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Abstract

The comparability was tested of three aerosol `spectrometersa, used in a program for monitoring the spectra of "ne
and ultra"ne particles in three European cities. Droplets of sebacate, solid ammonium sulfate and agglomerates of
elemental carbon were used in the tests, representing the major chemical and structural types of particles encountered in
urban aerosol. Particles in the ultra"ne range (10}100 nm) are sized by electrical mobility (SMPS, DMPS and EAS) and
the `spectrometersa gave very similar size distributions for these aerosols. The integrated number concentrations were on
average within 20%of the directly measured total number concentrations. Particles with a size between 0.1 and 2.5�m, in
which most of the volume/mass is concentrated, are being di!erently classi"ed in the three `spectrometersa, respectively,
with a low- and a high-#ow LAS-X, and "eld charging in the EAS. The agreement between the three instruments in this
size range was less good, which was partly caused by signal overload in the high-#ow optical sizer, which was solved
using a larger threshold. A complication occurred with the elemental carbon, which was composed of highly agglom-
erated entities. Particles, sized by the mobility instrumentation as being in the range of 100}400nm, were not detected by
the optical sizers. Volume (spectra) for ammonium sulfate deduced from the number spectra were compared with the
mass (spectra) obtained with cascade impactors. The comparison was good for the LAS-Xs; the EAS overestimated
volume/mass. � 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Human exposure and response to urban particles of
di!erent size is being assessed in a concerted European
project, see acknowledgement. The reason behind
measurement of the size of the particles is that the aerosol

parameter best related to the health-e!ect have not been
identi"ed yet. This may be mass or number of particles as
was recently demonstrated by Peters et al. (1997), or
surface. Health e!ects presumably depend on the loca-
tion at which the particles are preferentially deposited in
the respiratory system, which is a function of their size.
Particles which dominate the number concentration are
in the so-called ultra"ne size range, i.e. have diameters
smaller than 100 nm. It has been shown that the human
defense mechanism is less adapted in combating particles
of this size (OberdoK rster et al., 1995).
There are presently no commercial `spectrometersa for

long-term measurement of aerosol and, therefore, home-
built instruments or modi"ed research instruments are
used. While calibration of the size is easy using reference
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monodisperse particles, such `spectrometersa cannot be
calibrated in the "eld with respect to the aerosol number
in a size class. Without a possibility of absolute calib-
ration the best alternative is to test the comparability of
`spectrometersa side-by-side using the same aerosol, thus
guaranteeing that aerosol data from di!erent cities may
indeed be compared.
Simulated urban aerosol was used in a "rst test of the
`spectrometersa, for the following reasons:

� The physical and chemical properties of the generated
aerosols are well known and stable over time, so that
di!erences in response of the instruments can only be
due to aerosol composition or structure. Also extreme
conditions can be chosen with respect to number/size
and composition.

� Tests can be repeated later, under identical or slightly
modi"ed conditions, to systematically search for the
cause of the di!erences.

Three kinds of aerosol material were used, represent-
ing the three major chemical components in urban aero-
sol. Elemental carbon represented `soota, an organic
compound (bis-(2-ethylhexyl)-sebacate oil) simulated the
class of organic carbonaceous compounds, while am-
monium sulfate represented the dominant species of re-
gional haze (ten Brink et al., 1997). The components also
represent three di!erent physical types of aerosol. The
sebacate consists of spherical droplets, ammonium sul-
fate is composed of solid crystals and the elemental
carbon particles are agglomerates of numerous ultra"ne
primary particles.
The mass distribution cannot be reliably monitored

with high time resolution and, therefore, the volume as
a function of size, derived from the size spectra, is used
as a proxy/surrogate (Tuch et al., 1997; Eldering and
Glasgow, 1998). The consistency between the volume
distribution measured with the `spectrometersa and the
mass distribution derived by other means was therefore
also tested here.
Note: Di!erent `spectrometersa provide aerosol num-

ber (concentrations) in di!erent size bins. The continuous
distribution of the number concentration as a function of
size, constructed from the number concentration per
discrete size class, can be most easily compared. This
continuous function is called number `spectruma here.
The volume spectrum is de"ned in a similar way.

