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Abstract. On occasion of the project YOGAM (year of mation on spatial and day-to-day variability. For experimen-
gas phase and aerosol measurements), the spatial and tetat studies concerning spatial resolution on a relatively short
poral variation of selected aerosol and gas phase parametetisne scale &1 day), a mobile measurement design may even
was assessed for thaidch (Switzerland) area with a new be more appropriate than a network of stationary measuring
mobile pollutant measurement laboratory. This assessmertites.

based on on-road measurements along a specified route an
selected days during different seasons in 2001/2002, cover-
ing urban, suburban and rural regions. Special focus was puj
on the investigation and characterization of particles in the
fine (particle diameter B2.5um) and ultrafine (3:100nmM) | recent years the potential of particulate matter to cause
size ranges. Analysis of Variance (ANOVA) showed that the gdverse health effects has been investigated in numerous
variance of all considered fine and ultrafine aerosol paramegpidemiological and laboratory studies. For PM10 (mass
ters (i.e. particle background and total number concentratiozoncentration of particles with an aerodynamic diameter
for particles larger than 3nm, number concentrations in thep, 10,,m) and PM2.5 (fine particles), <2.5 um), a sig-

size ranges 7-30nm and 80-140nm, as well as the activgificant correlation with adverse health effects could be
surface area concentration) was significantly larger for day-shown (Dockery et al., 1993; Katsouyanni et al., 1997; Laden
to-day than for spatial variation. However, Principal Com- et a|., 2001; Pope et al., 1995; Schindler et al., 2001). For
ponent Analysis (PCA) found a similar regional pollution yitrafine particles (particle diametdd<100nm) extensive
pattern within every single measuring day. Lowest particleepidemiological studies have not been performed yet, but
background levels (B3nm) were found in rural areas at the few available investigations point to an increased health
higher elevation (15000 cnd), while corresponding mean  effect potential of particles in this size range due to their
background values for urban and freeway-influenced areagpecial interaction pattern in the human airways (Donaldson
were typically 35000 cm® and>80 000 cmi®, respectively. et al., 1998; Obeidrster and Utell, 2002; U.S. Health Ef-
Meteorology, i.e. prevailing weather conditions not only fects Institute, 2002; Wichmann and Peters, 2000). In ambi-
governed the day-to-day concentration variations in the seant aerosol research, strong efforts have been made in the
|eCted area, but aISO inﬂuenced the fOI’mation Of primary (di"ast years to Obtain a C|earer picture not 0n|y on the Spa_
rectly traffic-related) and in few cases secondary (biogenigia| and temporal distribution of PM10 and PM2.5, but also
or anthropogenic) ultrafine particles. Overall, low tempera-gn other aerosol parameters like particle number size dis-
tures regularly enhanced primary ultrafine particle formationtriputions, surface or volume. Ambient ultrafine particles

in urban areas. There was a possible indication for relativelyhaye gained special attention in the last years and typically
low number concentrations of secondary ultrafine particlesshow complex formation and occurrence patterns. So far, it
during a few warm and sunny spring days. Mobile measureas heen recognized that ambient ultrafines can be split into
ments as they were performed in this study have been showprimary and secondary ultrafine particles (Baltensperger et
to be suitable for pollutant assessments to obtain good infory|. 2002). Primary ultrafines and nanoparticl®s<50 nm)

