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A B S T R A C T   

Portable miniaturised scanning mobility particle sizer (SMPS) instruments measuring atmospheric particles 
within the 10–241 nm size range were used to track particle number size distributions and concentrations during 
near-simultaneous pedestrian, bicycle, bus, car, tram and subway commuting journeys in Barcelona, Spain on 
4th-6th July 2018. The majority of particles in this size range were <100 nm, with k-means cluster analysis 
identifying peaks at 15–22 nm, 30–40 nm, and 45–75 nm. Around 10–25% of the particles measured however 
were >100 nm (especially in the subway environment) and so lie outside the commonly defined range of “ul-
trafine” particles (UFP, or <100 nm particles). The study demonstrated in detail how personal exposure to quasi- 
UFP (QUFP, <241 nm), most of which present in the city streets are produced by road traffic, varies greatly 
depending on the transport mode and route chosen. Proximity to fresh traffic exhaust sources, such as in a car 
with open windows, on-road cycling, walking downwind of busy roads, or in a subway station contaminated by 
roadside air, enhances commuter exposure to particles <30 nm in size. In contrast, travelling inside air- 
conditioned bus or tram offers greater protection to the commuter from high concentrations of fresh exhaust. 
Ultrafine number size distributions in traffic-contaminated city air typically peak in the size range 30–70 nm, but 
they can be shifted to finer sizes not only by increased content of fresh proximal exhaust emissions but also by 
bursts of new particle formation (NPF) events in the city. One such afternoon photochemical nucleation NPF 
event was identified during our Barcelona study and recognised in different transport modes, including under-
ground in the subway system. The integration of static urban background air monitoring station information with 
particle number concentration and size distribution data obtained from portable miniaturised SMPS instruments 
during commuting journeys opens new approaches to investigating city air quality by offering a level of detail 
not previously available.   

1. Introduction 

There is by now a huge body of scientific evidence demonstrating 
that the human population is suffering a self-inflicted environmental 
health crisis in which urban air quality is being severely compromised 
by road transport emissions (e.g. Morawska et al., 2008; Kumar et al., 
2014, 2018; Kelly and Fussel, 2015; Steiner et al., 2016; Nieuwenhuijsen 
et al., 2018; Pope, 2020). Current estimates of the effects of air pollution 
on human longevity (e.g. Lelieveld et al., 2020) calculate millions of 

deaths worldwide annually brought forward, a health insult similar in 
scale to smoking-related diseases, with road traffic being the main 
culprit. These health effects are most commonly associated with parti-
cles measuring around 100 nm or less (defined as ‘ultrafine’ particles or 
UFP; Kumar et al., 2014; Krecl et al., 2017). Indeed, key to under-
standing the pervasiveness of our 21st century urban air pollution 
problem is that the extremely fine size of most inhaled traffic aerosols 
means that they can translocate from the lung to the systemic circulation 
so that “air pollution can harm nearly every organ in the body, and 
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particulate matter (PM) is the main offender” (Schraufnagel, 2020). In 
this size range the particles are low in mass (PM) but high in in number 
(PN) concentrations, and most are small enough (<100 nm) to enter 
cells by endocytosis and express their toxicity by impacting on intra-
cellular redox state and disrupting cellular processes (Burello and 
Worth, 2011; Familiari et al., 2019). Intracellular particles <40 nm in 
size have even been shown to be capable of passing from the cell cyto-
plasm into the nucleus (Panté and Kann, 2002), with their elevated 
surface/volume ratio offering greatly enhanced biological reactivity 
(Auffan et al., 2009). The very smallest particle sizes approach atomic 
scales, the so-called “ultrasmall nanoparticles” of Hewitt et al. (2020) 
and including the traffic “nanocluster aerosols” of Rönkkö et al. (2017), 
giving them the ability to mimic biological macromolecules and so 
potentially interfere with cell machinery. In the context of traffic pol-
lutants then, increasing recognition of the complexities of particle bio-
reactivity at UFP size levels demands improved understanding of the 
patterns of particle size ranges being inhaled. 

The technical challenge of measuring the particle size distributions 
of UFPs has been met primarily by the development of differential and 
scanning mobility particle sizers (DMPS and SMPS). The SMPS in 
particular is considered a reference instrument for measuring particle 
number size distributions (PNSD) in the submicron range (Giechaskiel 
et al., 2013; Xue et al., 2015) and is widely employed to analyse air 
quality at static and mobile monitoring stations (e.g. Pirjola et al., 2012; 
Brines et al., 2014, 2015; Harrison et al., 2011, 2019). A limited number 
of experiments have used more portable versions of these spectrometers 
to measure nanometric PNSD at roadsides (e.g Al-Dabbous and Kumar, 
2014) and inside moving motor vehicles (e.g. Giechaskiel et al., 2005; 
Zhu et al., 2007; Joodatnia et al., 2012). In this paper we move a sig-
nificant step forward by experimenting with a newly developed mini-
aturised portable SMPS instrument whilst commuting through a 
traffic-congested city. The data collected examine the size distribution 
of particles in the range 10–241 nm and thus offer the opportunity to 
compare quasi-UFP (QUFP, <241 nm) PNSD commuting exposure pat-
terns encountered by individuals moving through the city. Using these 
state-of-the-art instruments we were able to simultaneously collect data 
on return journeys from the suburbs to the city centre using contrasting 
transport modes. 