2. Methods

2.1. Aerosol instrumentation

2.1.1. Aerosol `spectrometersa
The three `spectrometersa tested were: the MAS (of

the partners from Munich), the DAS (Dutch Aerosol

`spectrometera) which is similar to MAS and the EAS of
the Estonian/Finnish partners, which is a completely
di!erent instrument. Performance, calibration and main-
tenance of MAS and EAS have been described in a pre-
vious paper (Tuch et al., 2000) and only features relevant
for the present tests are given here.
The MAS consists of a di!erential mobility analyzer

(DMA, EC-3071 TSI Inc.) } CPC (3761, TSI Inc.) combi-
nation, and an optical particle sizer (LAS-X, PMS Inc.).
The LAS-X, which is a specially designed low-#ow in-
strument, is `mobility calibrateda using aerosol which is
size-classi"ed with the DMA of the DMPS. The spectral
data obtained with DMPS and the mobility-calibrated
LAS-X thus, provide a single `mobilitya size distribution
over the diameter range of 10 nm to 2.5�m. The time
resolution of MAS (as well as the DAS, see below) is
6min, so that "ve spectra are obtained per test aerosol.
The mobility calibration method failed for the EC-par-
ticles, see results.
In the Dutch `spectrometera the scanning mode of

operation of the DMA is used (SMPS 3934, TSI Inc.)
with a CPC 3010 as counter. The LAS-X optical sizer is
the standard clean-room high-#ow type which means
that it may have overload problems with high number
concentrations. The aerosol is in principle classi"ed into
16 size classes instead of into 64 channels as is done in the
Munich `spectrometera. The "rst two channels of the
LAS-X are not being used because of too low counting
e$ciency (Yoo et al., 1996); particles in the range
100}175nm are sized with the SMPS instead.
The EAS (Kikas et al., 1996) consists of two electrical

mobility analyzers, one for particles (0.5�m and one for
particles '0.3�m. The size resolution of the EAS is
4 channels per size decade. The mobility analyzer for the
smaller size range uses unipolar di!usion charging (di!er-
ent from the bipolar charging in DAS andMAS), while the
second analyzer uses electric "eld charging. The de#ected,
charged, particles are collected on the cylindrical outer
walls and the current induced in discharging the walls is
measured and translated to particle number. The full size
spectrum is obtained by numerical inversion of the mobil-
ity distribution obtained with the two di!erent analyzers
of the EAS (Kikas et al., 1996). The EAS measures a spec-
trum every 10min, providing three spectra per test.

2.1.2. Condensation particle counters
Two condensation particle counters (TSI type 3022)

measured total number concentrations, which were com-
pared with the integrated number concentrations
obtained from the `spectrometersa. The 50% counting
e$ciency of the CPCs is at about 7 nm (Quant et al.,
1992), so that they e!ectively measure all particles used in
the present tests.

2.1.3. Volume versus mass
Mass spectra between 0.06 and 8�m were obtained by

collecting aerosol with (two) Berner eight-stage cascade
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low-pressure impactors. The mass spectra were com-
pared with the volume spectra derived from the `spec-
trometersa. Ammonium sulfate aerosol was used and the
amount of collected material was measured with stan-
dard analytical techniques. The mass distribution of the
test aerosol was similar that in ambient air (ten Brink
et al., 1997), but the associated number of particles was
higher to obtain su$cient material for analysis. In ten
Brink et al. (2000) details of the mass measurements are
provided.