are mostly traffic-related and are rapidly formed by nu-
Correspondence toA. S. H. PEwt cleation during the dilution and cooling of freshly emitted
(andre.prevot@psi.ch) gaseous combustion exhaust in the atmosphere, depending
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on the meteorological conditions. It has been shown tha2 Methods
their formation is favored at low ambient temperatures and
is lower for low-sulfur fuel vehicles (Abdul-Khalek et al., 2.1 Experimental
1999, 2000; Kittelson et al., 2002). When formed, they show
large number concentrations in the area of emission, but hav®n occasion of the research project YOGAM (Year of Gas
a limited lifetime (<10 min in urban areas) and therefore a Phase and Aerosol Measurements, 2001/2002), a mobile lab-
typical area of influence of 100 m—1 km (Capaldo and Pandispratory was constructed at the Paul Scherrer Institute (Vil-
2001). They are composed of hydrocarbons and a minor fracligen, Switzerland), allowing for on-road measurements of
tion of sulphuric acid and water, and are believed to partiallya variety of aerosol parameters and gas phase parameters,
originate from lube oil substances in vehicle engines (Tobiasalong with geographical information (GPS, Garmin lIplus)
etal., 2001). On the other hand, secondary ultrafines describand meteorological data (temperature, pressure, humidity,
ambient ultrafine particles that are not directly formed im- global radiation and relative wind direction). The setup of
mediately after emission, but are rather formed from chem-the mobile laboratory is discussed in detail in Bukowiecki et
ically transformed gaseous precursors, i.e. by condensationl. (2002). Data included in this paper were measured by
of products from atmospheric reactions (e.g. photochemi-a scanning mobility particle sizer (SMPS, DMA TSI 3071
cal reactions, see 8keh et al., 2000). Nucleation bursts of and CPC TSI 3010), a condensation particle counter (CPC,
secondary ultrafines have been reported to occur worldwidd' S| UCPC 3025), an optical particle counter (OPC, Grimm
in remote, rural and even urban areas and are strongly influ1.108), a diffusion charging sensor (DC, Matter Engineering
enced by meteorological parameters like solar radiation olLQ1-DC) and a carbon monoxide (CO) monitor (Aerolaser
temperature, but also by background concentrations of otheAL-5002). Since measurements could be performed while
pollutants, i.e. the local particle background concentrationdriving, highly time-resolved (1 s—3 min time resolution for
(Baltensperger et al., 2002; Birmili and Wiedensohler, 2000;most parameters) and spatially resolved information (contin-
Boy and Kulmala, 2002a,b; McMurry and Woo, 2002). Their uously) on the ground pollutant level in the testing area was
lifetime and composition is so far less elucidated, thoughobtained. During YOGAM, a selected route in tharich
there is evidence that they mainly consist of organics andarea (Fig. 1) was driven on a regular base throughout the
that they persist longer (in the range of hours) in the atmo-course of a year, including downtowriidch (400 m a.s.l.),
sphere than primary ultrafines, mainly due to slower coagulasuburban areas (400-500 m a.s.l.) as well as rural sites (500—
tion with typically lower concentration levels of background 900 m a.s.l.). For the time frame chosen, additional data from
aerosol (O’'Dowd et al., 2002). However, for numerous re- official monitoring stations were available for comparison.
gions no area-covering inventory of combined aerosol and
other parameters exists for a longer period of time. Such2.2 Data analysis strategy
monitoring is often restricted to PM10 or PM2.5 due to na-
tional regulation standards. The large number of parameters measured during YOGAM
required a careful development of a suitable data analysis
strategy. In contrast to stationary measurements, mobile
In an earlier publication (Bukowiecki et al., 2002) we measurements have a simultaneous signal variation in time
showed a case study involving mobile pollutant measure-and space. To find a way to categorize such data it is nec-
ments in the rich (Switzerland) area, in which we investi- essary to know the signal dynamics along both the time and
gated spatial and temporal differences in pollutant levels forlocation axis. As shown earlier (Bukowiecki et al., 2002),
an autumn two-day period. While we focused on short-timeregional signal variations<5 min) of the measured param-
signal variations and day/night differences in that case studyeters occurred more rapidly than temporal variatied ).
this paper will present an analysis of particulate pollution Thus, a temporal classification of the data in morning and
variation on a larger time scale. It is the goal of this study toafternoon loops on the YOGAM route was appropriate. As
obtain statistical information on both spatial dependence anghown in the next section, spatial classification of the data
seasonality of particulate air pollution in théich areawith  was achieved by binning the raw data into different loca-
the help of mobile pollutant measurements, and also to havéion bins along our measuring route. This binning per lo-
a closer look at the processes leading to the formation of finecation and measuring day allowed for analysis of variance
and ultrafine particles. A focus will be put on particle number (ANOVA), which turned out to be especially suitable for
size distributions, total particle number concentration, activelooking at the whole-year data set with respect to signal vari-
surface area and carbon monoxide measurements. Despiédions at different locations and different days. However, this
of the limited numbers of parameters we had available from3-dimensional measuring approach (signal vs. time and two-
stationary measuring sites, we attempted to evaluate whethelimensional space) and the large number of parameters mea-
the use of a mobile laboratory is a promising approach tosured push the use of low-dimensional statistics to a limit.
measure and study processes that normally are monitored bitidden connections can essentially influence and jeopardize
a network of stationary monitoring sites. the pure investigation of single dependencies. Multivariate
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Fig. 1. Main (solid black line) and access (thin black line) route of the YOGAM project. Dark gray filled areas represent lakes, and the
contours show the altitude profile (z, meters above sea level). The two main cities in the selectedidchagridd Winterthur, are also
indicated. Swiss X and Y designate the coordinates in the official Swiss kilometer grid. Additionally, location bin classifications according
to Table 1 (R: rural, S: suburban, U: urban, HT: heavy-traffic areas) and official meteorological monitoring stations (M1-M7) are shown.

statistical tools are often used in ambient aerosol researctproximately 180-360 raw data points, which corresponded
Principal Component Analysis (PCA) and Factor Analysisto 3—6 min driving along the route with the mobile labora-
(FA) are useful statistical methods to explore and explain rel-tory (except the drich city bins, which also included mid-
evant variations in large data sets. In source apportionmentlay stationary measurements during 30—60 min). Since local
studies these techniques are often used for quantitative anathanges in location type occurred very quickly while driving
ysis and underlie a large number of critical boundary con-along the YOGAM route (often within a few minutes, which
ditions. For the YOGAM data set, a PCA was selected asis faster than the average day-to-day deviation from the route
an adequately simple multivariate tool to find unobvious pat-schedule £1.5 h)), the concept of forming location bins was
terns in the data and reveal hidden correlations between diffound to be more reliable than a time-averaging approach.
ferent parameters. The findings of PCA were then used a#\ll parameters were corrected for instrument and sampling

input for further process studies. time delays (see Bukowiecki et al., 2002), and all data were
checked for plausibility and validity. Next, the data in each
2.3 Data preparation location bin were statistically treated according to Table 2.

For the CPC, both average concentrations and 5% percentile
This section describes how raw data collected during yo.values were formed. The latter statistical parameter has been

GAM were processed to finally get appropriate input dataShown to be suitable to eliminate plumes originating from
for ANOVA and PCA. With the help of GPS, every raw single vehicles and thus to estimate the local (i.e. the road-
data point (1s intervals) of the total aerosol, number andnear) particle background (which is influenced both by fresh

surface area concentration as well as of the CO concentraf—raﬁic_ plumgs qnq aged/disper_sed_plumes of anthropagenic
nd biogenic origin, see Bukowiecki et al., 2002). For all me-

tion measurements was assigned to a geographical positiofi‘. . .
In a first step, we defined a set of location bins along theteorologlcal parameters and carbon monoxide, average val-
YOGAM route, based on geography and population densi'[)/“'.es.':’er Iogatlon bin were calculated, excep't for the glo'bal ra-
considerations. Thus, all raw data points were attributed tod'at'qn' Since numerous IOW values resulting from brldges_,

corresponding location bins. In this way, 75 location bins b_undlngs, trees or tunnels_ biased the measured global ra@a-
were obtained (see Table 1 and Fig. 1), each containing apt_|on throughout a measuring day, the use of 95% percentiles
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Table 1. Classification of individual stretches of the YOGAM route into 75 location bins regarding altitude and vicinity to anthropogenic
activity. R: Rural, S: Suburban: U: Urban (downtowirieh), HT: Heavy traffic area. Altitudes are indicated in meters above sea level. The
bins are sorted chronologically, in the order how they were passed while driving on the route. A normal measuring day included the access
route from Paul Scherrer Institute to the loop starting point (1-9), followed by two subsequent runs along bins 10-75

