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Abstract

An evaluation of the Cavity Attenuated Phase Shift particle light extinction monitor
(CAPS PMex) by means of a combination of a 3-wavelength Integrating Nephelome-
ter (NEPH; TSI Model 3563) and a 3-wavelength filter-based Particle Soot Absorption
Photometer (PSAP) was carried out using both laboratory generated test particles and5

ambient aerosols. An accurate determination of a fixed pathlength correction for the
CAPS PMex was made by comparing extinction measurements using polystyrene la-
tex (PSL) spheres in combination with Mie scattering calculations to account for the
presence of PSL conglomerates. These studies yielded a linear instrument response
over the investigated dynamical range from 20 to 450 M m−1 (10−6 m−1) with a linear10

correlation coefficient of R2 >0.98. The adjustment factor was determined to be 1.05
times that previously reported. Correlating CAPS extinction to extinction measured
by the NEPH-PSAP combination using laboratory-generated polydisperse mixtures of
purely scattering ammonium sulfate and highly absorbing black carbon provided a lin-
ear regression line with slope m=0.99 (R2 =0.996) for single-scattering albedo values15

(λ=630 nm) ranging from 0.35 (black carbon) to 1.00 (ammonium sulfate). For ambient
aerosol, light extinction measured by CAPS PMex was highly correlated (R2 =0.995) to
extinction measured by the NEPH-PSAP combination with slope m=0.95.

1 Introduction

The in situ measurement of atmospheric aerosol optical properties is an important com-20

ponent of quantifying climate change (IPCC, 2007; Schwartz et al., 2010). In particular,
in-situ measurement of the aerosol single-scattering albedo (SSA), which is the ratio of
aerosol scattering to aerosol extinction, is identified as a key challenge in atmospheric
sciences and climate change research (Loeb and Su, 2010). Ideally, the complete set
of aerosol optical properties is measured through optical closure studies which simul-25

taneous measure aerosol extinction, scattering and absorption coefficients. The recent
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development of new optical instruments has made real-time in situ optical closure stud-
ies attainable, including from mobile platforms such as aircraft (Langridge et al., 2011);
however, many of these instruments are state-of-the-art and not practical for routine
monitoring. Here, we evaluate the recently developed Cavity Attenuated Phase Shift
particle light extinction monitor (CAPS PMex) against current standard techniques for5

routine monitoring of aerosol optical properties.
Aerosol extinction, scattering and absorption coefficients are measured using dif-

ferent techniques. The particle scattering coefficient σsp is typically measured by an
Integrating Nephelometer (Heintzenberg et al., 2006). For the particle absorption co-
efficient, σap, either filter-based or in-situ methods are available, both of which have10

been extensively investigated in various studies (Arnott et al., 2003; Sheridan et al.,
2005; Müller et al., 2011). In the laboratory, the direct measurement of the particle
extinction coefficient σep is performed with long-path extinction cells (Schnaiter et al.,
2005) or cavity ring-down systems (Strawa et al., 2003), while various methods exist
for atmospheric measurements (Schmid et al., 2006).15

Long-path extinction cells are limited in their lower detection range to extinction
coefficients well above 10 Mm−1; e.g. both Schnaiter et al. (2005) and Chartier and
Greenslade (2012) report for their long-path extinction spectrometers noise levels of
20 Mm−1 for extinction cells of optical path length of 10 m and ∼ 20 m, respectively for
integration times of several minutes. According to the underlying Lambert–Beer law, an20

improvement of the lower detection limit can be achieved only by increasing the optical
path length which, however, imposes geometrical limitations. In contrast to long-path
extinction cells, the Cavity Ring-Down (CRD) method yields the aerosol extinction coef-
ficient by measuring the time constant for light decay in a high-finesse cavity containing
the absorbing and scattering particles. A detailed introduction to the CRD technique for25

aerosol extinction measurement is given by Strawa et al. (2003) whereas Moosmüller
et al. (2005) provide an overview over the various CRD and cavity-enhanced detec-
tion approaches. Driven by a rapid technology development, CRD instruments are now
available as multi-wavelength systems for atmospheric measurements (Atkinson et al.,
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2010; Schmid et al., 2006) and laboratory studies (Butler et al., 2009; Cross et al.,
2010; Sheridan et al., 2005).