2.2. Aerosol generation

For each of the three species chosen two distributions
were produced, one `smalla and one `largea. The design
median diameter in number was 30}40nm for the `smalla
particles and 70 nm for the `largea aerosol.
Ammonium sulfate: This aerosol was produced by

nebulizing aqueous solutions with a Wiesbadener jet-
nebulizer, chosen for its stable output (ten Brink et al.,
2000). `Smalla and `largea aerosol spectra were produced
using solutions with concentrations of 0.05 and 2.5 g l��,
respectively. The aerosol was dried with a 10-fold excess
of dry air (RH(10%). The aerosol was then led into the
test circuit described below.
Sebacate: (Bis-(2-ethylhexyl)-sebacate) was produced in

a similar way as the ammonium sulfate by nebulizing eth-
anol solutions, with concentrations of 2 and 10ml l�� of
ethanol for the `smalla and `largea spectra, respectively.
Elemental carbon: It was produced with a commercial

generator (GFG 1000, Palas, Karlsruhe, Germany). The
generator operates by a spark-discharge between graph-
ite rods. The structure of the aerosols is similar to that of
`soota particles in diesel exhausts.
Aerosol of ammonium sulfate and EC was stable with-

in about 3% over a test period of 30min with respect to
total number concentration, whereas sebacate had 5%
random variations.

2.3. Aerosol circuit

The tests were performed in the ECN humidograph
(ten Brink et al., 2000), which is especially suitable for
intercomparison campaigns because of its high #ow rate
(400 lmin��). The #ow in the system is well mixed, so that
there is little di!erence in aerosol concentration across
the exit plane, making the positioning of the sampling
inlets less critical for the comparison. The total number
concentrations were comparable with that in urban
air: 3�10� cm��. For each test data were collected for a
period of 30min.

3. Results and discussion

An overview of the results is provided in Table 1:
number geometric mean diameter, geometric standard

deviation and integrated number concentrations per test,
which allows a more quantitative comparison. It can be
seen that the three `spectrometersa give very comparable
size distributions for the ultra"ne particles, i.e. for par-
ticles smaller than 100 nm in diameter. As an example the
spectrum of the `smalla elemental carbon is shown in
Fig. 1.
The integrated number concentrations (Table 1b)

show di!erences of up to 30% for an individual case, but
the spectrometers agreed on average within 10%. The
integrated number concentration also compared well
with the total number concentration directly obtained
with the CPC's. Table 1b shows that these are on average
equal within 20% except for the large EC-particles,
which will be discussed below. There is obviously no
systematic di!erence between the aerosol spectrometers,
which gives con"dence in the comparability of data
gained at the di!erent ambient sites at which they have
been subsequently been operated (Ruuskanen et al.,
2001).
Note: Some of the di!erences between the monitors are

indicative of their limited accuracy. For instance, the two
relatively simple CPCs showed random di!erences of up
to 30% (Table 1b), whereas the manufacturer indicates
that this type of CPC has sample #ow variations of up to
10%.
Hereafter, we will focus on discussing measurement of

particles with a diameter larger than 100nm, because for
those particles sometimes, large discrepancies between
the spectrometers were observed.
Sebacate: The `largea spectrum had a substantial num-

ber of particles larger than 100/175nm, which are sized
by the LAS-X monitors in MAS and DAS, respectively.
The high-#ow LAS-X su!ered from electronic overload-
ing by the high particle number. It should be noted that
the LAS-X does not issue a warning for this. The present
"nding was the reason to use a higher threshold diameter
(of 275 nm) in the DAS in the "eld monitoring program.
However, measurements of the urban aerosol of
Erfurt with its rather high total number concentrations
show that the contribution of particles with a diameter
larger than 275 nm is rather low (Tuch et al., 1997).
Consequently, the DAS is not expected to experience
serious overload. Moreover, the volume spectra deduced
from the size spectra of the DAS are not a!ected by the
overloading, see below.
The LAS-X of the MAS was not overloaded because it

is one of the few instruments for measurement of high
number concentrations. On the other hand, this LAS-X
measured a concentration which was higher than that
obtained with DMPS/SMPS in the same size range.
Ammonium sulfate: All three spectrometers (Table 1)

give an almost identical shape of the spectrum.
Elemental carbon: While DAS and EAS indicate that

there is a substantial number of particles in the size
range of 100}300nm (Fig. 2a), the MAS counts very few
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Table 1 �

(a) Number geometric mean diameter d
�
and geometric standard deviation �

�
of aerosol spectra for the di!erent aerosol types (number

geometric mean diameter is expressed in nm)

MAS EAS DAS

d
�
(nm) �

�
d
�
(nm) �

�
d
�
(nm) �

�

AS-small 25 1.64 32 1.86 27 1.7
AS-large 55 2.21 62 2.38 54 2.27
EC-small 35 1.66 44 1.86 38 1.78
EC-large 76 1.96 92 1.64 80 1.55
SE-small 76 1.96 93 2.09 70 1.73
SE-large 213 2.08 229 2.08 131 2.25

(b) Average total number concentrations (cm��) measured with the individual instruments

MAS EAS DAS CPC-1 CPC-2

AS-small Aver. 39,100 29,900 39,700 28,700 28,200
Std 1970 190 1450 280 210

AS-large Aver. 25,700 26,000 25,700 27,500 23,100
Std 970 660 370 300 760

EC-small Aver. 39,200 37,600 35,100 31,000 30,000
Std 910 370 330 310 320

EC-large Aver. 12,000� 18,900 19,100 n.a. 13,500
Std 460 140 350 390

SE-small Aver. 20,500 21,400 33,700 25,200 n.a.
Std 1790 1000 1020 870

SE-large Aver. 19,900 28,300 21,400 20,500 16,100
Std 950 1020 1650 980 600

�AS } ammonium sulfate, EC } elemental carbon, SE } sebacate.
�When the DMPS data are used instead of the LAS-X in the range of 0.1}0.4�m, see text, the integrated number concentration is
17,800 cm��.

Fig. 1. Number concentration spectra for the `smalla elemental
carbon aerosol as measured with the three spectrometers.

particles in this region. The response of the Dutch LAS-
X, of which the data in the size range 100}275nm are
normally disregarded, was similarly low as that of the

LAS-X of the MAS in this region (Fig. 2b). The DMPS of
the German spectrometer, which is normally not used in
this size range, gave data which are in excellent agree-
ment with that of DAS and EAS (Fig. 2b).
Schmidt-Ott and Wustenberg (1995) showed, using

a high-sensitivity LAS, with a lower threshold that the
optical diameter was approximately "ve times smaller
than the mobility diameter of the same particle of ag-
glomerates of EC generated by a spark generator of
similar size. It empirically explains the present "nding
that the EC-particles which are seen as particles with
a diameter of up to 400nm by DMPS, SMPS and EAS
(Fig. 2) are optically smaller than the threshold size for
optical detection here of 100 nm. The "nding can be
qualitatively explained using the concept of `volume
equivalenta size which is the diameter size of a spherical
particle with the same volume as the aggregate. Because
of its highly extended geometry an aggregate has a much
lower mobility than the volume equivalent particle.
Hence, aggregates are classi"ed in mobility sizing
as particles which are (much) larger than the volume
equivalent counterpart.
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Fig. 2. Number concentration spectra for the `largea elemental carbon aerosol: (A) as measured with the standard spectrometers (B)
including DMPS and high-#ow LAS-X.

Fig. 3. The volume spectra as deduced from the number spectra
for two of the three aerosol spectrometers and the volume/mass
spectra obtained with two Berner low-pressure cascade impac-
tors (B-LPI). The mass has been translated to volume with
the assumption that the aerosol has the speci"c density of the
ammonium sulfate used; the aerodynamic size of the particles
has been similarly translated to volume equivalent size.