Bin No. 1 2 3 4 5 6 7 & 9 10 1 12 I3 14 I5
Altitude 356 364 398 432 446 497 576 577 564 515 527 428 424 433 482
Type R S S HTHT S S S S S S8 U U U U

Bin No. 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Altitude 539 579 485 446 459 463 464 449 469 485 503 534 529 542 540
Type U S 8 S8 R R R R S HT HT HT R R R
Bin No. 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45
Alitude 593 588 550 570 638 776 887 830 768 793 732 696 665 666 696
Type S S s 8 8$ R R R R R R R R R R
Bin No. 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60
Altitude 694 643 633 626 615 602 615 590 544 525 555 598 632 642 590
Type R R R R R R R R S S HT S R R R
Bin No. 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75
Altitude 468 543 467 428 428 446 453 485 465 458 503 438 418 420 467
Type R S S S S S S S S HT HT S S HT HT
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Fig. 2. Seasonal and spatial particle background variation for thiel (Switzerland) area. A contour plot of the particle background number
concentration (B-3 nm) is shown, calculated with the 5% percentile of the CPC total particle number concentration (see Bukowiecki et al.,
2002b). The x-axis represents the days selected for YOGAM measurements (including spring and summer 2001), while the y-axis depicts a
morning and afternoon loop along the YOGAM route (in chronological order).

was shown to be appropriate to get the regional daily varia-<cluded too much noise for reasonable percentile calculations.
tion of this parameter. Average values were also calculatedror all parameters, standard deviations were calculated for
for the active surface area, since the measured DC signal irevery location bin. Furthermore, SMPS and OPC particle
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Table 2. Parameters measured during YOGAM used for the assessment presented in this paper. For every parameter it i€andicated
how raw data was treated to obtain the location bin val(igshow individual parameters are connected to other parametergcahdw

they eventually were transformed in this study to become normally distributed (sqrt=square root). N: Number concentration, S: Surface
area concentration, V: Volume concentration. Numbers in brackets indicate size ranges (inigtrandN\Nyxg values were derived from
condensation particle counter measurements (CPC TSI CPC368Z5nim), while the rest of the N, S and V based parameters were obtained
from SMPS (scanning mobility particle sizer) and OPC (optical particle counter) measurements, see text and Bukowiecki et al. (2002b)

Raw data

Parameter . . Treatment Dependencies  Transformation
time resolution

N(<30) 3 min average - logyo
N(30-80) 3 min average - logio
N(80-140) 3 min average - logio
N(140-310) 3 min average - logo
Niot(OPC) 6s average - sqrt
Nt = CPC(mean) Is average - logio
Npkg = CPC(background) s 5% percentile - logio
S(<30) 3 min average ~ND? logio
S(30-80) 3 min average ~ND? logio
S(80-140) 3 min average ~ND? logo
S(140-310) 3 min average ~ND? logio
Si(OPC) 6s average ~ND? sqrt
V(<30) 3 min average ~ND’ logo
V(30-80) 3 min average ~ND? logo
V(80-140) 3 min average ~ND’? logio
V(140-310) 3 min average ~ND’ logo
V1= V(<1000) 3 min average ~ND’? sqrt
V2.5 = V(<2500) 3 min average ~ND’ sqrt
V10 = V(<10000) 3 min average ~ND’? sqrt
Voi(OPC) 6s average ~ND? sqrt
DC s average - sqrt
CO s average - logio
Altitude (Alt) s average - logio
Pressure (Press) s average ~Alt?! logio
Temperature (temp) s average - -
Relative Humidity (RH) s average - logio
Global Radiation (GR) s 95% percentile - -

size distributions were linked, to obtain an average size distion problems, respectively). Summer data for the rest of the
tribution from 7 nm to 10 micrometer for every location bin. measured parameters N Nykg, CO) are however consid-
Based on the focus of interest of this study, we calculatedered on other occasions in this paper and are mentioned in
several comprehensive integrated sum parameters for diffetthe specific context.

ent size ranges from the size distribution data (see Table 2).

The result of the above procedure is a data set consisting of a

[parameter x location bin] matrix for every measuring day. A 3 ANOVA tests — does day-to-day variation exceed spa-
summary of measuring days selected for YOGAM, including  ig) variation?

meteorological conditions, is given in Table 3. Although the

YOGAM campaigns also included measurements made dury, our previous case study (Bukowiecki et al., 2002) we

ing spring and summer 2001, they were not used for ANOVA g1, e that on a specific measuring day the background par-
and PCA due to problems with SMPS and DC measurementgq|e nymper concentration in our testing area differed by up

(high signal scattering due to sampling problems and calibray, oy than one order of magnitude between urban and rural

www.atmos-chem-phys.org/acp/3/1477/ Atmos. Chem. Phys., 3, 1477-1494, 2003
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Table 3. Overview over the YOGAM measuring days discussed in this study. Summer 2001 data (5 measuring days) were not used for this
study except for CO due to problems with SMPS and DC measurements. Temperature and global radiation represent daily averages plu:
standard deviation of the day-time mean (temperature) and 95% percentile (global radiation) values measured with the mobile laboratory

Date Day type  Temperature (°C) Global Radiation (W m™)
x 111001 Weekday 129+2.6 300+ 114
S 14.10.01 Sunday 15.6+3.0 320+ 92
S 311001 Weekday 144+1.7 214+ 132
§ 051101  Night 46+ 1.0 -
T 06.11.01  Weekday 59+1.1 138+ 92
28.01.02  Weekday 9.9+ 1.1 214 +102
5 g 29.01.02  Weekday 5.1+2.1 156 £ 52
S 29.01.02 Night 12+2.0 -
2R 30010 Weekday 6.8+3.3 218+ 90
03.02.02 Sunday 8.6+3.1 254 + 100
22.04.02  Weekday 10.7+28 510 + 130
23.04.02  Weekday 13.1+23 528 + 136
o 250402  Weckday 122+29 480 + 180
§ 26.04.02  Weekday 145+1.6 314+214
g 150502 Weekday 155+25 626 + 90
S 16.05.02  Weekday 18.8+3.3 612 + 96
2 170502 Weekday 22.1+28 624 + 80
30.05.02 Night 10.0 +2.0 -
02.06.02  Sunday 18.0+2.0 640 + 100

areas. Taking all the data from the whole year into accounthypothesis, F-values are close to 1 and indicate that the vari-
the question arises how this urban/rural variation is quanti-ance between different groups of concentration levels (e.g.
tatively related to the day-to-day variation due to different the variance of the daily averages) is approximately equal
meteorological conditions in thelirich area. Figure 2 shows to the variance within all the individual concentration levels
a date vs. location contour plot for the 5% percentile (back-(i.e. the variance of the entire sample population$:Fthus
ground) values of the total particle number concentration. Itindicates that the variance (i.e. the effect on the signal) be-
is clearly seen that rural and urban regions, but also locationsween the level groups is significantly larger than the sample
influenced by heavy traffic, show different levels throughout population variance.

