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An optical extinction cell (OEC) was used to measure aerosol
particle extinction coefficient σEP at three wavelengths, 467, 530,
and 660 nm. The details of the design and the results of its use in the
Reno Aerosol Optics Study (RAOS) in June 2002 are presented. The
OEC agreed well with the scattering coefficient σSP measured us-
ing an integrating nephelometer for nonabsorbing aerosols. Linear
regression of 1 min-averaged σEP versus σSP yielded slopes 1.00 ±
0.02 and offsets <4 Mm−1 in the range ∼50 to 900 Mm−1. The dif-
ference, (σEP − σSP) was taken as a standard measure of absorption
coefficient, σAP. The noise calculated as the standard deviation of
(σEP − σSP) from 1 min-averaged white aerosol data was about 10,
11, and 5 Mm−1 for the blue, green and red wavelengths, respec-
tively. The absorption coefficients calculated from σEP − σSP were
compared with the absorption coefficients measured using a pho-
toacoustic instrument. In general, the two methods agreed better
than 10%. The data gives also a way for estimating indirectly the
relative uncertainty of the nephelometer. The theoretical relative
uncertainties of the absorption coefficient were closest to the mea-
sured ones when the relative uncertainty of the scattering coefficient
was ∼4%.
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INTRODUCTION
A direct and absolute method for determining light absorp-

tion coefficient consists of independent measurements of the
extinction coefficient σE (= σS + σA) and scattering coefficient
σS, and calculating the absorption coefficient σA from the differ-
ence of the former two coefficients (e.g., Gerber 1982; Horvath
1993, 1997; Heintzenberg et al. 1997). This is the recommended
method for laboratory calibration of absorption measurements
using filter substrates (Heintzenberg et al. 1997). It has been
used precisely for this purpose by, e.g., Weiss and Waggoner
(1984), Bond et al. (1999), and recently by Weingartner et al.
(2003) and Schnaiter et al. (2003) during the Aerosols: Inter-
action and Dynamics in the Atmosphere (AIDA) soot aerosol
campaign. The main problem of this method has been that it
is limited to high aerosol concentrations, such as industrial or
biomass burning regions or laboratory tests where high aerosol
concentrations can be generated (Heintzenberg et al. 1997; Reid
et al. 1998).

An optical exinction cell (OEC; Radiance Research, Inc.,
Seattle, WA, USA) was used by Weiss and Hobbs (1992) for
measuring the optical properties of smoke from the Kuwait oil
fires in 1991. That OEC was 6.4 m long and it operated at one
wavelength (538 nm) only. The lower detection limit of the OEC
was about 20 Mm−1 but to determine reasonably accurate val-
ues of the absorption coefficient and single scattering albedo σE

had to be at least 200 Mm−1. This was adequate for measuring
the smoke from the Kuwait oil fires. The same OEC was used
by Reid et al. (1998) as an extinction standard during an in-
tercomparison of absorption measurement instruments. In that
experiment the aerosol samples were taken from from biomass
burning smoke plumes in Brazil. The derived absorption coef-
ficients ranged from 80 to 500 Mm−1. Bond et al. (1999) used
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the same OEC as an extinction standard when they calibrated
absorption measurement instruments. In their experiments ex-
tinction coefficients varied from ∼200 to 3000 Mm−1.

In all of the above experiments the extinction coefficients
were high compared with the more typical atmospheric levels.
The OEC was to be used as an extinction standard during the
Reno Aerosol Optics Study (RAOS) in June 2002, where part of
the experiment was planned to be conducted under conditions
close to atmospheric scattering and absorption levels. The exist-
ing OEC measured extinction at one wavelength only and one of
the aims of the RAOS experiment was to calibrate multiwave-
length absorption measurement instruments. For these reasons
the OEC was rebuilt to include three-wavelength measurement,
better sensitivity and stability.

The purpose of this article is to present the design of the instru-
ment, data processing procedures, and experimental results from
the RAOS. In these experiments, aerosols with various scattering
and absorption properties were produced and sampled by instru-
ments measuring extinction, scattering, absorption, and particle
size. In the following text the RAOS test aerosols that were non-
absorbing, i.e., ammonium sulfate (AS) and polystyrene latex
will be called white, the light-absorbing kerosene soot aeros-
ols will be called black, and the mixtures of white and black
aerosols will be called grey. The experiment setup and the main
results of the experiments at the RAOS are given by Sheridan
et al. (2004).

TECHNICAL DETAILS OF THE OEC

Dimensions and Flows
The OEC consists of a 366 cm long sensing path in an alu-

minum tube, a light source block, mirror block, and detectors
(Figures 1 and 2). The effective length of the cell is 330.2 cm
due to purge air around the optical elements, discussed be-
low. The outer and inner diameters of the tube are 10.1 cm

Figure 1. The optical extinction cell. HD, holographic diffuser; O, orifice; BS, beam splitter; DR, reference detector; DS, signal
detector; L, lense; PT, purge air tube; M, mirror.

and 9.3 cm, respectively. The air volume of the tube is therefore
approximately 22.4 l. The sample air is taken into the tube at
the middle and through both ends at equal flows to two outlet
ports. The flows are set by regulating the purge and exhaust
air flows. At RAOS the purge flow at each end was 1 lpm,
the exhaust flow at each end was 7–8 lpm, and the net sam-
ple flow was about 6–7 lpm in each half. Thus, the sample
flow was about 12–14 lpm and the air was changed in about
100 seconds.

Optical Design
The OEC was built to measure light extinction at three wave-

lengths that would be close to those of the TSI nephelometer
(450, 550, and 700 nm, model 3963, St Paul, MN, USA). How-
ever, for a light source the same set of commercially available
LEDs was selected, as was used in the modified particle soot ab-
sorption photometer (PSAP; Virkkula et al. 2005). An external
program switched the LEDs on and off in a 15 s cycle so that
each LED was on for 5 s. The first second of each 5 s period was
omitted in the data processing to allow the LED’s brightness to
stabilize.