2. Methodology 

2.1. Instruments 

The Barcelona SMPS commuting campaign used six custom-built 
miniaturised scanning mobility particle sizers (Hy-SMPS) developed 
by Hanyang University (Lee et al., 2015). These instruments are capable 
of measuring PNSD in the diameter range of 9.5–241.4 nm (QUFP), 
separated in 91 size bins, with a time resolution of 80 s and an inlet flow 
rate of 0.13 L min− 1, working on a battery lasting for 4 h. The equipment 
has previously been successfully employed in tethered balloon and 
hexacopter experiments investigating atmospheric vertical profiles 
(Querol et al., 2017, 2018; Carnerero et al., 2018; Zhu et al., 2019). 
Given the extreme portability of the Hy-SMPS, which weighs <2 kg and 
measures 250 mm3 (Lee et al., 2015), it is potentially well suited for the 
study of the complexities of PNSD in the traffic-contaminated urban 
environment. 

2.2. Commuting routes 

Hy-SMPS instruments placed in ventilated backpacks were carried 
with a GPS through the streets and city transport systems of Barcelona, 
Spain from the suburbs to the city centre and back using different 
transport modes, expanding on a similar approach adopted by Moreno 
et al. (2015). The transport modes compared were walking, cycling, car, 
bus, tram and subway (see information on sampling times and data re-
covery in Table S1). The commute chosen is 8.4–9 km long (4.2–4.5 km 

each way depending on route) from the IDAEA-CSIC Institute (in sub-
urban Pedralbes 300 m north of Palau Reial subway/tram stops) to the 
Diagonal subway stop on La Rambla in the city centre (Fig. 1), taking 
between 1 and 2 h depending on the transport mode. All above-ground 
commuting routes made use of the wide, straight multilane arterial route 
known as the Diagonal (which is one of the main highways of the city, 
with >60,000 vehicles per day), to access the city centre at least as far as 
the large nodal roundabout at Francesc Macia (Fig. 1). Urban back-
ground (UB) measurements were recorded in the official monitoring site 
of Palau Reial located in the southwestern side of the city 250 m north of 
the Diagonal Avenue, (41◦23′24.01′′N 02◦6′58.06′′E, 80 m a.s.l.). 

The walking route followed the north side of the Diagonal east- 
northeastwards from Palau Reial, past the Francesc Macia roundabout 
and on to the intersection with the semi-pedestrianised Rambla de 
Catalunya which was followed southeast for 200 m to the Diagonal 
subway station exit (Fig. 1). Return was made by the same route but 
using the south side of the Diagonal. The bicycle route used the 2-way 
cycle lanes on the north side of the Diagonal as far as Francesc Macia 
but then zigzagged through the chamfered grid plan city central area 
known as L’Eixample (the distinctive 19th century city “Enlargement” 
designed by Ildefons Cerdà) to the Diagonal subway exit. This route 
mostly involves one-way, two-lane roads with few (and very narrow) 
cycle lanes, and there is no effective barrier between the cyclist and 
adjacent traffic (Fig. 1). The return journey by bicycle was made via the 
Rambla/Diagonal intersection and back along the bicycle lane on the 
north side of the Diagonal. The car route was the road-users equivalent of 
the cycle route, using a Kangoo diesel-engined van. Windows were open 
on the outward journey to the centre, but closed (air recirculation mode) 
on the way back. The tram route used the amalgamated T1/T2/T3 line 
running from Palau Reial down to the terminus at Francesc Macia then 
involved walking a regular zigzag through L’Eixample somewhat 
different from that described for the bike route (Fig. 1). The bus route 
used the 33 line which ran hybrid diesel buses from the terminus directly 
outside IDAEA then along the Diagonal to the intersection with La 
Rambla, after which the commuter walked to the Diagonal subway exit 
then returned the same way. Finally, the subway route used Line 3 from 
Palau Reial, changing underground at Sants station to connect with Line 
5 to the Diagonal station street exit, then returning by the same route. 

2.3. Sampling runs, conditions and methodological limitations 

The sampling took place on the morning and afternoon of 4th and 5th 

of July, 2018 and the morning of 6th July 2018 under dry, sunny, an-
ticyclonic Mediterranean summer conditions, with light winds (<5  m/s) 
blowing from directions varying from E to SW, temperatures at 
28–30 ◦C, and a humidity of 63–73%. A total of 24 commuting journeys 
were successfully completed (5 walking; 4 bicycle; 4 bus; 3 tram; 4 car; 4 
subway). On another two journeys (1 bicycle; 1 tram) only a partial Hy- 
SMPS dataset was retrieved, and in four other cases (1 bus; 1 tram; 1 car; 
1 subway) no useful data were recovered, probably due to the effect on 
these sensitive prototype instruments of high temperature and sudden 
movement while being carried through the city in a soft backpack. 
Urban background monitoring data at the official site of Palau Reial 
where all commuting trips started, including BC, PM (PM10, PM2.5 and 
PM1), particle number concentration, as well as meteorological data 
(wind direction and speed, T and HR) are shown in supplementary in-
formation (Table S2; Figures S1 and S2). 