the year (horizontal stripes). However, there are days/periods The ANOVA showed that for all the selected pa-
in which the overall particle background concentration isrameters the variance both in date and location was
much higher than during other days or periods, exceedingignificant (on a 0.01 level for F-statistics, probabil-
the regional variation. To better examine the influence ofity p(F)«0.001). Furthermore, both ANOVA and the
both daily weather conditions and local pollution character-box plots in Fig. 3 reveal that for fNg (Fgate=73.5,
istics on the measured parameters, Fig. 3 shows box plotBigcatior=4.21), Not (Fdate=265, Hocatior=21.7), the ac-

for the measured levels ofgy, Niot, N(80-140), N&30), tive surface area (Gie=197, Focation=17.5) and N(80-140)
active surface area and CO, separated both by date (daily afFqate=152, Focationr=25) the variation in date exceeded the
erages over all locations) and location (location bin averagevariation in location. For these parameters, the ANOVA
over all dates). Before interpreting the plot, analysis of vari-model also quantitatively confirms the qualitative finding
ance (ANOVA) was performed for additional quantification, drawn from Fig. 2. For N¢ 30) (Fyate=36.0, Focation=16.7)

i.e. to examine whether the variation of the above averageand CO (Raie=19.5, Focatior=11.4), the spatial variation is
values was significant for date and location. A two-way fac- more similar to the day-to-day variation. It is suspected that
torial layout with replicates was applied, using the SPLUSthis is due to the regularly observed formation of primary
6.0 software (Insightful Inc., Seattle, Washington) with vari- ultrafine particles with a short lifetime (see Introduction) in
ables that were transformed to be normally distributed ac-heavy-trafficked areas, and due to the long atmospheric life-
cording to Table 2 (see Chambers and Hastie, 1992; Vosdjme of CO, respectively, as it will also be further discussed
2000). F-values were calculated for both factors (date andn Sects. 4 and 5.

location) to test the null hypothesis. For an acceptable null
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Fig. 3. Box plots for the measured concentration levels gdNNtot, N(80-140), N&30), active surface area and CO during the YOGAM
days (see Table 3), separated both by date (daily averages over all locations) and location (location bin averages over all dates). Box =
median, 25% percentile, 75% percentiléz==mean; x=minimum/maximum. Error bars represent standard deviation.
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Fig. 4. Annual regional average of the particle background number concentration ifitiod Area during YOGAM. The deviation from the
annual regional average (25 OOOT:?r) is shown for every location bin (upper panel), plus the background number concentration measured
along the YOGAM route on the individual days (bottom panel, logarithmic scale). S=Suburban, U=Urban, R=Rural and HT=Heavy traffic

areas.
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Conclusively, Fig. 4 illustrates the variation of the selected
pollutants in the YOGAM area. The upper plot shows the

SUMMER 01 AUTUMN 01 WINTER 01/02 SPRING 02

deviation of the particle background number concentration ”E S0 > .

from the annual average in the YOGAM area. Dependingon o 40

the daily weather condition, the curve is shifted up or down, = 30~

maintaining a similar shape (Fig. 4, lower panel). On aver- S 20 4

age, a clear differentiation for urban, rural and heavy- traf- o 10

ficked areas is recognized on a per-route base. As shown in —~ 0 - LN ' TTT

the bottom plot, the signal scattering (i.e. the absolute day-to- = 40 4

day variance) is basically constant for all location bins. This 2 30+ 1

is also supported in the ANOVA by an insignificant interac- © 20 -

tion between the date and location factor (pf©).05 for all % 10 J

parameterS) - O_ TTTTT IIIIIIIIIIIIII
Before analyzing seasonal averages of the above param- 2 1200

eters we investigated how well the measuring days selected g;‘ 900

during YOGAM could be considered as representatives for £ -8 ]

the corresponding seasons, since the meteorology of the se- 28 600 g

lected days possibly differed from the seasonal average and @ 300 —Ilﬂ

rainy days were entirely excluded from the YOGAM mea- 0 - | I

surements. From two official monitoring sites that are op-
erated by the drich city authorities and located at different
locations in downtown drich, PM10, PM2.5 and CO val-
ues were available for comparison with the YOGAM mo-
bile measurements. In Fig. 5, PM10, PM2.5 and CO mean

values (weighted per day) estimated from mobile Iaboratory,:Ig 5. Comparison of PM10, PM2.5 and carbon monoxide mea-
measurements in downtowriiéich (typically 15min in the  syrements made by the YOGAM mobile laboratory with measure-
morning and one hour at noon on every measuring day, plusnents performed by the officialiZich city monitoring program
one 24-h period in every season) are compared to the corat two Zirich downtown locations. Mean values are shown here,
responding parameters measured at the stationary measurimgpich did not relevantly differ from the corresponding median
sites. For mobile YOGAM data, PM10 and PM2.5 were esti- values. On each YOGAM day, the mobile laboratory was used
mated from V10 and V2.5, respectively, assuming a particlefor short-term stationary measurements atizh-Wiedikon, where
density of 1.7 g cm3. This is only a rough approximation, also one of the two official monitoring sites is located. PM10 and
since bulk material density, particle shape and ambient huPM2 5 for the YOGAM mobile measurements were estimated from
' V10 and V2.5 using a particle density of 1.7 gti(see text). A
midity have a large influence on the exact value (Hand and