Recently, a compact and robust family of optical instruments based on the cavity
attenuated phase shift technique has become available (Kebabian et al., 2007). In par-
ticular, the CAPS PMex particle optical extinction monitor has demonstrated sensitivity5

(2 s) of less than 2 Mm−1 in 1 s sampling period; with a 60 s averaging time, a detec-
tion limit of less than 0.3 Mm−1 can be achieved. The CAPS PMex technique, similar
in its basic principle to cavity ring-down, relies on the use of a short (26 cm) sam-
ple cell employing high reflectivity mirrors (Kebabian and Freedman, 2007; Kebabian
et al., 2007). Square-wave modulated light emitted from a light emitting diode (LED)10

at a wavelength ∼ 630 nm is directed through one mirror into the sample cell. The dis-
tortion in the square wave caused by the effective optical path length within the cavity
(approx. 2 km light path) is measured as a phase shift in the signal as detected by
a vacuum photodiode which is located behind the second mirror. A detailed description
of the method including first results from laboratory characterization and field deploy-15

ment is given by Massoli et al. (2010), while Yu e al. (2011) reports an application to
the direct measurement of combustion particle emissions from aircraft engines.

This study characterizes the CAPS PMex instrument for both laboratory test aerosols
and ambient aerosol. The CAPS PMex instrument was evaluated against a combina-
tion of an Integrating Nephelometer (NEPH; TSI Model 3563), a particle soot absorp-20

tion photometer (PSAP; Radiance Research) (Virkkula et al., 2005) and a Multi-Angle
Absorption Photometer (MAAP) (Petzold and Schönlinner, 2004; Petzold et al., 2005).

The experimental approach taken for the evaluation of the CAPS PMex extinction
monitor was divided into three consecutive steps: (1) an accurate determination of
instrument pathlength adjustment by using non-absorbing PSL spheres combined25

with Mie theory calculations; (2) instrument intercomparison with polydisperse labo-
ratory aerosols of known composition; and (3) instrument intercomparison for ambient
aerosol.
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2 Experimental section

2.1 Instrumental set-up

Instruments deployed in our study were the CAPS PMex extinction monitor for measur-
ing the particle extinction coefficient, σep, the PSAP and MAAP instruments for mea-
suring the particle absorption coefficient, σap, and a NEPH for measuring the particle5

scattering coefficient, σsp. Instrument details and acronyms used in this publication are
summarized in Table 1.

Monodisperse particle distributions of PSL spheres (Duke Scientific Corp., Palo Alto,
CA) of nominal sizes 350±7 nm, 499±5 nm, 596±6 nm, 701±6 nm, and 903±9 nm
were nebulized in a Collison-type atomizer (Massoli et al., 2010), dried to ≤ 25 % rela-10

tive humidity (RH) in a tube filled with silica gel, size-selected by a differential mobility
analyzer and fed into the CAPS PMex extinction monitor. The total number concentra-
tion, Ntotal, and the size distribution of the PSL spheres were measured simultaneously
by an optical particle counter (OPC) (Grimm Model 1.129) which has a lower detection
size limit of 250 nm in diameter for a particle refractive index of 1.585. The experimental15

set-up used for the instrument calibration is shown in Fig. 1.
Polydisperse test aerosols were generated in a laboratory setting with varying SSA

values ranging from 0.35 to 1.0 at a wavelength of 630 nm by mixing purely scattering
ammonium sulfate (AS) particles with strongly absorbing black carbon (BC) aerosol
(Regal 400R pigment black, Cabot Corp.). Both types of aerosols were generated by20

nebulizing a solution of the respective substance in deionized water in an atomizer and
drying the aerosol as described above. When generating external aerosol mixtures, the
pure aerosols were fed into a 3 l-mixing volume where the instruments sampled from.
Particle-free make-up air was added downstream of the mixing volume to balance the
input flow from the atomizers and the overall flow sampled by the instruments. The25

set-up used for the polydisperse laboratory aerosol studies is shown schematically in
Fig. 2.
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Test aerosol runs were performed consecutively for five concentration levels of AS,
four concentration levels of pure BC and three levels of AS-BC mixtures. For both
the BC and the AS aerosol, the atomizers were operated at constant conditions for
high output, while lower values of the extinction coefficient were achieved by adding
particle-free dilution air. The dilution air flow was adjusted such that the measurements5

spanned over more than one order of magnitude for σep with values ranging from 30 to