A quality assurance/quality control (QA/QC) was developed to 
ensure reliable results. For this the HySMPS equipments were previously 
compared with a scanning mobility particle sizer (SMPS, 10–478 nm), 
composed of a differential mobility analyser (DMA, TSI 3081) coupled 
with a CPC (TSI 3772) (Hy-SMPS = 0.71 ⋅Reference SMPS + 999, R2 =
0.88). HySMPS equipments were also intercompared at the end of the 
campaign. We view the design of the sampling campaign and conse-
quent data collections are subject to the following limitations. Firstly, 
intercomparisons between the portable Hy-SMPS instruments with each 
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other were performed at the end of the sampling period and although 
these showed good agreement in terms of particle sizes (Figures S3 and 
S4), there were differences in terms of total particle number concen-
trations (±20% on average). For this reason we have focussed more on 
the shape of the size distribution spectra and mean particle size rather 
than absolute number concentrations. A second point here is that this 
was a brief, experimental campaign taking advantage of the fact that we 
had access to several of the Hy-SMPS instruments being used for a larger 
study of vertical atmospheric profiling elsewhere in Spain. Thus, given 
the time constraints, the sample size for some transport modes and 
routes is limited, and therefore the applied statistical analysis could be 
subjected to biases that may have influenced our estimates. This has 
been considered and described within the text where appropriate. 

3. Results 

The Hy-SMPS PN and PNSD obtained during the various morning 
commuting journeys show considerable variability, although consistent 
key patterns emerge and these are encapsulated under the following sub- 
headings and in Figs. 2–5. 

3.1. Unimodal size distribution of >10 nm roadside QUFP 

The first of these key patterns observed is the repetition of a unim-
odal distribution of particle sizes between 10 and 200 nm, with a peak 
within the range 30–70 nm. This characteristic PNSD pattern of QUFP 
has been demonstrated in both laboratory and on-road studies of 
“accumulation mode” vehicle emissions (e.g. Kittelson et al., 2006; 
Asbach et al., 2009; Xue et al., 2015) and is viewed as typical of what 
city roadside commuters are breathing during their journey. This is 
demonstrated in Fig. 2 which reveals the broad similarity of data ob-
tained during all morning walking journeys undertaken on 4–6th July 
2018, splitting them into outward and return segments. The most 
polluted conditions were recorded on the outward journey on 4th July 
which took place earlier in the morning (09:35 LT) when peak-time 
traffic flow was still high and with ESE winds blowing at low angles 
across the highway. Despite such variations in PN concentrations, 
however, the particle size distributions for all commuting journeys 
consistently define a broadly symmetric curve serrated by a series of 
minor peaks, with most particles (75–80%) being UFP in size (Fig. 2). 
Plotted on a log scale, the PNSDs rise rapidly from 10 nm to 25–45 nm 

Fig. 1. Location of commuting routes for UFP exposure measurements in this study.  

Fig. 2. Particle number size distributions measured 
by portable Hy-SMPS on three morning return 
walking commutes out and back from IDAEA to the 
city centre on 4–6th July 2018. Curves shown are 
median values. Note the slight displacement of the 
peak area on the return journey of all measured 
distributions per particle size. when fewer fine-sized 
(<30 nm) fresh traffic aerosols were encountered 
(see text for discussion). The times for collection 
and number of data points are shown in Table S1.   
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before flattening out then falling towards the 200 nm line (Fig. 2). The 
distribution of the main concentration peaks on these PNSDs is wider for 
some than others but most data plot within 30–100 nm. In all three cases 
the outward journey PNSD is shifted more towards finer particle sizes 
than on the return journey, this likely reflecting the fact that the 
commuter was exposed to fresher traffic emissions when walking to the 
city on the north side of the Diagonal, which lay immediately downwind 
of the road traffic (Fig. 2) and at a time closer to the morning peak 

vehicle-flow. 

3.2. Comparing PNSDs from pedestrian, bicycle, bus and car commuting 

Having observed a broadly repeated pattern of Hy-SMPS results for 
the morning walking journey into Barcelona via the Diagonal, we can 
compare this with PN and PNSD data obtained from using different 
commuting modes. The key PNSD patterns observed here are again 

Fig. 3. Particle number size distributions measured by portable Hy-SMPS comparing four different transport mode commutes into Barcelona on the morning of 
Wednesday July 4th, 2018 (see Fig. 1). Note the higher particle number concentrations of finer particles (<20 nm) during the bicycle and car journeys (see text 
for discussion). 
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characterised by a dominant peak typically at 50–70 nm, but journeys 
most exposed to fresh exhaust (bicycle and car with windows open) 
showed an enhancement of finer particles (<30 nm). Another observa-
tion well demonstrated by the SMPS dN/dLogDp plot is how the 
microenvironment inside an air conditioned bus was significantly pro-
tected from the levels of roadside UFP pollution outdoors. 