. ; . L L “one-way ANOVA was performed to find significant differences be-
Kreidenweis, 2002). Main characteristics seen in Fig. 5 are “tween the considered mean values. A star above the bars denotes a

significant difference (on a 0.05 level) between the 24-hour seasonal
— Stationary measurements, seasonal (24-hour) meangean and the 24-hour mean of the YOGAM days. Equally, a cir-
vs. YOGAM days (24-hour)For PM10 (and also the cle denotes a significant difference between the YOGAM 24-hour
available PM2.5 data), the selection of measuring daysand midday means, while an “x” denotes a significant difference
was only significantly representing the seasonal 24-houibetween the midday stationary and mobile lab measurements.
mean for summer, while the selection of campaign days
led to significantly higher seasonal median values for
the other seasons (especially in autumn). For CO, the
selection of days was not significantly representative
for the seasonal 24-hour mean for any of the seasons,
although the mean values are similar for summer and

spring.

Il Seasonal mean (24h), stationary
I YOGAM mean (24h), stationary
[ YOGAM mean (midday), stationary
I YOGAM mean (midday), mobile

(and PM2.5) the midday means were higher than the
24-hour means, while mean diurnal CO concentrations
were lower during midday episodes.

— Stationary vs. mobile measurements, comparison of
YOGAM midday data:The (partially parked) mobile

Stationary measurements, YOGAM 24-hour means vs.
YOGAM midday meansThe measured mean values
were significantly different from each other for most of
the parameters and seasons, reflecting that a short mid-
day episode is in most cases not representative for the
entire diurnal variation, which is strongly influenced by
rush hour or nighttime stagnation episodes). For PM10

Atmos. Chem. Phys., 3, 1477-1494, 2003

YOGAM mean data for CO, PM10 and PM2.5 did
not statistically differ from the corresponding stationary
midday means (except for spring), although the mean
values appear considerably different in the plots. This is
due to the smaller sampling population for the midday
mean values, yielding a larger variance and a smaller
F-value in F-statistics (see above).
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Fig. 6. Seasonal variation of fk, Npkg, N(<30), N(30-80), N(80-140), N(140-310), V2.5, V10, active surface and carbon monoxide,
resolved by location category (R: rural, S: suburban, U: urban, HT: heavy-traffic areas, see Table 1 and Fig. 1). Mean values are shown, with
bars representing one standard error of mean. Due to SMPS and DC measurement problems no summer data are availablegxcept for N
Npkg and CO.

Overall, the selected YOGAM measuring days overes-ure 6 shows the seasonal variation of the above parameters
timated seasonal means during 2001 and 2002, especiall§plus V10, V2.5, N(30-80) and N(140-310)), resolved by
for autumn and winter. This possibly reflects the fact thatlocation category (rural, suburban, urban and heavy-traffic
only days without rain were selected for YOGAM measure- areas) as defined in Table 1. Roughly, CO and most num-
ments. Given the complex measuring situation, the middayber based aerosol parameters (N) on the one hand and V10,
Zurich downtown mobile measurements agreed reasonably’2.5 and the active surface area on the other hand show sim-
well with the corresponding stationary measurements. Figdlar seasonal trends. According to the estimation of seasonal

www.atmos-chem-phys.org/acp/3/1477/ Atmos. Chem. Phys., 3, 1477-1494, 2003



1486 N. Bukowiecki et al.: Fine and ultrafine particles in thigizh (Switzerland) area

Loadings (PC1)

~ o~ o~ o~ o~ 4 ~ ~ ~ ~ ~ ~ ~ ~ ~

9

-

N(140-310
Ntot(OPC
S(140-310
Stot(OPC
V(140-310
\Y

V2.5

V10

Vtot(OPC)

DC

cO

Alt

Pressure

Temp

RH

GR

Normalized PC1
w
o
|

L~

<20 e ——————r———g——n——gr——"w——y
HTSUSSRSRRRSRSSHTUSRRSRRRRRSS

Location Bin #

Fig. 7. Normalized first principal component PC1 (bottom graph) and the corresponding loading pattern (top graph). The average plus
standard deviation of the individual days is shown and thus represents an annual average. Variable names and location classifications ar
given according to Tables 1 and 2.

representation described in the previous paragraph, winter
data are too high for the first group (CO, N), while the sec-

. L J-1
ond group (V10, V2.5, active surface area) primarily overes-Pq_ _ Z b v )
timates the autumn data. On average, rural (R) and suburban —
(S) areas showed lower concentration levels than urban (U) =
and heavy-traffic (HT) regions for all considered parametersyhere b;; are the component loadings and indicate how
except N&30). Overall, higher levels were found during au- strongly a specific original variable contributes to P€and
tumn and winter for the size range <310nm, for V10, 2.5, is the original variable. PCs are found by calculating the
and for the active surface area. In contrast, winter and springigenvectors and corresponding eigenvalues of the correla-
dominated the seasonal variation affNNpkg and CO. tion matrix formed by the input data. The projection of the
original data on the eigenvectors defines the PCs, and the
eigenvalue of every eigenvector indicates the contribution of
the specific PC to the total data set variance. By definition,
there areJ — 1 principal components, with the first ones con-
taining the most relevant information. Taking only these PCs,
Principal component analysis is first of all a data reductionthe original data set can be stored and compressed with a
technique (see e.g. textbooks by Jolliffe (1986) or Mardia etlower amount of variables, and the original data can be re-
al. (1979)). Figuratively, it extracts the directions in which a stored with only a minor loss of information.
cloud of data points is maximally stretched, i.e. has a max- For the YOGAM data, PCA was individually performed
imal variance. The most relevant information of the data seffor the [location binx measured parameter] matrix of every
(J variables withK observations) is contained in these di- measuring day showing no data gaps, using the SPLUS 6.0
rections (i.e. principal components, in the following termed software. This strategy of analyzing single days individually
PCs). The PCs represent orthogonal and therefore indepenvas selected because an annual analysis of all the data is al-
dent linear combinations R©f the J original variables: ready covered by the previous section and would therefore