400 Mm−1. Mixed aerosols were generated by keeping the BC aerosol concentration
constant and adding AS aerosol so that the obtained SSA values at a wavelength
of 630 nm ranged from 0.8 to 1.00 for the mixed AS-BC aerosols. Test aerosols thus
covered the entire range of SSA values relevant for ambient aerosol measurements10

(0.4 to 1.0).
For the measurement of ambient aerosol, the instrumental set-up shown in Fig. 2

was kept unchanged but the sampling line was switched from the aerosol generator
branch to the PM10 sampling line. The PM10 sampler was installed on the roof of the
Aerodyne building which is located in Billerica, MA, in a business park about 200 m15

east of Route 3. Ambient aerosol sampling was conducted continuously over a period
of two weeks from 27 May to 8 June 2011.

Instrument precision was determined by operating two identical CAPS PMex instru-
ments side by side in the Aerodyne laboratories for 48 h. The instruments were sam-
pling ambient air. Although we used two CAPS PMex instruments equipped for a wave-20

length of 530 nm, we decided to include these data in the instrument evaluation be-
cause instrument precision is expected to be independent of the operation wavelength.

2.2 Data inversion

NEPH data were corrected for truncation angle effects by two approaches: the cor-
rection proposed by Anderson and Ogren (1998) for mostly scattering aerosol was25

applied to AS runs, mixed AS-BC runs and ambient aerosol data, while for highly ab-
sorbing BC aerosols, the approach suggested by Massoli et al. (2009) was used. Both
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correction schemes are based on the measured light scattering Ångström exponent
åsp = − log(σsp.450/σsp.700)/ log(450/700); see Massoli et al. (2009) for details.

The PSAP raw signal was corrected according to Virkkula et al. (2005, 2010) and
Ogren (2010) using the NEPH data. PSAP data measured at filter transmissions <
70 % were rejected, as recommended by Bond et al. (1999). MAAP and CAPS PMex5

data were used without further corrections except the adjustment to temperature and
pressure measured by the NEPH, i.e. all data refer to same pressure and temperature
conditions.

Data from CAPS PMex and from NEPH-PSAP were processed on the basis of the
NEPH time resolution of 10 s, whereas MAAP data are reported on a 1 min time res-10

olution. For the final evaluation of instrument performances for ambient aerosol, all
instrument data were converted to 10 min time averages.

For instrument intercomparison purposes, all instruments were adjusted to the wave-
length of 630 nm. Data were compared in the red spectral region since both single-
wavelength instruments, CAPS PMex and MAAP, operate at λ ∼= 630 nm and the 3-15

wavelength instruments, NEPH and PSAP, allow for a wavelength-dependent adjust-
ment based on direct measurement. For the sake of data robustness, PSAP data for σap

were scaled according to the λ−1 scaling law (Bohren and Huffman, 1983) while NEPH
data for σsp were adjusted by applying the measured scattering Ångström exponent.
Figure 3 summarizes the data inversion schemes applied to the various instruments.20

3 Results

3.1 Determination of pathlength adjustment

The CAPS PMex extinction monitor provides an absolute measurement of particle light
extinction. However, in order to keep the mirrors from being contaminated by the par-
ticles, a small volume in front of each mirror must be flooded with particle-free purge25

gas, thus shortening the effective pathlength. As noted in Massoli et al. (2010), this
7593
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effect was approximately measured using nitrogen dioxide, an absorbing gas. When
extinction measurements using PSL spheres were compared to Mie scattering cross
sections calculated assuming a monodisperse size distribution, the results were within
the ±10 % uncertainty of the condensation particle counter used to measure particle
concentration.5

In the present study, we measured the pathlength adjustment using PSL particles
and Mie theory. The actual PSL size distributions were measured by means of an opti-
cal particle counter. The measured size distributions were parameterized as bi-modal
log-normal size distributions which then served as input to the Mie code. The number
concentrations of the two log-normal modes N(mode 1) and N(mode 2) were normal-10

ized to Ntotal so that N1+N2 = 1 with N1 = N(mode 1)/Ntotal and N2 = N(mode 2)/Ntotal.
Single-particle extinction cross-sections for the polydisperse case were then calculated
as Cext, poly = N1×Cext(dg1,σg1)+N2×Cext(dg2,σg2). The PSL extinction coefficients were
calculated using the BHMIE code (Bohren and Huffman, 1983) for λ = 630nm and a re-
fractive index of 1.585+0.0i . Finally, the extinction coefficient σep, poly was obtained15

by σep, poly = Ntotal ×Cext, poly. Calculating the extinction coefficient of the polydisperse
aerosol from normalized size distributions has the advantage of a direct comparison of
extinction cross-sections for monodisperse and polydisperse calibration aerosols which
provides a measure for the uncertainty introduced into the calibration procedure by the
simplified assumption of single-sized PSL spheres.20

