorological, noise and PM mea-
surements, aswell as factors like gender, ethnic group, age, medical and
smoking history as independent variables and controlling factors. We
focused on the perception of air quality, which is the key parameter
investigated in this paper. This exercise should provide information on
the significance of the independent variables and factors with regard to
the human perception and response to air quality.

The main parameters of interest in this study, namely the votes,
are ordinal. That means that they are ordered into classes, yet the
distances between adjacent classes are unknown, and by no means
equal to each other. Even though ordinal parameters can be used in the
context of an ordinary regression procedure this would imply an
underlying assumption of equality of distances between the categories
and the result would be a continuous instead of an ordinal variable.

In order to avoid these shortcomings we employed an appropriate
regression analysis based on ordinal regression, using SPSS (SPSS Inc,
2008). Ordinal regression, instead of providing an estimate of the
dependent parameter, provides an estimate of the probability that the
dependent parameter will fall into each ordinal category. The category
corresponding to the maximum probability is the final estimate for
the dependent variable. The background theory for this approach is
given in the Appendix.

Using the parallel line test, we found that the assumptions
underlying ordinal regression are fulfilled and can be used to predict
air quality and cleanness vote using PM count (Table 5). Other en-
vironmental and personal factors such as solar radiation, medical
or smoking history, etc. have been tested but do not produce models
with significant coefficients, and so they have been excluded from
further discussion.

The cross-tabulation of the results (markedwith bold characters in
the diagonal of Table 6) demonstrates that the Air Clean/Dusty model
that uses only PM count as an independent variable is reproducing the
recorded votes fairly well — about 50% correct classifications for the 3
middle categories (i.e. 2=fairly clean, 3=neither clean nor dusty,
4=fairly dusty), and 20% for the high category (5=very dusty,
Gamma statistic=0.545, p=0.000).

Air Quality vote can also be estimated by PM count (Table 5) and
the parallel line test was also successful. However, cross-tabulation of
the model predictions with the actual interview votes shows that the
model classifies all cases into only two out of five classes. Hence it
cannot be considered as successful even though the Gamma statistic
(0.540, pb0.01) is satisfactory. As before, other factors such asmedical
or smoking history, etc. have been tested but do not produce models
with significant parameters.

Further insight on the probability of having a certain response
under specific conditions — values of the independent (control),
parameter can be obtained by the cumulative probability plots (Fig. 7),
generated by introducing the ordinal regression model parameters
(see Eq. (3) in the Appendix).

Hence, to predict how different people would perceive the air
cleanness or quality at different PM concentrations we can look at
the cumulative distributions presented in Fig. 7a and b respectively.
For example, at 3200 particles/l (or around 90 μg m−3), 50% of the
population would be expected to vote higher than 4, i.e. very dusty
(Fig. 7a) and the air quality would be perceived as very poor for about
32% of the population (Fig. 7b).

The concentrations at which poor air quality is perceived by a
majority of the population might seem high compared to the current
EU limits of 40 μg m−3 (Commission of the European Communities,
2001), but it should be borne in mind that the EU limits refer to a mean
annual value, whereas our analysis has been performed on instanta-
neous exposures. Instantaneous exposures will be significantly larger,
especially in proximity to roadways and during high pollution episodes,
and could be avoided based on individual perception.

Table 4
Chi-square analysis for smoking history and prevalence of different symptoms.

Symptom
severity

Dry nose⁎ Dry throat⁎ Dry/itchy eyes⁎⁎

Observed (%) Expected (%) Observed (%) Expected (%) Observed (%) Expected (%)

Never smoked A little 14 17 14 18
Former smoker 33 17 33 18
Current smoker 25 17 31 18
Never smoked Moderate 2 4
Former smoker 11 4
Current smoker 13 4
Never smoked Quite a bit 2 4
Former smoker 3 4
Current smoker 31 4

⁎ pb0.05.
⁎⁎ pb0.001 (N=260).

Table 5
Ordinal model estimates for prediction of Air Quality votes (N=260).

Air quality vote Estimate Std. error Sig.

Threshold Very good=1 −2.22 .25 .000
Fairly good=2 .68 .16 .000
Neither good nor poor=3 1.90 .20 .000
Fairly poor=4 3.82 .36 .000

Location PM .001 .000 .000

Table 6
Reproduction (%) of the Air Clean/Dusty vote by the ordinal regression model
(N=260).

Air clean/dusty vote Total

1 2 3 4 5

Air clean/dusty model Very clean=1
Fairly clean=2 5.5 51.7 22.9 12.7 7.2 100.0
Neither clean 14.3 57.1 28.6 100.0
nor dusty=3
Fairly dusty=4 18.2 18.2 54.5 9.1 100.0
Very dusty=5 20.0 40.0 20.0 20.0 100.0
Total 5.0 48.6 23.9 15.1 7.3 100.0
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6. Conclusions

We have presented the results of a localised study aimed at
enhancing our understanding of the connections between individual
perception and exposure to different environmental stimuli; micro-
climate, noise and especially particulate matter. People were asked to
evaluate environmental quality at the same time and location as
highly time-resolved physical measurements were carried out, so the
objective and subjective parameters could be directly linked. Since
our sample size is relatively small (260 interviews), the results should
be regarded as indicative of the trends in actual perception of pollution
and the relative importance of various other factors.