4 PCA — exploratory data analysis
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possibly yield redundant information. The goal was rather
to obtain individual “footprints” for every day, telling more
about the influence of e.g. meteorological conditions on the
spatial and daily variation of the pollutants. From the input A B1 B2
matrix, the correlation matrix was calculated. Both original
data and data transformed to normality (see Table 2) were
tested as input for PCA. No significant changes in the load-
ing pattern were observed, so we decided to use the original
data to avoid interpretation artifacts due to distortion of the
original data. The signal-to-noise ratio was larger than 3 for
all variables, so no down-weighing of noisy variables had to
be taken into account (Paatero and Hopke, 2003). A further s~
issue regarding our input data is the fact that although severa
parameters in our input matrices are not in linear relationship
they are in a square relationship to each other (especially th
N, S and V variables). Testing the influence of the number
of dependent parameters in the input matrix on the PCA re-_ o ]
sults again showed that the PCs and their loading pattern§'9- 8- Cluster analysis hierarchy tree for the 19 PC2 loading pat-
did not relevantly change. A change occurred however interns obtained by individual PCA for every YOGAM measuring

oo . ) ay. Every individual loading pattern contained 12 parameters (see
the relevance of the individual PCs, i.e. the eigenvalues 0{jext). A divisive clustering algorithm based on euclidean distances

the components decreased with a decreasing number of dgz,q sed. A, B1 and B2 represent main branches, splitting the data
pendent parameters. With a minimal set of parameters, difinto three categories.

ferent criteria for evaluating the relevance of PCs (see PCA

textbooks) suggest that mainly the two first PCs are relevant.

Overall, it was therefore decided to use the full set of vari-

ables for the further qualitative analysis of the first two prin- that this component represents a general degree of pollution.

cipal components. With this analytical design, the first PC The standardized PC1 (lower graphin Fig. 7) shows high val-

explained 6&:5% of the total variance, whereas the secondues in urban regions and regions with heavy traffic and low

PC accounted for 165%. Respective values for the further values in rural areas far away from anthropogenic activity.

PCs 3 and higher were lower than 10%. This leads to the conclusion that the largest variation in our
Standardized component loadings (Eq. 2) and the stan- daily data sets is caused by the degree of anthropogenic in-

dardized values of PCs;jx, (Eq. 3) are the most useful pa- fluence on the respective measuring locations. In contrast to
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%

rameters for a qualitative PCA analysis: PC1, PC2 showed no uniform loading pattern throughout the
year. Since N, S, V(80-140) or N, S, V(140-310) hardly con-
cij = bij ) tribute to PC2 (see above), other factors than anthropogenic
' vEV; influence had to be found. To reveal similarities in the load-
by loading value of PEfor variable;; EV;: eigenvalue of ing patterns of PC2, a clus_ter analysis was performeq. Both
PC. for PC1 and PC2 the loading values of N, S and V differed
by less than 10% within the particle size ranges 7—80 nm,
o J-1 v; (k) — v; (k) ) @) 8(’)\1—18’51\/0 nnlg gr\1/d 310 nNmS—;\tlon Therefore, average values
Yijk = ; swy €ij AT oo’ Agya10andAgi s 10000 Were used for cluster anal-

ysis of the PC2 loadings. The input for the cluster analy-
vj(k): k-th value of variabley;; s(v;): standard deviation of ~sis was a [parameter x date] matrix consisting of the PC2
variablev;. loading patterns, with the 12 parameters CO, active surface

Figure 7 shows the annual average of the first principalarea, Not, Npkg, A';';g’ov, A’g‘(’fé\llo and Ag‘icSLYoooo altitude,

component, along with its loading pattern. Obviously, the pressure, temperature, relative humidity and global radiation
loading pattern for the first component shows relatively little for the 19 YOGAM measuring days (matrix dimension 12
variation throughout the year (see standard deviation bars)x 19). A hierarchical tree with euclidean distances (Fig. 8)
All loadings except for global radiation, altitude and temper- was obtained using a divisive clustering algorithm (Kaufman
ature have positive values. The parameters that are contribuand Rousseeuw, 1990). A clear split into two main branches
ing most to the first PC are those in the middle of the consid-(A and B) is seen, while branch B is divided in two major
ered size spectrum, i.e. N, S, V(80-140) or N, S, V(140-sub-branches (B1 and B2) on the second highest hierarchi-
310), as well as CO and the active surface area. At the sameal level. Within these three categories (A, B1 and B2) we
time they showed a minimal contribution to PC2 (loading searched for meteorological/geographical variables that were
values<20% of the maximum PC2 values). This suggestsdifferent in the three individual cluster categories. Figure 9

www.atmos-chem-phys.org/acp/3/1477/ Atmos. Chem. Phys., 3, 1477-1494, 2003
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shows that despite a few outlier days global radiation seems
to be a main divider for category A and B, and that the wind

I
. : LD - 20 - Temperature |
speed at high altitudes is significantly split by all three cate- _
gories (0.05 level significance in F-test statistics). In contrast, £ 15 é
temperature is statistically only insignificantly different, al- +~ 19 | % 0 i

though temperatures appear to be highest in category A and
lowest in category B1. In categories B1 and B2 the main

wind direction was SW (80%), while the prevailing wind di- 800 T w —
rection for category A was NE and SW in an approximately Global radiation

1:1 ratio. Concluding this section, the following statements ‘*E 600 T i
and questions arise from the PCA and cluster analysis: = 400+ -
N

I

T T

— Within one day, the distance to anthropogenic pollution 200 -
sources caused the largest variation (65%) in the mea-
sured pollutant parameters. This contribution to the to-

tal data variance was in all cases larger than influences 8 -| Wind speed high altitudes :

from meteorology (on a one-day base). In the selected T 6 - i
area, most of the locations that are least influenced by 4. T % i
= 1 L]

anthropogenic activity are located at higher altitudes.
— Beside anthropogenic activity, meteorological condi- ‘ ‘ ‘
tions are suspected to explain further 15% of the total -+

pollutant variation. Namely differences in global radi- 4 - Wind speed low altitudes I
ation and in the wind speed at high altitudes split the 3 -