Figure 4 shows number size distributions measured for the indicated PSL standards.
Although the size distributions are dominated by the nominal PSL sphere mode, PSL
conglomerates were observed. Input data to the Mie calculations and results of the
instrument calibration are compiled in Table 2. Calculated values for Cext, mono and
Cext, poly deviate by −8.33 % (350 nm), 3.41 % (499 nm), −1.82 % (596 nm), 23.40 %25

(701 nm), and 6.80 % (903 nm), i.e. the simplified and the advanced approach show no
systematic differences, though they differ statistically.

Correlation plots comparing extinction as calculated by Mie theory and extinction as
measured by CAPS PMex are shown in Fig. 5. CAPS PMex data were averaged over
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3–5 min sequences after the aerosol generator output had stabilized sufficiently. The
error bars in Fig. 5 correspond to 1-σ of the sequence average. Results of the respec-
tive linear regression analyses are inserted in the graphs. In both cases measured and
calculated extinction coefficients are highly correlated with R2 > 0.98. The slopes of
regression lines are 0.96 (polydisperse) and 0.95 (monodisperse) with the differences5

being below statistical significance.
These PSL sphere experiments prove the excellent correlation between CAPS PMex

extinction monitor response and calculated extinction coefficients. Both approaches of
using either the nominal PSL sphere size and the total number concentration or the full
size distribution information for calculating the expected extinction coefficients agree10

well. These results indicate that the original gas phase-based pathlength adjustment
measurement, included in the CAPS PMex data acquisition software, was low by 5 %.
The current pathlength adjustment measurement agrees with the pathlength adjust-
ment estimated from instrument geometry. As a consequence, CAPS PMex data for
the instrument evaluation using laboratory generated polydisperse test aerosols and15

for the intercomparison purposes based on ambient aerosol data were corrected for
the new pathlength adjustment by multiplication with a factor of 1.05.

3.2 Instrument evaluation using test aerosols

As an illustration of the laboratory intercomparison studies, Fig. 6 shows a time series
of the extinction coefficients measured during the AS-BC test aerosol runs. A similar20

time series exists for pure AS aerosol which, however, is not shown here. The analysis
of the CAPS PMex data and the combined NEPH-PSAP data was restricted to se-
quences of stable aerosol concentrations. Table 3 compiles the data obtained from the
averaging sequences of the various test aerosols. As indicated by the single-scattering
albedo (SSA) values listed in Table 3, the instrument evaluation covered the entire SSA25

range from 0.35 to 1.00 with test points at 0.81, 0.89, and 0.96. Thus, the entire SSA
range relevant for ambient aerosol measurements is covered by the generated test
aerosols.
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The ratio of σep (CAPS PMex) to σep (NEPH-PSAP) is listed in the rightmost column
of Table 3. Due to the limited number of data points we analyzed the median instead
of mean values for the respective test aerosols and obtained 1.09 for AS, 0.94 for BC,
and 0.97 for the mixed cases. For the entire set of 12 data pairs the median ratio is
0.997 while the respective mean and 1-σ values of the distribution are 1.018±0.074.5

Figure 7a displays the instrument evaluation data set graphically demonstrating the
excellent accuracy of the CAPS PMex instrument determined by comparison to the
NEPH-PSAP combination. Linear regression analysis of the entire data set (n = 12)
yields a slope m = 1.005±0.025 if the zero intercept is set to 0.0, and m = 1.002±0.02
with zero intercept a = 1.44±7.26. For both cases the correlation coefficient R2 > 0.99.10