The blue, green, and red LEDs were AND520HB,
AND520HG, and AND180CRP, respectively (AND

©R Purdy
Electronics, Sunnyvale, CA, USA). The effective wavelengths
of the combined LED-detector system were determined using a
Beckman model B spectrophotometer. First the spectrophotome-
ter was calibrated with Hg lines and a HeNe laser at 436, 546, and
633 nm. The accuracy of the spectrophotometer was ±0.5 nm.
The LEDs were put at the input of the spectrophotometer and
the detector at the output, analogous to the extinction cell but
with the spectrophotometer in the middle. The data were scaled
according to the wavelength of maximum intensity, and a contin-
uous function f (λ) was fit to the data (Figure 3). Weighted aver-
age wavelengths were calculated from λ̄ = ∑

f (λi )λi/
∑

f (λi ).
The peak wavelengths were 466, 525, and 660 nm, and the



54 A. VIRKKULA ET AL.

Figure 2. Effect of the purge air flowon the path length of light in the sample air.

weighted average wavelengths were 467, 530, and 660 nm for the
blue, green, and red LEDs, respectively. The accuracy of these
wavelengths is about ±1 nm. For all calculations the weighted
averages are used. These wavelengths are valid for the LED
drive currents that were used in the OEC and PSAP during
RAOS.

The three LEDs were placed in a row in the light source
block (Figure 1). The light beams passed through two 25 mm
holographic diffusers (HD1, circular diffusing angle 25◦; HD2,
elliptical diffusing angle 5◦ × 30◦, Edmund Industrial Optics,
Barington, New Jersey, USA) that make the light source intensity
more uniform than the LEDs alone. However, even with the two
diffusers some patterns remained in the light beam. To keep the
light source diameter small and to reduce light loss to the walls
two apertures were placed after the diffusers so that the focal
point of the lens is between the two orifices. After the apertures
the light beam passed through a beam splitter that reflects 30%
of light toward a reference detector (DR). The remainder of the
beam was refracted by the lens (L1). The size and the position of
the apertures were selected so that the light rays refracted by the
lens were not parallel to the OEC walls but instead converged
toward the second lens (L2) and mirror (Figure 1). The inner

Figure 3. Effective wavelengths of the combined LED-detector system.

walls of the tube were lined with a velvet-like, flocked surface
(Edmund Optics) in order to absorb stray light. After passing
the purge air tube 1, the sensing volume, and the purge air tube
2, the light beam passed through lens L2, which is identical to
L1. Behind the lens a flat mirror was placed behind the focal
point so that the reflected light beam was larger at L2 than when
it first passed it. This ensured that the light beam converged
again after passing L2. After passing L1 for the second time the
beam was reflected by the beam splitter to the signal detector
(DS).

Both detectors were Hamamatsu silicon photodiodes, S2387
series, which are sensitive in the wavelengths from visible to IR.
The active sizes of DR and DS were 10 × 10 mm and 5.8 ×
5.8 mm, respectively. The signals of the detectors were pro-
cessed using similar electronics and firmware as in the PSAP
(Virkkula et al. 2005) in which the input signal current is col-
lected by a capacitor in an analog-to-digital converter integrated
circuit for a defined integration period. The sum of the signal
counts,

∑
signal, was divided by the sum of the reference counts,∑

reference, to normalize the intensity measured by the signal
detector, thus taking variations of LED brightness into account.
The calculation of the extinction coefficient is discussed below.
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Lens Cleaning
The lenses were kept clean using a purge air flow in a tube

in front of the lens as shown in Figure 1 to prevent buildup of
aerosol particles that would be sensed as extinction. The purge
air tube reduces the effective length of the OEC slightly more
than the physical length of the purge air tubes because the air
flowing through the PT has to flow into the sensing volume as
shown in Figure 2. To calculate the reduction of the effective
length a full flow calculation should be conducted. However, a
simple approach is to assume that the surface area of the purge
air flow is spread uniformly into a cylinder that has the same
surface area as the cross section of the tube:

APT = π
D2

PT

4
, Aring = π DPTL ring.

If Aring = APT ⇒ L ring = DPT

4
= 2 · 2.54 cm

4
= 1.27 cm

This is the maximum distance that the purge air can flow against
the sample flow assuming a laminar flow and constant density.

Therefore the effective path length of the OEC is greater than
2 × (330.2 cm − 1.27 cm) ≈ 657.9 cm but less than 660.4 cm.
The uncertainty in the effective path length produced by the
purge air tube is approximately (1.3/330) × 100% ≈ 0.4%.

Calculation of the Extinction Coefficient
Light intensity I decreases according to Beer-Lambert law:

I = I0e−σE L ⇔ σE = − 1

L
ln

(
I

I0

)
, [1]

where L is the length of the light path (in the OEC) and σE

is the sum of air plus particulate scattering and absorption. To
take extinction due to scattering and absorption by air molecules
into account, the OEC has to be filled with filtered air, and the
extinction due to particles σEP can then be calculated from the
normalized signal ratios as

σEP = − 1

LOEC
ln

( (∑
Signal

/∑
Reference

)
SAMPLE(∑

Signal
/∑

Reference
)

FILTERED AIR

)
.

[2]

CALIBRATION AND PERFORMANCE OF THE
OEC IN A LABORATORY EXPERIMENT

The OEC was used in a series of laboratory experiments dur-
ing RAOS in June 2002. The data from these experiments is used
below for analyzing the performance of the OEC. In particular,
the extinction coefficients are compared with the scattering coef-
ficients for white particles. The nephelometer is calibrated with
gases of known scattering coefficient and factors are applied to
correct for angular truncation errors. Thus the nephelometer is
used as a reference calibration standard for the OEC. The exper-
iments with any particular aerosol type and concentration lasted
typically close to an hour, and the time resolution of the data

was 1 min. In the discussion below, the 1 min averaged data will
be used.

OEC Data Processing for the RAOS
During a typical day at the RAOS experiments, aerosols with

different levels of scattering and absorption coefficients were
used (Figure 4). For comparison to other RAOS data, extinction
data, σEP, were first corrected to STP (1013 mbar, 273.15 K)
using the pressure measured in the nephelometer and a ther-
mometer at the inlet of the OEC. Second, the main correction
needed in σEP data reduction was for drift in the OEC signal,
which is mainly due to temperature effects of the electronics
and possibly also to the alignment of the optical parts of the
OEC. Drift correction was done assuming a linear drift in time.
The program controlling the OEC zeroed the extinction data
at the beginning of an experiment (Figure 4) when OEC was
filled with filtered, particle-free air and the number concentra-
tion inside the OEC was below a preset limit of 10 cm−3. At
the end of an experiment the OEC was again filled with fil-
tered air to check the drift in the system. Ideally, σEP would
be zero during both filtered-air periods. However, at the end
of the experiment σEP had usually drifted somewhat. Drift cor-
rection was done manually by taking an average of 3 min of
σEP data, while the number concentrations inside the OEC were
less than about 10 cm−3 at the end of each experiment and
assuming simply a linear drift in time. The drift was differ-
ent for the different wavelengths, and it was ∼10–40 Mm−1

over an experiment in the beginning of the campaign. After
improvements in the electronics and temperature control dur-
ing RAOS, the drift was decreased to 0–10 Mm−1 over an
experiment.