T

v(ims

YOGAM days into different categories, each possibly g 2 o i
reflecting a particular meteorological situation. In this > 1 % i
case it is expected that particle number size distributions .

will show differences for these individual categories. 0 A B‘l B‘z

Cluster category

5 Using PCA results as input for further data analysis ) ) )
Fig. 9. Meteorological daily average parameters (temperature,

As stated in the previous section, anthropogenic air poIIution9|°ba| radiation, wind speed at high/low altitudes) split into clus-
. . . . . i = i 9 i 9
can statistically be assigned to high levels of particles in anie" categories A, Bl and B2. Box ”T‘ed'a”’ 25% percentile, 75%
ercentile;.dJ=mean; x=aminimum/maximum. Whiskers represent

intermediate §|ze r_ange (80-310 nm) and high CO levels. Fo /95% percentiles. Wind speed for high altitudes was calculated by
furth_er analys,'s' this knqwledge was then used to, h.ave a morgveraging daily data from meteorological monitoring stations M1
specific look into the original data set. Indeed, it is already g5om a.s.1.) and M2 (1130 m a.s.I.) (see Fig. 1), while wind speed
known from gas phase chemistry that CO is a good indicatokor |ow altitudes represents corresponding average data from sta-
for anthropogenic activity. Furthermore, we already showedtions M3-M?7.

in Bukowiecki et al. (2002) that the particle number concen-

tration in the size range 80-140 nm is strongly connected to

anthropogenic activity. PM10 or PM2.5 in areas surround-Figure 10 shows this average percentile for every location bin
ing an urban region are further parameters often discussed iind parameter, in chronological order according to the YO-
this context (see Introduction). To carry on the discussion of GAM route. Additionally, the altitude profile is shown. It is
the previous section’s findings, the YOGAM database (seeconfirmed that most of the locations that are least influenced
Sect. 2) was therefore used to classify data in the two follow-by anthropogenic activity are located at higher altitudes. The

ing ways. only exceptions are locations influenced by busy main roads.
The relationship between the percentiles and the inverse alti-
5.1 Location-dependent pollution tude is almost linear for all three parameteré-4R.6+0.1).

For all database entries (i.e. 1 morning and 1 afternoors.2 Event-based pollution

value per date and location, except location bins 1-9) of

N(80-140), V2.5 (representing PM2.5) and CO, the per-To study the influence of meteorological parameters, a clas-
centile within the individual parameter was calculated. Cate-sification of the individual measurements (in the following
gorizing these percentiles by location and parameter yieldedermed events), rather than a classification per location bin
an average percentile for every location and every parametewas considered to be reasonable. Again, the percentile of
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Fig. 10. Location-attributed average percentiles for pollution by CO, N(80-140) and V2.5 (see text). The x-axis represents the YOGAM
route in chronological order and shows classifications according to Table 1. Additionally, the altitude profile of the YOGAM route is shown.

every single value was calculated individually for N(80- crease in ultrafine number concentration. This confirms that
140), V2.5 and CO. In contrast to above, the average of thehe formation of primary ultrafines was enhanced in situa-
percentiles over the three parameters was then formed fations of high anthropogenic (and especially traffic-related)
every date and location in the database. These average pair pollution. There is however no evidence from these data
centiles per event were assigned to one of 5 categories: cathat a large number concentration of accumulation mode par-
egory 1 included average percentile values of 0-20%, catticles, which shortens the lifetime of ultrafine particles due
egory 2 20-40%, category 3 40-60%, category 4 60—80%o higher coagulation rates, suppresses nucleation of primary
and category 5 80-100%. In this way, high-pollution eventsultrafines.

would fall into category 5, while clean-air events were as- _. .
signed to category 1. Figure 11 shows annual mean and me- Figure .12 Sh.OW.S te_mperature-resolved mean an_d median
dian SMPS particle number size distributions for the indi- humber size disiributions for category 5 and confirms the

vidual categories. There is a remarkable difference betweef' ¢ V10US findings in literature stating that the formation of

the median and the mean distributions especially for Cate_primary ultrafine particles is enhanced at cold temperatures

gory 5, indicating that extreme situations within this category('A‘deI'KhaIGk et al., 2000), as it is seen both in mean and

strongly influence mean distributions. Here, extraordinarily2gg'r?gnr:jumgsirars]'fj?sg:E:{g)urfgog; t;rehzszliﬁ?]reednfg?h? stgrer}]e
high number concentrations of ultrafine particles are found, 9

which were regularly observed in the morning hours on areasons as discussed for Fig. 11. Figures 13 and 14 show

route stretch near a busy freeway (location bin numbers 4oarticle number size distributions resolved by cluster cate-
and 5 in Table 1). This level of primary ultrafines is typi- gories A, B1 and B2 (see Sect. 4) for the pollution categories

cal for freeways (Kittelson et al., 2001; Zhu et al., 2002) andf.’ and (1, 2)I',t retspectlve_ly. Ac:jdmf(t)nally, the size g‘:’}gbu'
is much larger than for other, non-freeway urban conditions I0NS are Spiit Into morning and afternoon cases. Stz€
distributions are included in graphs. The slight discontinu-

that statistically were more frequent during YOGAM. This ities in the combined SMPS and OPC number distributions

is also reflected in the median size distribution, which is less X : L
influenced by freeway situations. The trend from categoriessir;uglrelgrtﬁ Iéisgrlte Zﬁar:sm: dfz(c:;tcg:gitnm ttoh?hgrplic r:?:clgt?elz-r-
1 to 5 shows, beside an increase in the integrated number part . g1o 19
. S ing behavior, which depends on the particle size, morphol-
concentration and the number concentration in the combus(-) and refractive index. Since the OPC was calibrated with
tion aerosol accumulation mode, an especially noticeable in- gy ar L .
spherical Latex particles, the observed shift towards smaller