Figure 7b shows a correlation plot of data obtained from two different CAPS PMex
monitors (operating at 530 nm), both of which sampled ambient air from a common
inlet. The least squares fit to this data yield a slope of 1.00±0.01 with zero intercept
a = 0.17±0.01 and R2 = 0.990 which provides an indication of the repeatability of the
CAPS PMex monitors. This level of agreement is comparable to that obtained using15

a monochromatic laser-based cavity ringdown system (Massoli et al., 2010).
The relative precision of the CAPS PMex monitor and NEPH-PSAP combination

is shown in Fig. 8 as the histogram of data reported by the instruments during 1h
of sampling of particle-free air. The CAPS PMex instrument reports σep,zero = −0.25±
0.91 Mm−1 and −0.00±0.19 on average for 1 s and 10 s data, respectively, in agree-20

ment with previous studies (Massoli et al., 2010). The NEPH-PSAP combination yields
σep,zero = 0.47±0.47 Mm−1 on average for 10 s data. The small offset is statistically
insignificant.

3.3 Method intercomparison for ambient aerosol

The first week of a two-week period for sampling of ambient aerosol (27 May to 825

June 2011) was characterized by a hot and humid stagnant high-pressure situation
with reduced air mass exchange and thus air pollution accumulation. During this initial
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episode, temperatures exceeded 35 ◦C quite frequently. In the night from 2 to 3 June
2011 (ordinal day 153–154), a severe thunderstorm passed the area associated with
high winds and heavy precipitation. After the passage of the frontal system, the pol-
lution level was significantly reduced. Figure 9 shows the respective time series of
various aerosol optical properties measured by the applied suite of instruments. In ad-5

dition to the integral optical properties, Fig. 10 shows two examples of volume size
distributions measured during the high and moderate pollution episodes, respectively,
by the OPC. We applied the manufacturer’s calibration for PSL spheres and assumed
particle sphericity for the conversion of number into volume size distributions since the
size information is used only in a qualitative way.10

In Episode 1 (27 May–2 June), the aerosol was characterized by high SSA values
well above 0.90 at 630 m and the volume size distribution was dominated by large accu-
mulation mode particles with a modal diameter of approx. 0.325 µm. In Episode 2 (3–8
June) the aerosol pollution was significantly reduced and the aerosol showed a strong
diurnal variation pattern dominated by traffic-related emissions from the nearby high-15

way. Respective SSA values at 630 nm varied between 0.66 at traffic peak time in the
morning and 0.95 in the afternoon and evening hours. The modal diameter of the vol-
ume size distribution appeared to be below the lower detection limit of the optical parti-
cle counter of 0.25 µm. The coarse mode with its modal diameter of about 1.0 µm was
only moderately affected by the aerosol accumulated during the high pollution event.20

Night-time data for RH as recorded by the NEPH RH sensor were approx. 30 % while
peak RH data were > 80 % at the end of Episode 1 before the thunderstorm passage
and below 55 % during Episode 2.

The performance of the deployed instruments for the measurement of aerosol ex-
tinction (CAPS PMex, NEPH-PSAP) is shown in Fig. 11. Extinction coefficient data are25

highly correlated with R2 = 0.996 for the entire data set and a slope of the regression
line of 0.98±0.01. Respective regression line slopes are 1.01±0.01 (a = −2.36±0.14)
for Episode 1 and 0.94±0.01 (a = 0.07±0.04) for Episode 2. These results indicate
that the small disagreement between CAPS PMex and NEPH-PSAP is a function of

7597

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/5/7587/2012/amtd-5-7587-2012-print.pdf
http://www.atmos-meas-tech-discuss.net/5/7587/2012/amtd-5-7587-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
5, 7587–7618, 2012

Intercomparison of
CAPS PMex with an

Integrating
Nephelometer/PSAP

A. Petzold et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

neither aerosol SSA nor relative humidity. An agreement of better than 95 % between
these two methods can be rated as excellent. Similar results are reported from a recent
study operating one CAPS PMex and a NEPH-PSAP combination in the Storm Peak
Laboratory, USA (Andrews et al., 2012).

The ratio of CAPS PMex to NEPH-PSAP data is plotted in Fig. 12 for all investigated5

aerosol types. This graph illustrates an apparent discrepancy between the CAPS PMex
and the NEPH-PSAP extinction measurements for ambient data; the CAPS PMex is
approximately 5 % low compared to NEPH-PSAP, with the bulk of data falling in the
range 0.90–1.05. More important, however, is the observation that the scatter in the
ratio σep (CAPS PMex)/σep (NEPH-PSAP) is not correlated to the absolute value of10

σep which demonstrates the robustness of the CAPS PMex method compared to the
current standard method of the NEPH-PSAP combination.