Combining with Scattering Coefficient Data. The σSP data
were first adjusted to STP and corrected for truncation errors fol-
lowing Anderson and Ogren (1998). The truncation correction
factor is a function of the Ångström exponent of the scattering
coefficient, α. The grey aerosols were external mixtures of black
and white aerosols. These two aerosol types had different αs, but

Figure 4. Typical OEC and nephelometer raw data at
RAOS2002.
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the truncation correction was calculated using the observed α of
the mixture. This leads to the right result, however, assuming
that in external mixtures the observed α can be calculated as a
linear combination of the αs of the components. It is then easy
to show that the sum of truncation-corrected σSP calculated sep-
arately for each component equals the truncation-corrected σSP

calculated from the α and σSP of the whole mixture (see the
Appendix). Next, the scattering coefficients measured at 450,
550, and 700 nm were interpolated logarithmically to the OEC
wavelengths, assuming that the Ångström exponent α is constant
within the wavelength interval:

α12 = − log(σ1/σ2)

log(λ1/λ2)
⇔ σ2 = σ1(λ1/λ2)α12

If α1x = α12 ⇒ σx = σ1(λ1/λx )α12 . [3]

Figure 4 shows that σSP and σEP track well for a nonabsorb-
ing aerosol, as was expected. However, the time series also
shows why the largest source of error for the calculating σAP =
σEP − σSP is the timing of the two instruments, the OEC and
the nephelometer. Their response time, dependent on sample
residence time and instrumental averaging time, needs to be

δσx

σx
= 1

σx

√(
∂σx

∂λ1
δλ1

)2

+
(

∂σx

∂λ2
δλ2

)2

+
(

∂σx

∂λx
δλx

)2

=
√(

α12

(
1 − ln(λ1/λx )

ln(λ1/λ2)

)
δλ1

λ1

)2

+
(

α12
ln(λ1/λx )

ln(λ1/λ2)

δλ2

λ2

)2

+
(

δλx

λx

)2

,

[4]

accurately determined because the aerosol concentration varied
significantly during some of the experiments. The volume of
the OEC is comparatively large, so that it followed the rest of
the instruments with some delay. The data were saved with 1
min time resolution, so the best delay was found by correlating
σEP and σSP in white aerosol experiments using different time
delays. The correlation was highest when a 1 min time shift was
used. That shift was used in this article for all experiments.

Accuracy, Precision, and Detection Limits of OEC
Accuracy. Assuming that the detector response to light in-

tensity changes is linear, as it is in the intensity range used in
the OEC, it can be considered an absolute measurement. How-
ever, it would be good to test it using some well-known scatterer,
such as carbon dioxide. This was attempted at the RAOS, but
gas calibration with CO2 proved to be very difficult, if not im-
possible with the present OEC optics. At both ends of the OEC
there are lenses (Figure 1), and the focal length of a lens de-
pends both on the refractive index of the material from which
the lens is made and on the refractive index of the surround-
ing gas. The position of the light source and the detector at one
end and the mirror at the other end of the OEC were designed
to be close to the focal point of the lenses, when the carrier

gas is air. When the OEC was filled with CO2, the focal points
changed and there was an increase in signal resulting in a neg-
ative extinction coefficient. However, this could be solved by
inserting a separate window in front of the lenses, thus keeping
the focal length constant. This method needs further develop-
ment and testing. Therefore, the best way to calibrate the OEC
was to use purely scattering aerosol, with air as carrier gas, and
then compare that with the well-described TSI, three-wavelength
nephelometer.

Assuming the detector response to light intensity changes is
linear, the accuracy of the instrument is determined mainly by
the accuracy of the length of the light path. The length is about
660 cm. This is the length used in the calculations. The accuracy
of the pathlength is reduced by the purge air, as explained above,
by about 0.4%.

The accuracy of the logarithmically interpolated scattering
values from the nephelometer to the OEC wavelengths depends
both on the accuracy of the scattering coefficient measurements
and on the accuracy of the wavelength determinations. The rela-
tive uncertainty of the scattering coefficient interpolated to wave-
length λx due to the wavelength uncertainties δλi can be esti-
mated from

which follows from a straightforward derivation of Equation (3).
It was stated above that the accuracy of the LED wavelengths
is about 1 nm. The accuracy of the nephelometer wavelengths
is about 2 nm (Anderson et al. 1996). Using a typical α12 = 3,
Equation (4) yields a scattering coefficient uncertainty of about
1.1%, 0.9%, and 0.7% at the interpolated wavelengths 467, 530,
and 660 nm, respectively. As stated above, the LED wavelengths
used in the interpolations were the weighted averages of the
combined LED-detector spectra. If the Ångström exponent of
the aerosol is high, the uncertainties of the wavelengths may
be higher. Therefore, the relative uncertainty δσ x/σx was cal-
culated also using higher wavelength uncertainties. With δλ =
3 nm for all wavelengths the respective scattering coefficient
uncertainties are 1.8, 1.5, and 1.1%.