These points are demonstrated by Fig. 3 which compares the four 
commuting journeys potentially most exposed to traffic emissions, 
namely walking, bicycle, bus and car (with open windows) during the 

first of the three morning excursions (July 4th). As stated above, the 
outward journey on foot (inside the white dashed rectangles on coloured 
dN/dLogDp plot) started out early and under the poorest air quality 
conditions when exposure to traffic pollutants was at a maximum, in this 
case with headwinds of 2-4 m s-1 blowing at a low angle across the busy 
highway (the wind later rotated into a more SE direction as the journey 
progressed). The red colours on Fig. 3 (WALK) reflect these conditions 
by demonstrating high PN initially across a broad size range (10–140 
nm). The return journey on foot down the south (upwind) side of the 

Fig. 4. Particle number size distributions measured by portable Hy-SMPS comparing subway and tram commutes on the morning of Thursday July 5th, 2018. The 
subway data are split into the four train journeys and the three station platforms involved. Note the higher particle number concentrations on the platform and 
outward train journey from Palau Reial station, and the rise of a second finer size mode (20–30 nm) in the tram data (see text for discussion). 
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Diagonal bears greater similarity to the other morning PNSDs registered 
on the subsequent 2 days (Fig. 2). 

The bicycle journey on Fig. 3 (BIKE) started 90 min later (when 
winds had rotated SE) and initially followed the bike lane which is 
spatially slightly further from the roadside than the walking route. The 
dataset (again within the white dashed rectangle) record mostly cleaner 
air conditions on the bike lane until encountering the Francesc Macia 
traffic hotspot and entering the more street canyon-like roads of the 
Eixample, when PNs rose across a 10–140 nm size range. The return 
bicycle journey did not include entering the Eixample and mostly stayed 
on cycle lanes that were spatially further from the roadside than during 
the outward journey, a less polluted combination which resulted in a 
lower PN (Fig. 3). 

With regard to the car commuting, the outward journey was made 
with the windows open and once again we see highly contaminated 
conditions associated with the Diagonal highway that morning, with 
particle sizes ranging from 10 to 140 nm (Fig. 3). Despite a difference in 
smoothness, there is striking similarity between the outward BIKE and 
CAR PNSDs. Both these PNSDs record higher concentrations of the finest 
particle sizes (10–15 nm) than when walking, presumably due to closer 
proximity to fresh road emissions (Fig. 3). The return journey was made 
with windows and ventilation closed/recirculating, resulting in a 
marked improvement in vehicle interior air quality (Fig. 3), although 
note smaller particles sizes (<20 nm) are prevalent and suggest the 
presence of fresh exhaust derived from self-pollution within the vehicle 
(an effect noted in a previous study within Barcelona taxis by Moreno 
et al., 2019). 

In contrast to the bicycle and car data, the journey down the Diag-
onal by air conditioned bus (within the white dashed rectangles in 

Fig. 3) recorded the lowest PN, with size range peaks between 40 and 80 
nm. The outdoor short walk from the Diagonal down the semi- 
pedestrianised Rambla demonstrated more polluted conditions than 
inside the bus, although with lower concentrations than those measured 
walking alongside the Diagonal (compare WALK and BUS PNSDs on 
Fig. 3). Note how all walking and bus data recorded similar PNSDs, less 
influenced by the finer-sized fresher exhaust particles recorded during 
the bicycle and car journeys (Fig. 3). 

Grouping the particle size ranges into smallest (10–30 nm), largest 
(100–240 nm) and those in between (30–100 nm) we see very similar 
overall distribution patterns (doughnut charts on Fig. 3). In all journeys 
77–88% of particles measured <100 nm in size, with 50–59% lying 
within the 30–100 nm range. In both the bicycle and car journeys one 
third of the PN measured belonged to the finest 10–30 nm group 
(32–34%), whereas in contrast the walking and bus journeys recorded 
lower 10–30 nm (22–29%) but slightly higher >100 nm (18–23%: most 
of which lay within the 100–200 nm range) PNs. These data imply 
greater relative and absolute exposure to fresh exhaust emissions (par-
ticles measuring <30 nm, Brines et al., 2015) when travelling by bicycle 
and car rather than inside an air conditioned bus (Fig. 3). 

3.3. Tram and subway PNSDs 

The key observation of a relatively protected indoor transport 
microenvironment seen in the bus data is repeated inside the tram. In 
contrast QUFP air quality inside subway trains and on platforms is far 
more variable, as demonstrated in this section which presents Hy-SMPS 
data from subway and tram commuting on the morning of 5th July 2018 
(Fig. 4). 

Fig. 5. SMPS data recorded at the Palau Reial urban monitoring station on the afternoon and evening of 5th July. Note the new particle formation event in the 
afternoon which produced a strong peak at 17–19 nm but by 18:30 had collapsed to leave a residual peak at c.40 nm rising above the aged traffic particle peak of 
70–90 nm which remained unchanged (see text for discussion). 
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The data obtained from inside the subway system are shown split 
into train interior and platform environments, with the four train jour-
neys marked by white dashed lines on the coloured dN/dLogDp square 
(Fig. 4). This figure provides an excellent illustration of the detail that 
can be achieved with the portable Hy-SMPS instrument. It is immedi-
ately clear from Fig. 4 that the L3 platform at Palau Reial was much 
more polluted by QUFP-sized particles than that at Sants station. A 
similar difference was measured inside the outward and return L3 trains: 
compare the red and blue PNSDs on Fig. 4 TRAINS. In contrast, the data 
from L5 recorded similar PNs on both outward and return journeys 
(green and yellow lines on Fig. 4). Compared to the nanoparticle data 
from above ground in the city, the PNSDs for the subway environment 
reveal a broadly similar shape although with a higher proportion of 
coarser (>100 nm) aerosols, as has been noted in previous publications 
on subway air quality (e.g. Moreno et al., 2015). 