4 Discussion and conclusions

The results from the instrument calibration work with PSL spheres and Mie theory yield
a strong correlation (R2 > 0.98) between instrument response and light extinction cal-15

culated by Mie theory. The particle-based measurements indicate a pathlength adjust-
ment of 1.05 compared to previous gas phase-based estimates. The new pathlength
adjustment factor agrees with instrument geometry. With this one-time adjustment, the
CAPS PMex technique appears to provide a very accurate measurement of aerosol
light extinction.20

Instrument evaluation of CAPS PMex versus the NEPH-PSAP combination using
highly absorbing black carbon particles (regal black), exclusively scattering aerosol
(ammonium sulfate) and mixtures of both show excellent correlation between methods.
The slope of the regression line is 0.99, demonstrating the robustness of the calibration
for aerosol particles with single scattering albedoes ranging from strongly absorbing25

with SSA=0.35 to purely scattering with SSA=1.0.
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This instrument intercomparison between the CAPS PMex and the current standard
combination of NEPH-PSAP for ambient aerosol sampled from a roof-top inlet serves
as realistic test case for the measurement of ambient aerosol under field conditions.
The bulk of the CAPS PMex data deviate from respective NEPH-PSAP data by −5 %,
indicating a small but robust disagreement which is not present for the laboratory stud-5

ies. There are a number of possible explanations for this small level of disagreement.
One possibility is particle loss in any of the instruments. Unlike the laboratory stud-
ies, the ambient measurements contained substantial contributions to scattering from
supra-micron particles which are more likely to be lost in transfer. Another is that the
truncation correction for the NEPH is more uncertain for particles of diameter greater10

than 1 µm, the largest diameter sampled in the laboratory studies. Relative humidity
(which was not controlled in the ambient studies) does not appear to be an issue given
that the ambient studies included periods of both very high and low RH.
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Table 1. Instruments used during the evaluation experiments.

Instrument and manufacturer Acronym Property Wavelength, Time Flow, Reference
nm resolution l min−1

Cavity Attenuated Phase Shift CAPS extinction 630 1 s 1.0 Massoli et al. (2010)
Aerodyne Res. Inc., USA PMex

3λ-Integrating Nephelometer NEPH scattering 450, 550, 700 10 s 11.0 Anderson and
TSI Model 3563, USA Ogren (1998)

3λ-Particle Soot Absorption Photometer PSAP absorption 467, 530, 660 1 s 0.95 Bond et al. (1999);
Radiance Research Inc., USA Virkkula et al. (2005)

Multi-Angle Absorption Photometer MAAP absorption 637 60 s 8.0 Petzold and Schön-
Thermo Model 5012, USA linner (2004);

Müller et al. (2011)

Optical Particle Counter OPC size 670 6 s 1.2
GRIMM Model 1.129, Germany distribution
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Table 2. Data used for the pathlength adjustment of CAPS PMex
a.

PSL Sequence Mie – monodisperse Parameter of normalized PSL size distribution Mie – polydisperse CAPS PMex

dp, nom, nm Ntotal, cm−3 Cext, mono, σep, mono, M m−1 log-normal mode 1 log-normal mode 2 Cext, poly, σep, poly, M m−1 σep, M m−1

mean 1-σ mean 1-σ 10−9 cm2 mean 1-σ N1 dg1, µm σg1 N2 dg2, µm σg2 10−9 cm2 mean 1-σ mean 1-σ