Measured information on the accuracy of the OEC was ob-
tained by measuring σEP of white aerosol and using σSP as the
standard. In these comparisons the extinction coefficients were
not corrected with the slopes and offsets obtained from σSP

versus σEP regressions. The accuracy was different for the dif-
ferent wavelengths: a linear regression of all 1 min averaged σEP

and σSP yielded σEP = 0.985 × σSP − 3.2 Mm−1, 1.003 × σSP

− 2.4 Mm−1, and 1.02 × σSP − 0.7 Mm−1 at 467, 530, and
660 nm, respectively (Figure 5). Thus, when σSP = 100 Mm−1,
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Figure 5. Comparison of σEP and σSP in white aerosol experiments.

the OEC showed an ∼5 and ∼2% too low σEP at 467 and
530 nm, respectively, and an ∼1% too high σEP at 660 nm.
When σSP = 500 Mm−1, the OEC showed ∼2 and ∼0.2%
too low σEP at 467 nm and 530 nm, respectively, and ∼2%
too high σEP at 660 nm. However, the accuracy in individ-
ual experiments was different than what these regression lines
suggest. The accuracy for an individual experiment was cal-
culated from the relative difference of the σSP and σEP, i.e.
(σEP−σSP)/σSP (Table 1 and Figure 6). The accuracy was ∼10%
in the worst experiments and better than 1% in the good exper-
iments. Figure 6 shows also how the experiments deviate from
the lines obtained from the linear regressions: (σEP −σSP)/σSP =
(kσSP +σEP,0 −σSP)/σSP = k+(σEP,0/σSP)−1. It is obvious that
the “calibration line” is not always the same, as the example DOY
177 shows (Figure 6). The slopes and offsets from linear regres-
sions ofσSP andσEP of white aerosol experiment data will be used
below as a calibration of the OEC data assuming that the mea-
sured σSP is the true scattering coefficient. In this correction two
different sets will be used: one for DOY 177 and one for the other
days.

Precision. Precision is the reproducibility of multiple mea-
surements and it can be estimated from the noise of the extinc-
tion coefficients during the filtered-air experiments. The noise of
1 min averaged filtered-air OEC data was <3 Mm−1. It was also

Figure 6. Relative difference of σEP and σSP (= (σEP − σSP)/σSP) in the white aerosol experiments. The relative differences were
calculated from the run-averaged data and the error bars are the standard deviations of 1 min data. The lines are (σEP − σSP)/σSP,
calculated using the linear regression lines σEP = kσSP + σEP,0 that were obtained fitting white aerosol experiments’ 1 min data.
In the thick continuous line, data from all white aerosol experiments were used; in the thin line, data from experiments on DOYs
before 177; in the thin dashed line, data from experiments on DOY 177.

estimated by calculating the standard deviation of σEP − σSP in
the white aerosol experiments. The difference, σEP − σSP, gives
the accuracy of the measurement, but the standard deviation,
std(σEP − σSP), gives the precision. The average std(σEP − σSP)
for blue, green, and red wavelengths were 10, 11, and 5 Mm−1,
respectively. The average noise of σEP − σSP is higher than the
noise of σEP, because it also involves the noise of the σSP and the
difference in air flows into the nephelometer and the OEC. In
individual experiments the noise of σEP − σSP varied, though, so
that in some white aerosol experiments std(σEP − σSP) was close
to the noise in filtered-air experiments, and in some experiments
>30 Mm−1 (Table 1 and Figure 6). The red LED was the most
stable one, and its alignment was best so its noise was smallest
(Table 1).

Detection Limit. If defined as three times the standard de-
viation of the noise, the detection limits for all wavelengths for
1 min data can be estimated from the filtered-air experiments,
i.e, approximately 5 Mm−1. If we use the standard deviation of
σEP − σSP as the measure for noise, the detection limit is con-
siderably higher: for blue and green ∼30 Mm−1, and for the red
∼15 Mm−1. This applies to 1 min data, and when averaged over
longer periods the noise and the detection limit can be considered
to be decreased by a factor of 1/

√
t . The experiment duration

at the RAOS varied from about 20 to 60 min, so the noise and
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Table 1
Precision and accuracy of σEP

Relative difference =
(σEP − σSP)/σSP

ID
Aerosol

type
σSP average

Mm−1
Std.

Mm−1
Std. (σEP − σSP)

Mm−1 Average (Std.) Median

467 nm
176 3 AS 71 3 1.6 −0.098 (0.022) −0.098
163 2 AS 84 5 2.9 −0.066 (0.034) −0.066
171 2 L 87 11 7.0 −0.056 (0.080) −0.067
177 1 AS 306 16 4.2 −0.048 (0.014) −0.045
164 1 AS 307 47 16 −0.012 (0.052) −0.013
172 3 AS 361 25 9.3 −0.023 (0.026) −0.014
173 1 L 366 29 8.7 −0.012 (0.024) −0.018
172 4 AS 655 52 39 0.004 (0.060) −0.010
177 3 AS 690 8 6.1 −0.044 (0.009) −0.045
164 2 AS 867 46 13 −0.009 (0.014) −0.008

530 nm
176 3 AS 49 2 1.7 −0.097 (0.036) −0.101
163 2 AS 58 4 2.9 −0.113 (0.050) −0.113
171 2 L 81 10 5.6 −0.083 (0.069) −0.089
177 1 AS 214 12 3.9 −0.028 (0.018) −0.020
164 1 AS 218 33 32 0.122 (0.146) 0.137
172 3 AS 254 18 6.3 −0.006 (0.025) 0.000
173 1 L 341 27 9.4 −0.055 (0.027) −0.063
172 4 AS 466 37 25 0.025 (0.054) 0.011
177 3 AS 487 5 4.5 −0.027 (0.009) −0.026
164 2 AS 619 32 25 0.013 (0.041) 0.012

660 nm
176 3 AS 24 1 1.0 −0.128 (0.041) −0.134
163 2 AS 29 2 2.3 −0.023 (0.078) −0.029
171 2 L 58 8 4.2 0.008 (0.073) 0.004
177 1 AS 109 6 2.0 −0.005 (0.018) 0.002
164 1 AS 111 17 11 0.057 (0.099) 0.055
172 3 AS 129 9 2.9 −0.017 (0.022) −0.012
173 1 L 246 20 7.9 0.041 (0.032) 0.031
172 4 AS 239 19 14 0.036 (0.061) 0.025
177 3 AS 249 3 2.2 −0.015 (0.009) −0.015
164 2 AS 318 17 6.4 0.022 (0.020) 0.023

Precision is calculated as std(σSP − σEP) and accuracy as the relative difference of σSP and σEP in white
aerosol experiments. The results are arranged in the order of run-averaged σSP.

The values were calculated from 1 min averaged data.
ID, experiment identification code; AS, ammonium sulfate; L, polystyrene Latex spheres.

detection limits for the run-averaged data were about 1/
√

20 to
1/

√
60 ≈ 0.22 to 0.12 times the detection limits given above.