www.atmos-chem-phys.org/acp/3/1477/ Atmos. Chem. Phys., 3, 1477-1494, 2003
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Fig. 11. SMPS number size distributions for the event-based pollution categories defined in Sect. 5.2. Both median and mean distributions
are shown. The distributions are based on the whole-year YOGAM data set.
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Fig. 12. Temperature-resolved SMPS number size distributions using all YOGAM database entries assigned to pollution category 5 (see
text). Both median and mean distributions are shown. The average number of individual distributions per temperature category is 150-200.
GR: Global radiation.
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Fig. 13. SMPS (7-310nm) and OPC (0.3—+1fh) median and mean particle number size distributions measured during YOGAM during
events with high anthropogenic pollution (event category 5, see Sect. 5). Distributions are resolved by categories A, B1 and B2, which
differentiate main types of meteorological conditions during YOGAM (see text). A: high global radiation, low wind speed at high altitudes;
B1: low global radiation, medium wind speed at high altitudes; B2: low global radiation, strong winds at high altitudes.

diameters is most probably due to the different refractive in-days) and weakest for category A (mainly spring days), but
dex and complex morphology of the measured particles in theclearly occurs in all cluster categories. In the afternoon dis-
range 300-1000 nm. In Fig. 13, presenting the highest poliributions no evident differences between median and mean
lution event category (downtowniich and morning free-  distributions are observed. In all cases, especially in category
way episodes), the striking difference in the morning medianA, a concentration decrease in the 80-140 nm size range is
and mean distributions once more suggests an occurrence gken. This is usually caused by increases in the mixed bound-
heavy primary (directly traffic-related) ultrafine particle for- ary layer height in the afternoon. Figure 14 shows the cor-
mation during strongly polluted morning events, enhancedresponding plots for data in the lowest pollution categories
by cold temperatures (comparable to Fig. 12). This phe(1 and 2), mainly found at rural, elevated areas (see also
nomenon is strongest for category B1 (mainly cold winter Fig. 10). For cluster category A (mainly spring days with

www.atmos-chem-phys.org/acp/3/1477/ Atmos. Chem. Phys., 3, 1477-1494, 2003
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Fig. 14. SMPS (7-310nm) and OPC (0.3—+1fh) median and mean particle number size distributions measured during YOGAM during
events with low anthropogenic pollution (event categories 1 and 2, see Sect. 5). Distributions are resolved by categories A, B1 and B2, which
differentiate main types of meteorological conditions during YOGAM (see text). A: high global radiation, low wind speed at high altitudes;
B1: low global radiation, medium wind speed at high altitudes; B2: low global radiation, strong winds at high altitudes.

high global radiation), a remarkable difference between methe morning. From the size of these particles® nm) we
dian and mean distributions is seen for the afternoon distribu€onclude that nucleation took place several hours before the
tions, which does not occur that obviously in the correspond-mobile van entered the area of interest in the afternoon (typ-
ing morning distributions and the entire rest of the clusterically at 2:30 pm). Similar to Fig. 13, concentrations in the
categories. This might be an indication that secondary ul-80—-140 nm size range decrease from morning to afternoon,
trafine particles occurred in low polluted areas under thesén this case suggesting that the rural locations were influ-
conditions, triggered by higher photochemical activity. Fur- enced by pollution also in the morning. Due to vertical mix-
thermore, these particles are probably not primary becausig and dilution the concentrations decreased throughout the
they are found in the afternoon at higher temperatures than iday. Category B2 (low global radiation and strong winds at
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high altitudes) is characterized by extraordinarily low num- ence of weather conditions at a specific location. Based on
ber and surface area concentrations for particles larger thaRCA and cluster analysis it has also been shown that pri-
300 nm, yielding low values ofi§ and S(OPC). This indi- mary (directly traffic-influenced) ultrafine particles regularly
cates a generally clean atmosphere, associated with the higbccurred in highly polluted areas, with an increased forma-
wind speeds from the west with a low residence time overtion potential at cold temperatures, which was typically the
the continent, and possibly resulting from precipitation on case during winter inversion episodes. Ultrafine number con-
the previous hours/days causing below-cloud scavenging ofentrations along a freeway stretch were consistently much
large particles. The third category, B1 (low global radiation, higher (usually>80 000 cnt2 on average) and more regu-
cold temperatures), shows low concentration levels for largdarly observed than in other urban area types. These obser-
particles in the mornings (see alsg:Sand S(OPC)) but a vations agree well with previous literature. A suppression of
large increase in the afternoon. At the same time there is aucleation has not been observed for high concentrations of
rather high number concentration (compared to the other sitcombustion accumulation mode aerosol. There was a weak
uations) for both the median and mean distributions in theevidence for secondary (anthropogenic or biogenic) ultra-
ultrafine size range in the mornings, which decreases in théines in clean rural areas in the afternoons of warm and sunny
afternoon. Daily morning concentrations of &§0) and CO  days, mainly in spring. Their occurrence was however gener-
were correlated in this category, and the morning averagelly low, and number concentrations were considerably lower
temperature was low (7°E). This suggests that the observed than for primary ultrafines. Nucleation events characterized
ultrafine particles were primary. by a “banana” shape of size distribution contour plots, as for

example described by (Boy and Kulmala, 2002b) , were not

captured by this experiment, due to the mobile approach in
6 Summary and conclusions this complex terrain.

These findings lead us to the conclusion that, although the

It was the goal of this study to obtain an integral picture selection of days was not representative for entire seasons in
on the annual variation of fine and ultrafine aerosol lev-this study, the performed mobile measurements were suitable
els in the Zirich area with the help of mobile measure- for pollutant assessments to obtain good information on spa-
ments. We already showed earlier that mobile measuretial and day-to-day variability. For aspects concerning spa-
ments are useful for short-term air pollution investigationstial resolution on a relatively short time scale day), an
that allow investigating and distinguishing between day andexperimental design using a mobile measurement may even
night situations but also between urban and rural areas withime more appropriate than a network of stationary measuring
the same experiment involving a single mobile laboratory.sites.
Using appropriate multivariate statistics the same has been
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