499 5 202 3.2 6.67 134.8 2.1 0.998 0.490 1.1 0.002 0.800 1.25 6.45 130.4 2.0 117 0.7
499 5 86 0.5 6.67 57.3 0.3 6.45 55.4 0.3 51 0.2
499 5 47 0.9 6.67 31.4 0.6 6.45 30.4 0.6 28 0.2
350 7 1669 14.6 1.76 293.5 2.6 0.981 0.350 1.1 0.019 0.460 1.15 1.92 320.5 2.8 315 1.4
350 7 928 10.4 1.76 163.1 1.8 1.92 178.1 2.0 167 0.9
350 7 523 4.0 1.76 92.0 0.7 1.92 100.5 0.8 95 0.4
903 9 48 0.3 22.0 105.9 0.7 1.000 0.850 1.2 0.000 1.0 1.2 20.6 99.2 0.7 90 0.4
903 9 27 0.3 22.0 58.8 0.7 20.6 55.0 0.7 52 0.4
701 6 214 2.1 17.4 372.7 3.6 0.813 0.62 1.1 0.188 0.85 1.2 14.1 301.5 2.9 330 1.4
701 6 103 0.6 17.4 179.0 1.1 14.1 144.8 0.9 161 0.6
701 6 50 0.5 17.4 87.5 0.8 14.1 70.8 0.6 81 0.4
596 6 456 4.5 10.8 490.0 4.9 0.867 0.57 1.1 0.133 0.7 1.2 11.0 500.2 5.0 455 2.1
596 6 315 1.2 10.8 339.0 1.3 11.0 346.0 1.3 321 0.8
596 6 105 0.8 10.8 112.8 0.8 11.0 115.2 0.8 108 0.4

a Column content from left to right: nominal diameter of the PSL standard, dp,nom ; average total number concentration of PSL spheres, Ntotal; extinction
cross section, Cext, mono, for monodisperse PSL spheres at diameter dp,nom ; extinction coefficient calculated for monodisperse aerosol, σep, mono ;
parameters of normalized bimodal log-normal PSL size distribution fits; extinction cross section, Cext, poly , for bimodal PSL size distributions; extinction
coefficient calculated for bimodal PSL distributions, σep, poly ; extinction coefficient measured by CAPS PMex, σep . Data are reported as mean value (mean)
and 1-σ standard deviation of the mean.
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Table 3. Data used for the evaluation of CAPS PMex with laboratory generated polydisperse
test aerosols: AS, BC, and mixed AS+BCa.

Run ID Sequence NEPH σep (630 nm)c Ext. Ångström ω0 (630 nm) σep (630 nm)d CAPS PMex/
time correctionb NEPH-PSAP (467/630) CAPS PMex NEPH-PSAP

mean 1-σ mean mean 1-σ

AS1 14:06–14:34 AO98 685 1.0 2.07 1.010 709 0.3 1.03
AS2 14:45–15:00 AO98 277 0.5 2.23 1.012 294 0.2 1.06
AS3 15:23–15:36 AO98 205 0.4 2.11 1.013 224 0.1 1.09
AS4 15:50–16:10 AO98 44 0.2 1.53 1.015 50 0.1 1.13
AS5 16:20–16:40 AO98 94 0.2 1.50 1.014 107 0.1 1.14
BC1 10:18–10:26 MA09 431 1.8 0.95 0.349 404 0.9 0.94
BC2 10:30–10:35:30 MA09 379 1.5 0.97 0.349 357 0.8 0.94
BC3 10:49–11:04 MA09 84 0.3 1.02 0.360 83 0.2 0.99
BC4 11:09–11:24 MA09 31 0.4 1.03 0.344 29 0.1 0.94
MIX1 11:37–11:51 AO98 73 0.2 2.66 0.811 71 0.1 0.97
MIX2 11:59–12:14 AO98 109 0.8 2.96 0.889 106 1.0 0.97
MIX3 12:24–12:35 AO98 287 0.7 2.98 0.957 288 0.4 1.00

a σep data are reported as mean value (mean) and 1-σ standard deviation of the mean, averaged over the sequences of constant σep ; all data refer to NEPH
temperature and pressure conditions.
b NEPH correction schemes: AO98 = Anderson and Ogren (1998); MA09 = Massoli et al. (2009).
c NEPH-PSAP data were adjusted for a wavelength of 630 nm by applying the measured extinction Ångström exponent.
d CAPS PMex data were multiplied by the pathlength adjustment factor 1.05.
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Figure 1.   Experimental set-up for the pathlength adjustment of the CAPS PMex with 

monodisperse PSL spheres.  