Application to Determine Absorption Coefficients
Absorption coefficients from the RAOS grey and black aerosol

experiments were calculated from σAP(E-S) = σEP −σSP. These
absorption coefficients were compared with the absorption coef-
ficients σAP(PA) measured using the Desert Research Institute’s

photoacoustic instrument (PA) (Arnott et al. 1999, 2000, 2003;
Moosmüller et al. 1998).

In the PA light absorption generates heat and an acoustic
wave that is detected by a microphone (e.g., Arnott et al. 1999).
The DRI PA measures absorption at two wavelengths, 532 and
1047 nm. In order to compare the absorption coefficients the
σAP(PA) data was interpolated logarithmically to the wavelengths
of the OEC by calculating the Ångström exponent αAP of the
absorption coefficient and applying formula 1.
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Figure 7. Comparison of the σAP(E-S) and σAP(PA) using (a) all experiments, including the high absorption experiment,
(b) excluding the high absorption experiment and using σEP without corrections, and (c) excluding the high aerosol experiment and
after correcting σEP according to slope and offset of σEP = kσSP + σ0 obtained from the regression of white aerosol experiments.
In (b) and (c) the regression was done twice, with and without data from DOY 177.

The scatter plots of the two absorption standards’ 1 min data
are presented in Figure 7. There are three versions of the plot
in that figure. The first one uses all data points with the noncor-
rected extinction coefficients (Figure 7a). Overall, the two meth-
ods agree well even with the 1 min time resolution. However,

when the high-absorption black experiment that dominates the
regression is left out, there is a close to 10% difference between
the two, as far as the slope of the regressions are considered
(Figure 7b). Figure 7c was plotted after correcting the extinc-
tion coefficients with the slopes and offsets obtained from the
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linear regressions of white aerosols as explained above. The
correction results in better agreement of the two methods.

The two methods are also compared by taking their ratio,
i.e., σAP(E-S)/σAP(PA). Ideally this ratio should be one. For the
experiments before DOY 177—the experiments where the ab-
sorption coefficient was higher than about 20 Mm−1—the two
standards agree well (Figure 8a and Table 2), but at lower ab-
sorption levels the instruments do not agree as well. The ratios
from DOY 177 are clearly worse. After correcting σEP with the
regression lines, the ratios are closer to one. Not all, however—
especially data from DOY 177 still deviate from one. If an outlier
is defined as being outside the 2 × standard deviation range of
an average, then a large part of the absorption coefficient data
on DOY 177 is due to outliers even after the correction with the
σEP versus σSP regressions.

The noise in the absorption coefficient data was estimated
in the same way as the scattering and extinction coefficients

Figure 8. Ratios of absorption coefficients calculated using 1 min data. The vertical error bar is ± standard deviation of 1 min
data in the respective absorption coefficient range. The horizontal error bar is the range of absorption coefficients taken into
the classification. (a) σAP(E-S) calculated with σEP that was not corrected according to white aerosol comparison, (b) σAP(E-S)
calculated after correcting σEP according to slope and offset of σEP = kσSP + σ0 obtained from the regression of white aerosol
experiments.

were compared for the white aerosol, i.e., by calculating std(σAP

(E-S) − σAP(PA)). The average standard deviation of the differ-
ence in 1 min averaged data is ∼16, 13, and 9 Mm−1 for the
blue, green, and red wavelengths, respectively. This noise can
be compared with the the noise of the σEP −σSP in white aerosol
experiments discussed above. The former is larger by about a
factor of 1.5.

The wavelength dependence of σAP was calculated by cal-
culating the Ångström exponent of absorption coefficient, αAP

for wavelength ranges 467 nm–530 nm, 467 nm–660 nm, and
530 nm−660 nm using the σAP(E-S) data and for the wavelength
range 532–1047 nm using the σAP(PA). For σAP(E-S), the calcu-
lations were conducted twice again, with and without correcting
σEP with the slopes and offsets from the regression lines of σEP

versus σSP in the white aerosol experiments. Here single experi-
ments are not discussed, but instead all 1 min data are used. The
Ångström exponents were classified into σAP bins and averages;
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standard deviations and 5th, 50th, and 95th percentiles were cal-
culated for each σAP range. Since the data roughly covers three
orders of magnitude, from ∼100 to ∼103 Mm−1, the σAP ranges
were selected so that on a logarithmic scale the width is the same,
except the lowest 10 Mm−1 that was divided in two ranges be-
cause there were not many data points in that range. The results
are presented in Figure 9 and Table 3.

First, the αAP values calculated from the σAP(E-S) data were
very noisy at σAP < 100 Mm−1. The reason is that the calcula-
tion of the Ångström exponent involves the ratio that makes it
very sensitive to noise in the raw data. Theoretically αAP should
be one for small particles. The αAP(E-S) calculated from the
uncorrected σAP(E-S) clearly deviate from this theoretical value
(Figure 9a). After the correction with the σEP versus σSP regres-
sions, the αAP(E-S) settles closer to the theoretical value. The
αAP calculated from the photoacoustic data αAP(PA) are close to
the theoretical values at σAP values above ∼5 Mm−1. The noise
of αAP(PA) is clearly less than that of αAP(E-S), but at small val-
ues αAP(PA) is also fairly noisy (Table 2). On DOY 177 αAP(PA)
also deviates clearly from 1, which suggests that the difference
between σAP(E-S) and αAP(PA) is not entirely due to problems
within the OEC.