The higher PNs at Palau Reial platform are most likely linked to 
significant infiltration of QUFPs from the Diagonal highway above 
(Moreno et al., 2017). In this initial part of the L3 route the trains run 
immediately beneath the Diagonal for a length 1.5  km at a maximum 
depth of 14 m and there is air exchange via pavement grills and subway 
exits on both side of the highway. The pattern of dN/dLogDp red col-
ouration for platform and train records how PN dissipated inside the 
subway carriage as the train moved further down the line from Palau 
Reial, curving away from the Diagonal highway towards the interchange 
at Sants station. This lessening of PN is especially marked in the finest 
size fractions (<40 nm: see left hand white rectangle on Fig. 4 SUB-
WAY). The other notable “red zone” recorded by the dN/dLogDp square, 
at the halfway point of the commute, records emergence into the street 
at the Diagonal subway exit. 

The Palau Reial subway PNSD is similar in shape to that recorded 
inside the tram (also leaving from Palau Reial, where the tram stop lies 
alongside the Diagonal highway and immediately above the subway). 
However the tram interior records PNs to have been much lower than in 
the subway (Fig. 4) and instead similar to those recorded inside the bus 
the previous day (Fig. 3). One clear difference between the interior of 
these two vehicles is that the tram data on July 5th, 2018 reveal a 
distinctly a bimodal pattern, with a second mode emerging at finer sizes 
(Fig. 4). An even more marked finer mode, peaking at 17–20 nm, is 
shown by the city centre (Eixample) walking data on Fig. 4 (STREET). 
This extremely fine PN mode is further reflected in the doughnut charts, 
with a higher relative proportion of 10–30 nm particles in both street 
and tram (36–39%: Fig. 4) as compared to the street and bus data of the 
previous day (22–29%: Fig. 3). The reason for the occurrence of this 
enhanced finer mode on July 5th 2018 will be discussed in the next 
sub-section. 

According to the above results, outdoors in the streets of Barcelona 
within the aerosol particle size range of 10–241 nm we observed 
dominant PNSD peaks typically at 40–70 nm. In some commuting 
journeys there is also a notable enhancement of finer particles (<30 nm), 
most obviously in journeys which involve direct proximal exposure to 
road vehicle exhaust emissions (car and bicycle). The coarsest particles 
measured (100–241 nm) are relatively least abundant inside road ve-
hicles (12–18%) and most abundant in the subway platform (24–27%). 
The commuting environments registering lowest PNs are those recorded 
inside air conditioned buses, trams and cars relatively protected from 
outside air entry. Finally, the street and tram data from 5th July 2018 
indicate that the PNs of the finest aerosol fraction measured by the Hy- 
SMPS instrument (10–30 nm) sometimes rises to produce a bimodal 
PNSD in which the finer mode can become dominant. 

3.4. City commuting through new particle formation events 

The bimodal PNSD emerging from the morning TRAM commuting in 
Fig. 4 coincided with the early development of a new particle formation 
(NPF) event registered that day at the nearby Palau Reial urban back-
ground monitoring station. Such photochemically-driven NPF events are 
common during the Barcelona summer months (Dall’Osto et al., 2012, 
2013; Brines et al., 2014, 2015; Minguillión et al., 2015; Brean et al., 
2020). On the July 5, 2018 the longest and most prominent NPF burst 
occurred after 15:30 LT (13:30 UTC) and lasted for around 100 min, 
reaching maximum PNs at 16:20–17:10 (14:20–15:10 UTC), producing 
particles <30 nm in size and peaking at 14–20 nm. The ability to inte-
grate static urban background air monitoring station information with 
PSDN data obtained synchronously during commuting journeys through 
the city provides another demonstration of the new approaches to city 
air quality made possible by the portable miniaturised Hy-SMPS. In this 
case the timing of this major NPF event coincided with our commuting 
Hy-SMPS sampling programme that afternoon (Fig. 5), although the 
return walking journey finished after the nucleation event had suddenly 
dissipated, and the bus journey missed the event altogether (having been 
repeated after equipment malfunction the first time). 

The urban background PNSDs presented on Fig. 5 compare patterns 
recorded during and after this NPF event. The data captured at 
15:30–17:30 (13:30–15:30 UTC) shows the nucleation event as a sharp 
peak in the size range 16–19 nm, with a secondary peak at 70–90 nm 
(Fig. 5). In contrast, the post-burst PNSD curve recorded for 18:30–19:30 
shows a collapse of the <20 nm peak, the maintenance of the 70–90 nm 
peak, and the appearance of a new peak at around 35–40 nm (Fig. 5). 
This new peak reflects the presence of an evening particle concentration 
band that can be discerned in pale blue on the coloured dN/dLogDp plot 
to the right of the “bus” white line on Fig. 5. Interestingly, the colour 
contours faintly indicate a bridge back in time from 19:00 LT to the 
particle size ceiling at the end of the nucleation burst at 17:30 (15:30 
UTC), linking the afternoon NPF event and the evening concentration of 
aged particles in the 35–40 nm size range (Fig. 5). 