The surveys took place in daytime on sidewalks next to a road
construction site (CS) and a medium density traffic site (TS). The
meteorological conditions were generally sunny, warm, moderately
humid, andwith light winds. At both sites the environment was noisy.
The particulate matter concentration was generally low, but the CS
was burdened with higher PM counts (presumably from dust) and
higher sound levels.

The overall comfort was determined primarily by the thermal
environment, with no correlation between comfort and sound or PM
levels. Overall air quality is considered to be clean by more than 50%
of the participants. Air quality vote distribution is strongly correlated
to the Air Clean/Dusty votes, and both of these perception votes
are correlated with the PM count. Overall as the concentration of
PM increases the number of ‘clean air’ and ‘good air quality’ votes
decreases, whereas the number of ‘dusty air’ and ‘poor air quality’
votes increases. Through the exposure–response relationships be-
tween the various perception votes and PM, it was possible to predict
air cleanness using the PM count. The model performed fairly well for

the three middle categories, where the majority of the votes existed
and less well for the two extreme categories.

Surprisingly, these perception votes also present a significant
negative correlation with solar radiation, suggesting that the way
people perceive PM is through the visual effect of particles that
inevitably becomes more noticeable under low irradiation con-
ditions. Hyslop (2009) suggests that impaired visibility is the result
of air pollution due to light scattering on particles or more extreme
cues such as smoke from chimneys or car motor exhausts.

The effect of medical or smoking history on the perceived air
quality was also evaluated. People with a medical history of hay fever
voted more frequently for poor air quality conditions than those
without, whereas current smokers were the least sensitive to air
quality. Medical history affects the occurrence of specific symptoms
as can be expected, e.g. symptoms of blocked nose for those suffering
of hay fever, dry throat for smokers. The analysis also suggests that
there appears to be no statistically significant differentiation of the
PM-related sensitivity according to the existing medical history —

although the sample with such history is small.
This work shows promising results but the confidence of these

results is affected by the small number of responses. An extensive
study investigating different levels of air pollution in different urban
settings would help us to disentangle the effect of these parameters.
Furthermore, it would help us to identify threshold levels that dif-
ferent air pollutants need to reach for them to be perceived by
individuals, while investigating the means by which these pollutants
are being perceived (e.g. sensory irritation to eyes, nose, throat; visual
appearance, etc.).

Understanding the role of air quality in the overall satisfaction
with the environment will open new dimensions for urban planning
and the development of urban spaces. Individuals' perception of
ambient environmental conditions, in particular microclimate, noise
and air quality, can influence the ‘liveability’ of a city. An in-depth
analysis of the human parameter will open new horizons for
evaluating the use of physical intervention through urban and built
form in urban design to improve environmental quality and increase
adaptive capacity to climate change. The impact on urban design, in
relation to the allocation of uses and activities in the urban context
could also be significant. Finally, it can indirectly inform air quality
management schemes and outreach campaigns by addressing the
public's interaction with the environment and motivation for change,
to induce environmentally sustainable behaviour. As Uzzell and
Moser (2006) highlight “it is not the quality of the environment, but
how people interact with it that may be a principal explanatory factor
in well-being”.
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Appendix

Ordinal logistic regression is a procedure aiming to predict the
odds of observing a particular score or less (Agresti, 2002; SPSS Inc.,
2008). In the case of votes based on sensation this could be formulated
as modelling the following odds:

Uj = P Y≤ jð Þ= P Y N jð Þ ð1Þ

where P denotes probability, Y is the response variable and j=1, n−1
where n is number of classes. Class n does not have an odds associated
to it since the range below or equal to this class covers the whole data
set.

The ordinal logistic model for a vector of independent variables
and controlling factors Xi, is then:

ln Uj

� �
= aj + ∑

i
−bi⋅Xi ð2Þ

Larger bi location coefficients indicate an association with higher
votes. A positive coefficient for a dichotomous factor implies that
higher votes are more likely for the first category. A negative coef-
ficient implies lower votes aremore likely. For a continuous variable, a
positive coefficient implies that as the values of the variable increase,
the likelihood of larger votes increases.

Each logit (Uj) has its own threshold, aj but the same location bi for
each parameter of the control vector Xi. That means that the effect of
the independent variable is the same for the different logit functions.
This suggests that the results are a set of parallel lines or planes—one
for each category of the outcome variable, in our case for each vote.
This assumption can be checked by allowing the coefficients to vary,
estimating them, and then testing whether they are all equal.

For a single control (independent) variable, X, if the assumption of
parallel lines is valid, the probability of a response Y being greater or
equal than j, when the independent variable has the value x is:

P Y≥ j jX = xð Þ = 1− eaj−b⋅x

1 + eaj−b⋅x
ð3Þ

A goodmodel has statistically significant location bi and a favourable
test of parallel lines (large significance level). This is an initial
assessment though. The performance of themodel in terms of assigning
the cases to the correct ordinal class has to be assessed in a second step.
To do that we employ the Gamma statistic on the crosstab table among
the original and the modelled classifications. Gamma statistic is a
symmetric measure of association between two ordinal variables that
ranges between−1 and1. Values close to anabsolute valueof 1 indicate
a strong relationship between the two variables.
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