Uncertainty of Absorption Coefficient as a Function of Single-
Scattering Albedo. The relative uncertainty of the absorption
coefficient increases with increasing single-scattering albedo,
ω0. The magnitude of this effect can be estimated with a simple
calculation. The relative uncertainty of the absorption coefficient
equals

δσAP

σAP
= 1

σAP

√(
∂σAP

∂σEP
δσEP

)2

+
(

∂σAP

∂σSP
δσSP

)2

= 1
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√
(δσEP)2 + (δσSP)2

= ω0

(1 − ω0)σSP

√
(δσEP)2 + (δσSP)2

= 1

1 − ω0

√(
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σEP

)2

+
(

ω0
δσSP

σSP

)2

. [5]

Assuming that the relative uncertainties of both extinction and
scattering coefficients are equal, the relative uncertainty of ab-
sorption coefficient becomes

δσAP

σAP
=

√
1 + ω2

0

1 − ω0

δσSP

σSP
. [6]

The relative uncertainty calculated from Equation (6) can be
compared with measurements from the experiments. The square
of the uncertainty in the ratio R = σAP(E − C)/σ AP(PA) equals

δR2 =
(

∂ R

∂σAP(E − C)
δσAP(E − C)

)2

+
(
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= δR2 −
(

R
δσAP(PA)

σAP(PA)

)2

≤ δR2

⇒ δσAP(E − C)

σAP(PA)
≤ δR. [7]

The ratio δσ AP(E−C)/σAP(PA) can be considered as an estimate
of the relative uncertainty of absorption coefficient, δσ AP/σAP.
The uncertainty δR can be calculated from the standard devia-
tion of the ratio of the absorption coefficients std(σAP(E − C)/
σAP(PA)), multiplied by two because according to the normal
probability rule about 95% of observations lie within two stan-
dard deviations of the average. The noise 2 × std(σAP(E − C)/
σAP(PA)) is an upper limit for the relative uncertainty δσAP/

σAP, because equality in Equation (7) is obtained only if there
is no uncertainty in σAP(PA), which is unrealistic. The standard
deviation of the ratio was calculated for each experiment using
the 1 min averaged data. The results for 530 nm data are plotted
in Figure 10 as a function of average ω0 in each experiment,
together with predicted values using Equation (6). Sheridan et
al. (2002) estimated that the relative uncertainty of the scatter-
ing coefficients is 9%, so this value was first used as δσ SP/σSP

in Equation (6) for calculating the theoretical δσ AP/σAP. The
observed relative uncertainty is clearly lower than the values
predicted using 9% uncertainty. The observed and predicted rel-
ative uncertainties are closest when δσ SP/σSP = 4.2%. This was
obtained by varying δσ SP/σSP to minimize the sum of squared
differences of the measured 2 × std(σAP(E − C)/σAP(PA)) and
the theoretical δσ AP/σAP of Equation (6), using the average mea-
sured ω0 of each experiment.

Discussion on Different Methods for Absorption Measure-
ments. At dry conditions the DRI PA relative uncertainty is
about 5% (Arnott et al. 2000), clearly lower than that of the
difference method, at least when the present OEC is used.
Equation (6) and Figure 10 show that at ω0 > 0.9 the relative
uncertainty of absorption coefficient would be >20% using the
difference method for absorption measurements even if the un-
certainties of extinction and scattering measurements are 2%. In
order to reach 5% relative uncertainty of absorption coefficient
with the difference method at ω0 = 0.9, the relative uncertainty
of both σEP and σSP should be ∼0.4%, which is quite unrealistic
with present instruments in 1 min averaging times. Raspet et al.
(2003) analyzed the performance of the PA method theoretically
as a function of humidity and found that at high relative humidi-
ties the photoacoustic signal is reduced significantly, by a factor
∼0.42 by latent heat and mass transfer. Raspet et al. (2003) rec-
ommended that photoacoustic measurements should be done at
RH < 65%. Arnott et al. (2003), also observed the reduction
in a field experiment. The uncertainty of the nephelometer also
increases at higher humidities. Masonis et al. (2002) estimated
that at RH = 90% the uncertainty of the nephelometer is ∼12%.
The uncertainty of the OEC has not been determined at higher
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Figure 9. Ångström exponent of absorption coefficient as a function of absorption coefficient. The vertical error bar is ± standard
deviation of 1 min data in the respective absorption coefficient range. The horizontal error bar is the range of absorption coefficients
taken into the classification. (a) αAP(E-S) calculated with σEP that was not corrected according to white aerosol comparison; (b)
αAP(E-S) calculated after correcting σEP according to slope and offset of σEP = kσSP + σ0 obtained from the regression of white
aerosol experiments; (c) αAP calculated from the photoacoustic data.
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Table 2
Statistics of σAP(E-S)/σAP(PA)

467 nm 530 nm 660 nmσAP range
(Mm−1) Ave. (Std.) Median Ave. (Std.) Median Ave. (Std.) Median

σEP not corrected
DOY < 177

<5 2.28 (6.33) 0.64 0.46 (1.17) 0.49 2.25 (4.17) 1.55
5–10 0.96 (0.83) 0.89 1.58 (0.60) 1.64 1.60 (0.49) 1.55

10–18 1.19 (0.80) 1.34 1.33 (0.46) 1.42 1.21 (0.29) 1.21
18–32 0.96 (0.22) 0.99 1.05 (0.16) 1.03 1.10 (0.17) 1.09
32–56 0.85 (0.19) 0.90 0.99 (0.12) 0.96 1.11 (0.17) 1.10
56–100 0.97 (0.25) 1.01 1.04 (0.20) 1.06 1.11 (0.11) 1.10

100–178 1.00 (0.12) 1.03 1.08 (0.10) 1.08 1.06 (0.05) 1.07
178–312 0.96 (0.09) 0.98 1.00 (0.08) 1.00
>312 0.99 (0.03) 1.00 1.02 (0.03) 1.02 1.04 (0.03) 1.04

DOY < 177
<5 0.71 (0.36) 0.85 0.51 (0.36) 0.65
5–10 0.16 (0.29) 0.20 0.50 (0.26) 0.48 0.59 (0.23) 0.63

10–18 0.28 (0.16) 0.28 0.44 (0.21) 0.47
18–32 0.56 (0.25) 0.52 0.49 (0.21) 0.48 0.67 (0.19) 0.67
32–56 0.40 (0.18) 0.36 0.57 (0.12) 0.57 0.93 (0.14) 0.94
56–100 0.61 (0.24) 0.61 0.84 (0.26) 0.83 0.90 (0.18) 0.86
>100

σEP corrected according to slope and offset of σEP = kσSP + σ0 obtained from the
regression of white aerosol experiments