Fig. 6 demonstrates how the Hy-SMPS commuting data captured the 
main afternoon NPF on 5 th July 2018, with a dominant concentration 
peak at <30 nm particle sizes in all cases except for the late bus commute 
and the return walking journey. The finest size peaks reflect the 
commuting routes most directly exposed to road traffic, namely open car 
(12 nm), bicycle (16 nm) and outward walking (19 nm), with 57–69% of 
particle sizes measured lying in the 10–30 nm range (Fig. 6). This is 
around double the relative proportion of 10–30 nm particles recorded 
just the previous day, when no daytime nucleation bursts occurred. The 
walking route records the sudden weakening of the main nucleation 
event around 17:00 LT, with the consequent collapse of the fine particle 
peak which coarsened to 25–30 nm (Fig. 6 WALK WAY BACK). Around 
1 h later the fine particle peak was merely residual, as recorded by the 
bus data in which the dominant peaks >40 nm had reasserted them-
selves (Fig. 6 BUS). 

This nucleation event peak in the <20 nm particle size range also 
dominates the PSNDs recorded both inside the tram and outside in the 
street while walking through the Eixample (Fig. 6 TRAM), although the 
PNs are lower. This suggests that the NPF event in the city atmosphere 
was not strictly confined to the Diagonal area. The same 17–20 nm PNSD 
peak was by the afternoon also clearly prominent in Palau Reial subway 
station platform and train, again emphasising the likely connection 
between Diagonal outdoor air and the subway line beneath. Remark-
ably, even the L5 line platforms and trains running between Sants and 
the Diagonal subway stations recorded the same bimodal PNSD with 
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Fig. 6. Particle number size distributions measured by portable Hy-SMPS comparing six different transport mode commutes into Barcelona on the afternoon of 
Thursday July 5, 2018 (see Fig. 1 and text for discussion). Note how the bicycle, open-window car, tram and even subway journeys captured the new particle 
formation event recorded in Fig. 5, as did the outward walking commute. The return walking journey occurred after the sudden collapse of the afternoon particle 
nucleation burst, and the bus journey took place later in the early evening (see text for discussion). 
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peaks at 20–30 nm, indicating that the afternoon nucleation burst was 
penetrating extensively into the underground subway system (Fig. 6 
SUBWAY PLATFORMS). 

4. Discussion 

It is by now well established that the dominant source of UFP in 
typical roadside city environments such as the ones sampled in this 
study is motor vehicle traffic (e.g. Hussein et al., 2004; Rodriguez and 
Cuevas, 2007; Morawska et al., 2008; Pirjola et al., 2012; Charron and 
Harrison, 2013; Al-Dabbous and Kumar, 2014; Brines et al., 2014; 
Kumar et al., 2014; Ma and Birmili, 2015; Strasser et al., 2018; Rönkkö 
and Timonen, 2019; Harrison et al., 2019; Dinoi et al., 2020). It is also 
clear that the general term “traffic emissions” encompasses a complex 
mix of exhaust (primary and secondary) and non-exhaust particle types 
produced by a range of processes. In terms of PN these traffic emission 
particles are nearly all <300 nm in size (Kumar et al., 2010) so that our 
Hy-SMPS size distribution patterns from Barcelona reflect real exposure 
to inhalable QUFP aerosols in the city streets. The roadside exhaust 
particles measured by the Hy-SMPS in Barcelona include (1) high tem-
perature primary aerosols sourced from the internal combustion engine 
(Kittelson, 1998); (2) secondary particles generated from the cooling 
and dilution of hot exhaust gases seconds after emission (Robinson et al., 
2007; see also the concept of “delayed primary particles” of Rönkkö 
et al., 2017). Mixed with these rapidly diluting locally emitted 
traffic-sourced particles will be aged regional and urban background 
UFP and secondary aerosols resulting from reactions driven by atmo-
spheric photochemistry (Brines et al., 2015). Thus the city commuter 
moves through a continuously replenished deeply inhalable pollution 
cloud rich in hydrocarbon combustion-sourced elemental and organic 
carbonaceous materials and inorganic compounds, mixed with particles 
released from vehicle wear (such as brakes and tyres), resuspended road 
dust, and aerosols derived from elsewhere in the city and beyond. 

Extensive research into the size distribution patterns of aerosol PNSD 
has included the application of apportionment methods such as Positive 
Matrix Factorisation and k-means cluster analysis to identify sub-groups 
and attribute likely sources of particles in traffic-contaminated urban air 
(Al-Dabbous and Kumar, 2014; Beddows et al., 2009, 2015; Beddows 
and Harrison, 2019; Brines et al., 2015; Dall’Osto et al., 2012; Friend 
et al., 2012; Hussein et al., 2004; Keuken et al., 2015; Kim et al., 2004; 
Lingard et al., 2006; Liu et al., 2014; Pey et al., 2008, 2009; Rivas et al., 
2020; Squizzato et al., 2019; Yue et al., 2008; Zhou et al., 2004; Zhu 
et al., 2002a,b). In the case of our Hy-SMPS commuting results the low 
number of data points has limited our ability to apply a statistical source 
apportionment approach successfully to all transport modes, although 
for the walking and cycling data the results from k-means cluster anal-
ysis are promising (Fig. 5). The PNSDs for these two commuting modes 
can be classified into cluster types (related to an emission, formation 
process or proximity to a source, etc.), aiming to optimally assess the 
trends of the PNSD during commuting. 