In optical sizing, the signal is proportional to the
square of the particle volume, irrespective of the shape, as
long as the geometrical extension of a particle is appreci-
ably smaller than the wavelength of the probe light.
Considering the scattered light as the sum of the scat-
tered light of each individual primary particle within the
aggregate particle, the intensity will be less than the
intensity of the light scattered by a compact particle.
However, for particles of the size used here, also, Mie
interference from the various parts within the aggregate
particle needs to be taken into account. This interference
increases with the geometrical size and is, therefore,
larger in the actual extended agglomerate than in the
compacted volume equivalent particle. Hence, the
aggregate is optically appreciated as a smaller particle.
Another complication was that the spectrometers

gave integrated number concentrations which were 40%
higher than those measured with the CPCs. This di!er-
ence may also be caused by the large surface area of the
agglomerates which can carry more electrical charge
than an equivalent spherical particle. In this way, the
number of particles measured in DMPS and SMPS can
be overestimated. However, such extra charging was not
observed for agglomerates with similar small primary
nuclei (Rogak and Flagan, 1992). A more likely reason
for the extra charge could be that the agglomerates are so
highly charged in the generation process that they are
incompletely neutralized in the spectrometers. To assess
this, extra tests were made at a later time in which the EC
particles were passed through an additional high-e$-
ciency neutralizer (a large Kr-85 neutralizer, TSI 3054)
before entering spectrometer and CPC. With this extra
neutralizer the spectrally integrated number concentra-
tion became, indeed, virtually equal to the total number
concentration.

3.1. Volume versus mass

Volume spectra were derived from the size spectra and
for some special tests, as described in the experimental
section the associated mass spectra were obtained with
two cascade impactors. The spectra are shown in the
same graph (Fig. 3). The mass has been translated to
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volume assuming the aerosol has the speci"c density of
the ammonium sulfate used; the aerodynamic size of the
particles has been similarly translated to volume equiva-
lent size. The volume spectra from MAS and DAS agree
quite well in shape and compare well with the mass
spectra. The EAS indicates quite a coarser spectrum.
A detailed analysis of the comparability of the volume

and mass spectra was not made here for the following
reasons. The size resolution of impactors is limited
(Fig. 3) and another complication is that the impactor
selects the aerosol by aerodynamic size. This is not
known for ambient aerosol. Because of these problems
the comparison between mass and volume was made
di!erently, viz., by comparing the integrated mass with
the integrated volume. This procedure is similar to that
followed in the comparison of volume and mass of ambi-
ent aerosol (e.g. Tuch et al., 1997). The integrated mass is
obtained by summing the mass collected on the various
impactor stages. The integrated mass is a very precise
number. Mass and volume should be related by the
speci"c density of the aerosol; in this case 1.8 g cm��. The
experimental ratio was indeed close to 1.8 for MAS and
DAS, see also ten Brink et al. (2000). The ratio deduced
from the EAS was four times smaller.

4. Concluding remarks

Good spectral comparability in the ultra"ne range was
found for spectrometers used in a European exposure
project, measuring aerosol of very di!erent chemical
composition and physical structure. Also the integrated
number concentrations agreed well and were very com-
parable with the total number concentrations directly
measured with condensation particle counters.
Some limitations in the instrumentation were revealed

when measuring larger particles: di!erences in the sizing
of highly agglomerated particles by the optical sizers and
mobility analyzers in the spectrometers and an overload
artifact in the high-#ow optical sizer in case of high
numbers of particles. This latter complication was solved
by increasing the size threshold.
Good comparability was found between the directly

measured mass (distribution) and the volume (distribu-
tion) derived from the size spectra measured with two of
the three spectrometers. Consequently, the volume distri-
bution derived from those two spectrometers appear to
be a good proxy for following diurnal changes in mass
distribution in urban air.
Corollary: In the "eld, the ratio of the number of

particles measured with LAS-X and DMPS/SMPS in the
overlapping size range (0.1}0.4�m) could be low, similar
to the low ratio in the test here with the highly agglom-
erated EC-particles. Such a low ratio would then be
indicative of the presence of a large number of soot
particles which are highly aggregated. Analyzing the

large set of observations from Tuch et al. (1997), a ratio
signi"cantly di!ering from one was never found.
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