DOY < 177
<5 5.85 (11) 2.72 1.22 (0.96) 1.19 2.92 (4.74) 1.87
5–10 1.61 (0.85) 1.51 0.99 (0.84) 1.14 1.43 (0.61) 1.34

10–18 1.59 (0.82) 1.70 0.97 (0.62) 1.23 1.04 (0.25) 1.06
18–32 1.14 (0.23) 1.16 0.99 (0.20) 0.97 0.99 (0.17) 0.97
32–56 0.98 (0.18) 1.01 0.94 (0.13) 0.92 1.02 (0.16) 1.01
56–100 1.04 (0.25) 1.07 0.99 (0.19) 1.03 1.05 (0.10) 1.05
100–178 1.04 (0.12) 1.06 1.05 (0.09) 1.06 1.02 (0.05) 1.03
178–312 0.99 (0.09) 1.01 0.95 (0.08) 0.96
>312 1.00 (0.03) 1.01 0.99 (0.03) 1.00 1.01 (0.03) 1.01

DOY 177
<5 0.76 (0.36) 0.89 −0.11 (0.38) 0.05
5–10 0.66 (0.34) 0.72 0.53 (0.26) 0.49 0.19 (0.28) 0.25

10–18 0.51 (0.19) 0.51 0.43 (0.21) 0.45
18–32 1.04 (0.27) 0.97 0.66 (0.23) 0.64 0.69 (0.20) 0.68
32–56 0.78 (0.18) 0.74 0.74 (0.12) 0.75 1.01 (0.14) 1.02
56–100 0.99 (0.24) 0.98 1.04 (0.26) 1.03 0.96 (0.18) 0.90

humidities, but in principle it should be better than that of the
nephelometer because in an OEC there are no truncation correc-
tion uncertainties. However, there are no such theoretical reasons
for high uncertainties at high humidities as in the PA. Therefore,
if all technical reasons for uncertainties in the nephelometer and
the OEC were minimized, the combination of extinction and
scattering measurements would be the preferred method for de-
termining the absorption coefficient at high humidities.

The disadvantage of both OEC and PA is that absorbing gases
contribute to their signal. Nitrogen dioxide absorbs light over
the entire visible and ultraviolet range of the solar spectrum
(Seinfeld and Pandis 1998). NO2 is one contributor to the long-
known brown haze in urban atmospheres (e.g., Charlson and
Ahlquist 1969). The NO2 absorption cross section is ∼40 ×
10−20 cm2 molecule−1 at λ = 465 nm and ∼14 × 10−20 cm2

molecule−1 at λ = 530 nm (Harwood and Jones 1994).
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Table 3
Statistics of Ångström exponent of σAP

α(σEP − σSP) α(σAP(PA))
α(467 nm–530 nm) α(467 nm–660 nm) α(530 nm–660 nm) α(532 nm–1047 nm)

σAP range
(Mm−1) Average (Std.) Median Average (Std.) Median Average (Std.) Median Average (Std.) Median

σEP not corrected
DOY < 177

<5 2.90 (3.83) 3.47 1.27 (3.61) 0.38 1.79 (5.42) 1.22 2.31 (1.39) 2.27
5–10 −3.68 (4.04) −3.11 0.10 (1.28) 0.34 1.16 (1.42) 1.59 1.08 (0.43) 1.20

10–18 −2.94 (5.38) −1.04 −0.32 (2.45) 0.59 0.90 (1.33) 1.23 0.98 (0.38) 1.06
18–32 0.40 (0.88) 0.56 0.53 (0.71) 0.59 0.90 (0.58) 0.95 1.14 (0.13) 1.13
32–56 −0.40 (1.64) 0.20 0.58 (0.49) 0.74 0.72 (0.53) 0.78 1.09 (0.17) 1.09
56–100 0.12 (1.91) 0.65 0.63 (0.85) 0.84 0.83 (0.39) 0.92 1.10 (0.08) 1.10

100–178 0.61 (0.55) 0.64 0.82 (0.33) 0.92 1.02 (0.12) 1.03 1.08 (0.06) 1.07
178–312 0.63 (0.18) 0.67 0.81 (0.14) 0.83 1.17 (0.05) 1.16
>312 0.94 (0.04) 0.95 0.98 (0.02) 0.99 1.01 (0.02) 1.01 1.12 (0.03) 1.12

DOY = 177
<5 −0.22 (1.22) −0.23 3.78 (6.60) 1.74 1.34 (0.49) 1.40
5–10 −6.14 (3.62) −5.97 −0.71 (1.03) −0.42 0.73 (2.52) 1.00 1.81 (0.66) 1.88

10–18 −2.59 (2.34) −2.09 −0.60 (1.29) −0.42 2.07 (0.23) 2.16
18–32 2.32 (1.26) 2.34 0.65 (1.32) 1.15 0.09 (1.05) −0.03 1.27 (0.35) 1.20
32–56 −1.96 (4.16) −2.95 −1.22 (1.78) −1.45 0.53 (0.64) 0.64 1.15 (0.12) 1.13
56–100 −1.64 (1.23) −1.48 −0.28 (0.82) −0.15 0.39 (0.89) 0.30 1.12 (0.05) 1.12
>100

σEP corrected according to slope and offset of σEP = kσSP + σ0 obtained from the
regression of white aerosol experiments

DOY < 177
<5 5.23 (1.77) 5.54 2.94 (1.72) 2.50 2.33 (1.70) 1.94
5–10 0.87 (2.72) 1.55 1.51 (0.80) 1.68 1.43 (2.14) 1.83

10–18 2.39 (2.52) 2.13 0.94 (1.89) 1.66 0.85 (2.19) 1.43
18–32 1.74 (0.53) 1.74 1.27 (0.47) 1.28 0.98 (0.62) 1.02
32–56 1.56 (0.62) 1.61 1.13 (0.22) 1.14 0.75 (0.62) 0.82
56–100 1.23 (0.89) 1.35 1.02 (0.59) 1.12 0.89 (0.40) 0.98

100–178 1.18 (0.43) 1.09 1.05 (0.27) 1.08 1.07 (0.13) 1.10
178–312 1.13 (0.18) 1.14 1.04 (0.13) 1.06

>312 1.20 (0.04) 1.21 1.10 (0.02) 1.11 1.05 (0.02) 1.05
DOY = 177

<5 8.14 (1.48) 7.75 8.28 (2.93) 7.91
5–10 2.52 (2.35) 1.76 5.07 (2.10) 5.09 5.24 (3.44) 4.10