 

 

 

 

 

Figure 2.   Experimental set-up for the instrument evaluation using polydisperse aerosol 

mixtures of black carbon and ammonium sulfate; the sampling line was switched to the 

outdoor PM10 sampler (dashed line), for measuring ambient aerosol. 
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Fig. 1. Experimental set-up for the pathlength adjustment of the CAPS PMex with monodisperse
PSL spheres.
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Figure 2.   Experimental set-up for the instrument evaluation using polydisperse aerosol 

mixtures of black carbon and ammonium sulfate; the sampling line was switched to the 

outdoor PM10 sampler (dashed line), for measuring ambient aerosol. 
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Fig. 2. Experimental set-up for the instrument evaluation using polydisperse aerosol mixtures
of black carbon and ammonium sulfate; the sampling line was switched to the outdoor PM10
sampler (dashed line), for measuring ambient aerosol.
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Figure 3.  Schematic of the data inversion procedures for the optical instruments.  

 

 

 

Figure 4.   Number size distributions of PSL spheres measured downstream of the DMA; 

grey lines represent bimodal log-normal size distributions representing PSL and PSL 

conglomerates. Nominal sizes of atomized PSL standards are indicated. 
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Fig. 3. Schematic of the data inversion procedures for the optical instruments.
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Fig. 4. Number size distributions of PSL spheres measured downstream of the DMA; grey
lines represent bimodal log-normal size distributions representing PSL and PSL conglomer-
ates. Nominal sizes of atomized PSL standards are indicated.
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Fig. 5. Comparison of extinction at a wavelength of 630 nm measured by the CAPS PMex
instrument (y-axis) and extinction calculated for PSL spheres using the full size distribution
information (a) and assuming monodisperse spheres at the nominal diameter (b).
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Fig. 6. Time series of CAPS PMex extinction (black) and NEPH-PSAP extinction (grey) for the
laboratory generated polydisperse BC and mixed AS+BC experiments; analyzed sequences
are labeled at the top x-axis.
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Fig. 7. (a) Accuracy: Intercomparison of extinction measured by CAPS PMex and extinction ob-
tained from the combined NEPH-PSAP analysis for polydisperse laboratory aerosols; all data
refer to a wavelength of 630 nm. (b) Precision: intercomparison of two CAPS PMex monitors op-
erated side-by-side while sampling from ambient aerosol with 15 s time resolution. The dashed
lines represent the 1 : 1 ratio.
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Fig. 8. Histograms of the electronic noise of NEPH-PSAP (left panel) and CAPS PMex (right
panel) averaged for > 1 h of sampling particle-free air.
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Fig. 9. Time series of aerosol optical properties at λ = 630 nm measured for ambient aerosol
at Aerodyne Research Inc. premises. Properties are absorption coefficient, σap, from MAAP
and PSAP; extinction coefficient, σep, from CAPS PMex and NEPH-PSAP; Ångström exponents
of extinction and absorption for the wavelength ratio 467/630 nm; and single-scattering albedo,
SSA, for wavelengths 467 and 630 nm.
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Figure 10.   Volume size distributions for 01 June (high pollution sequence; ordinal day 152) 

and 07 June (moderate pollution sequence; ordinal day 158) calculated from OPC size 

distributions. 

 

Figure 11.  Intercomparison of extinction measured by CAPS PMex and extinction obtained 

from the combined NEPH – PSAP analysis for ambient aerosols; the dashed line represents 

the 1:1 relation.  

 

0.2 1 2
10

-3

10
-2

10
-1

10
0

 

 

d
V

 /
 d

 l
o

g
 d

p
  

, 
µ

m
3
 c

m
 -

3

particle diameter d
p
 ,  µm

 01 June 2011

 07 June 2011

0 50 100 150
0

50

100

150

e
x
ti
n
c
ti
o
n
 (

C
A

P
S

 P
M

e
x
 ),

  
M

m
-1

extinction (NEPH-PSAP),  Mm
-1

Episode 1 

Episode 2

   a = -0.95 ± 0.07

   m  = 0.98 ± 0.01

   R² = 0.996

Fig. 10. Volume size distributions for 1 June (high pollution sequence; ordinal day 152) and 7
June (moderate pollution sequence; ordinal day 158) calculated from OPC size distributions.
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Fig. 11. Intercomparison of extinction measured by CAPS PMex and extinction obtained from
the combined NEPH-PSAP analysis for ambient aerosols; the dashed line represents the 1 : 1
relation.
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Fig. 12. Ratio of extinction reported by CAPS PMex to extinction calculated from NEPH-PSAP
for the entire range of extinction coefficients measured for laboratory and ambient aerosols;
ambient aerosol data are 10 min average values.
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