The clusters obtained from the walking data averaged over the five 
return commuting journeys are shown in Fig. 7 WALK. Four size dis-
tribution clusters define peaks at 30–40 nm (cluster A), 85–100 nm 
(cluster B), 15–22 nm (cluster C, with a second, lower peak at 65–70 
nm), and 45–75 nm (cluster D). The data from the four completed bi-
cycle journeys (Fig. 7 BIKE) were similar to that from walking, although 
cluster B could not be distinguished, and particle concentrations for the 
main two clusters (A and C) were generally higher than those for 
walking. 

Fig. 7 also compares published PNSD data from similarly traffic- 
contaminated urban air at urban background and roadside monitoring 
sites (Al-Dabbous and Kumar 2014; Beddows et al., 2015; Dall’Osto, 
2012; Friend et al., 2012; Hussein et al., 2004; Lingard et al., 2006; Liu 
et al., 2014; Rivas et al., 2020; Squizzato et al., 2019; Zhu et al., 2002a, 
b). All these studies have identified 10–30 nm size modes, with most 
authors choosing to label these variously as “nucleation mode”, “fresh 

traffic” and/or “photochemical/nucleation”, depending on the 
co-occurrence with other air pollutants or meteorological conditions, as 
well as timing. Furthermore, 30–100 nm size modes are commonly 
interpreted as “traffic”, “aged traffic”, or “Aitken mode”. However, a 
collation of such data immediately demonstrates the difficulty in 
comparing modes within the 10–100 nm size range in 
traffic-contaminated air at different monitoring stations. The PNSDs 
alongside a highway will be in a state of constant flux, with UFPs 
changing their sizes and PN with time, in space and in response to traffic 
flow and ambient atmospheric conditions. Zhu et al. (2002 a,b) for 
example measured UFPs 30 m away from a highway in Los Angeles and 
reported PNSD modes at 13 nm, 27 nm, and 65 nm, noting how the finest 
size mode (13 nm) increased to 16  nm at 60 m, and disappeared by 90 
m. Furthermore, 300 m downwind from the highway “ultrafine particle 
number concentration … was indistinguishable from upwind back-
ground concentration” (Zhu et al., 2002b). Similarly, Barone and Zhu 
(2008) observed an on-road PNSD peak at 14 nm, which increased to 36 
nm 90 m from the road. In this context, our data presented on Fig. 3 
demonstrate how road users travelling by bicycle and open car were 
breathing higher numbers of the finest particles measured in our study 
(10–20 nm) as compared for example to roadside pedestrians. Similarly, 
the data on Fig. 6 suggest a coarsening of nucleation mode peaks which 
shifted from 12 nm on-road (car), to 16 nm on route dominated by bi-
cycle lanes, to 19 nm for roadside walking. Such size changes presum-
ably reflect the rapid ageing of the fresh traffic pollution cloud as it 
disperses into the surrounding urban air, although the health effects of 
breathing these different size fractions of UFP depending on transport 
microenvironment remain unknown. 

The data presented in this paper represent to our knowledge the first 
attempt to capture real-time urban commuting exposure to QUFP and 
PNSD in city transport microenvironments (the TME’s of Kumar et al., 
2018) at the level of sophistication offered by a portable SMPS instru-
ment. Clear patterns for roadside and vehicle interior conditions emerge 
that demonstrate number concentration peaks in ageing traffic emis-
sions rising rapidly from 20 nm to define a curve that peaks at <100 nm 
then falls rapidly towards 200 nm (Fig. 2). Under normal roadside 
conditions in Barcelona at least 50% of particles in the range 10–241 nm 
will be 30–100 nm in size (Fig. 3) although this % figure can fall much 
lower when moving through clouds of freshly nucleating particles and 
fresh primary traffic QUFP emissions. The results provide a detailed 
confirmation of how road and roadside users most exposed to fresh 
traffic emissions and NPF events will inhale larger numbers of QUFP and 
that, conversely, commuters in closed vehicles (buses, trams, cars) can 
be significantly more protected from these pollutants. 

Finally, perhaps the most striking aspect of this experimental 
campaign using the Hy-SMPS developed at Hanyang University was the 
amount of additional detail suddenly available to the study of urban air 
quality whilst moving through the city. Thus we observe subtle increases 
in UFP sizes modes from car to bike to walking, and marked differences 
existed between walking or cycling using different city routes, including 
different sides of the road. Other observations noted the effect of self- 
pollution inside private vehicles with closed windows and air recircu-
lation, the recognition that some subway stations are wide open to the 
ingress of abundant road vehicle emissions, and that city-wide outside 
pollution episodes, such as NPF events, can be detected penetrating the 
underground commuting system. With enhanced miniaturisation and 
portability of robustly built high-tech air quality monitoring instruments 
such data will presumably become increasingly available to the urban 
commuter, offering more informed choices of how to recognise and 
avoid polluted hotspots in the city. 

5. Conclusions  

• The commuter in Barcelona is constantly exposed to high number 
concentrations of traffic-sourced primary and secondary particles, 
the majority of which are <100 nm in size (ultrafine particles, UFP). 
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A significant proportion of particles in the size range 10–241 nm 
(typically 10–25%) are >100 nm in size (quasi-ultrafine), especially 
in the subway environment.  

• Comparisons between different commuting transport modes using a 
portable SMPS instrument reveal what can be large and rapidly 
fluctuating differences in exposure to PN and PN size distribution 
(PNSD) depending on the route chosen and time of the day. Those 
closer to fresh traffic exhaust sources (such as in an open window car, 
on bicycle, walking downwind of busy roads, or on a subway plat-
form contaminated by highway air) will breathe higher PN than 
those choosing enclosed environments such inside an air conditioned 
bus or tram. Our PNSD data identified subtle differences in size 

modes of freshly nucleated traffic-related-particles when travelling 
by open car, bicycle or roadside walking, which we view as a snap-
shot of the rapid maturation of the fresh traffic pollution cloud as it 
begins the ageing process. 

• The ability to integrate static urban background air monitoring sta-
tion information with PSDN data obtained synchronously from 
portable miniaturised SMPS instruments during commuting journeys 
opens new approaches to investigating city air quality by offering a 
level of detail not previously available. An example of how to use this 
opportunity to discover “the devil in the detail” was provided by our 
identification of a <20 nm roadside aerosol PN mode that could be 
traced to a photochemically-driven afternoon new particle formation 

Fig. 7. Cluster analysis for return a) walking (WALK) and b) bicycle (BIKE) commuting journeys to Barcelona city centre. The times for collection and number of data 
points are shown in Table S1. The method classifies spectra with the highest degree of similarity into the same category or cluster, therefore reducing the number of 
spectra to analyse. Data were previously normalized, with the analysis being applied to the shape of the size distribution, not the magnitude, and performed on 2-min 
intervals. Data management and descriptive statistics and plots were made using the R statistical software (RStudio Version February 1, 5033) and the package cluster 
(Maechler et al., 2019). Cluster validation indices (silhouette width and Dunn Index) were used to choose the optimum number of spectra to divide the data, a purely 
statistical optimization, followed by refinement of clustering taking into account the scientific context in which the data were collected. c) The lower chart presents 
the coloured peak size ranges of these clusters and compares them with previously published particle number concentration major peaks between 10 and 100 nm 
identified in similarly traffic-contaminated urban air (R = roadside; UB = urban background): 1. Barcelona UB: 16 nm nucleation; 26 nm traffic 1; 48 nm traffic 2; 75 
nm traffic 3 (Brines et al., 2015); 2. Barcelona UB: 13 nm photonucleation; 31 nm fresh traffic + photonucleation; 76 nm urban, mostly traffic (Rivas et al., 2020); 3. 
Barcelona UB: 18–20 nm photochemical; 22–29 nm traffic nucleation mode; 41–62 nm Aitken mode; 90 nm urban/regional background (Dall’Osto et al., 2012); 4. 
Helsinki UB (2 locations): 11.7 & 13.8 nm “aged” nucleation mode; 37.3 & 42.5 nm Aitken mode (Hussein et al., 2004); 5. Helsinki UB: 11 nm nucleation; 22 nm fresh 
traffic; 50 nm urban (Rivas et al., 2020); 6. London UB: 21 nm nucleation; 34 nm fresh traffic; 67 nm urban (Rivas et al., 2020); 7. London UB: 25 nm nucleation; 30 
nm traffic; 55 nm woodsmoke; 80 nm secondary (Beddows et al., 2015); 8. Guildford, UK R: 10 nm “fresh” nucleation mode; 55–75 nm (Al-Dabbous and Kumar, 
2014); 9. Leeds, UK R: <10–24.8 nm nucleation mode; 28.2–41.4 nm Aitken mode (Lingard et al., 2006); 10. Los Angeles 30 m from R: 12.6 nm, 27.3 nm, 65.3 nm 
(Zhu et al., 2002b); 11. Zurich UB: 15 nm nucleation; 33 nm fresh traffic; 67 nm urban (Rivas et al., 2020); 12. Rochester, USA UB: 14–25 nm nucleation; 30–35 nm 
fresh traffic; 58–104 nm aged traffic (Squizzato et al., 2019); 13. Brisbane R: 20 nm local traffic; 30 nm traffic; 50–70 nm traffic (Friend et al., 2012); 14. Beijing UB: 
20 nm traffic nucleation; 40–50 nm aged traffic; 70 nm aged coal power plant (Liu et al., 2014). 
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(NPF) event recorded by the local urban background air quality 
station.  

• Application of k-means cluster analysis to the 10–241 nm PNSD 
pedestrian and cycling commuting data identified modes at rela-
tively fine (15–22 nm), medium (30–40 nm), and coarse (45–75 nm) 
particle size ranges. Previously published applications of statistical 
apportionment methods to the nanometric particle signature of 
traffic-contaminated city air have similarly identified peaks within 
the UFP size spectrum, usually interpreting the finer sizes as 
“nucleation mode” or “fresh traffic”, and the coarser sizes as “aged 
traffic” or “Aitken mode”. Such studies on QUFP typically capture 
uni- or bimodal PNSD patterns within a multi-sourced aerosol 
mixture in constant flux in response to traffic flow and ambient at-
mospheric conditions. The city commuter moves through this 
chemically complex and reactive pollution cloud that is continuously 
replenished by fresh traffic emissions which immediately begin 
ageing as they disperse away from their source and merge into the 
urban background. 
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