10–18 3.38 (3.27) 2.59 3.59 (1.51) 3.12
18–32 4.44 (1.22) 4.24 2.83 (1.05) 2.88 1.43 (0.86) 1.30
32–56 1.71 (2.23) 0.39 0.99 (1.03) 0.55 1.20 (0.41) 1.25
56–100 0.80 (0.36) 0.73 1.03 (0.25) 1.02 0.97 (0.63) 0.89
>100

Assuming [NO2] = 10 ppb, the concentration in molecules in
unit volume can be calculated by knowing that 1 cm3 of air
contains ∼2.7 × 1019 molecules. Thus, [NO2]= 10 ppb = 10 ×
10−9 × 2.7 × 1019 = 2.7 × 1011 molecules cm−3. Multiplying
the concentration and the absorption cross sections yields ab-
sorption coefficients 10.7 and 3.8 Mm−1 at 465 and 530 nm,

respectively. At 50 ppb, the respective absorption coeffiecients
are 53.3 and 19 Mm−1. NO2 concentrations in the range of 10–
50 ppb are not uncommon in polluted urban atmospheres, so it
has to be taken into account when using either method. In ambi-
ent measurements nitrogen dioxide has to be removed from the
sample air of both the OEC and the PA, as is done already in
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Figure 10. Predicted and measured relative uncertainty of absorption coefficient at λ = 530 nm calculated from σAP = σEP −σSP

as as a function of single-scattering albedo. The predicted values were calculated assuming that the relative uncertainties of
the extinction and scattering coefficients are equal (Equation 6). The measured values are 2 × standard deviation of the ratio
(σEP − σSP)/σAP(PA) of 1 min averaged data in each black and grey aerosol experiment, for details see text.

the DRI PA inlet (Arnott et al. 1999). Photoacoustic instruments
have been used for the measurement of NO2 concentrations also
in the visible wavelengths between 480 and 625 nm, all wave-
lengths relevant to this study (Sigrist 1994). Arnott et al. (2000)
used nitrogen dioxide for calibrating the DRI photoacoustic in-
strument at 532 nm.

Filter-based absorption methods have many advantages. They
are cheap, they can easily be run by nonqualified personnel, they
are suitable for nonattended use, absorbing gases have no con-
tribution to their signal, and they have a low detection limit: in
clean conditions accumulation of aerosol on the filter can take
place during a long time. A disadvantage is that the relationship
between light attenuation change and absorption coefficient is
nonlinear and depends not only on the aerosol absorption coef-
ficient but also on the scattering coefficient (e.g., Petzold et al.
1997; Lindberg et al. 1999; Bond et al., 1999; Weingartner et al.
2003; Virkkula et al. 2005). However, the effects of scattering
aerosol are taken into account in the new method of multiangle
absorption photometry (Petzold and Schönlinner 2004). At high
and variable humidities the filter-based methods do not work
well; they are either noisy or overestimate absorption, which is
an artifact due to uptake of water in the filter material (Arnott
et al. 2003).

SUMMARY AND CONCLUSIONS
The main purpose of the OEC was to act as an extinction

standard for the calibration of filter-based methods for measur-
ing light absorption by aerosols. For that purpose the extinc-
tion coefficient σEP measured using the OEC should agree well
with the scattering coefficient σSP measured using an integrating

nephelometer for white aerosols. The agreement was good in
most white experiments, especially for run-averaged data. At
high time resolution (1 min averages) the agreement was gener-
ally good as well.

The noise calculated as std(σEP − σSP) from 1 min averaged
white aerosol data was about 10, 11, and 5 Mm−1 for the blue,
green, and red wavelengths, respectively. If defined as 3 times
the noise, the detection limits for all wavelengths for 1 min data
were about 30 Mm−1 for the blue and green and about 15 Mm−1

for the red wavelengths. The noise of the difference σEP − σSP

was clearly greater than the noise of the σEP alone when mea-
suring filtered air. This suggests that the problem with shorter
time-resolution data was probably due to the timing of the two
instruments, especially when the aerosol concentration varied
quickly, as in some of the RAOS experiments. Most probably
the agreement with the two methods at high time resolution
would be better if the flushing times of both the OEC and the
nephelometer were similar.

For measuring absorption coefficient, the photoacoustic
method (PA) was less noisy than the difference method. In gen-
eral the two methods agreed well; according to the slopes of
the scatter plots of the σEP − σSP versus σAP(PA) within ∼3 to
7%, depending on wavelength. The noise of the difference of the
two absorption standards in black and grey aerosol experiments,
calculated from δ(σAP(σEP − σ SP) − σAP(PA)) = std(σAP(σEP −
σ SP) − σAP(PA)), was higher than the noise of σEP − σSP. The
higher noise may be explained with the additional noise of the
PA, but also by a different flushing time of the the PA instru-
ment. The higher noise may also be explained by higher noise
in the aerosol itself when not only scattering aerosol but also ab-
sorbing aerosol was introduced in the mixing chamber. In future
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studies, if conducted using similar setup, attention should be
paid in making the flushing times of each instrument as similar
as possible.

The relative uncertainty of the absorption coefficient, δσ AP/

σAP, determined using the difference method, was compared
with a simple theoretical calculation that gives the relative un-
certainty as a function of single-scattering albedo, ω0. The rel-
ative uncertainty of the absorption coefficient decreases with
increasing ω0. For black aerosol, δσ AP/σAP was ∼5%, but for
grey aerosols at ω0 0.9 it was ∼40% and still higher at higher ω0.
The data also gives a way for indirectly estimating the relative
uncertainty of the nephelometer measurements. The theoretical
relative uncertainties of the absorption coefficient were closest
to the measured ones when the relative uncertainty of the scat-
tering coefficient was ∼4%.

The calibration of the OEC has to be developed further. In
the present configuration CO2 does not work for a calibration
gas because the refractive index of CO2 is different from that
of air, and the optics was designed for a carrier gas that has the
refractive index of air. The optics should be modified so that
the CO2 can be used for a calibration. Another solution would
be to use a gas mixture that has a refractive index of air but
larger scattering cross section, such as a mixture of CO2 and
He.

REFERENCES
Anderson, T. L., Covert, D. S., Marshall, S. F., Laucks, M. L., Charlson, R.

J., Waggoner, A. P., Ogren, J. A., Caldow, R., Holm, R. L., Quant, F. R.,
Sem, G. J., Wiedensohler, A., Ahlquist, N. A., and Bates, T. S. (1996).
Performance Characteristics of a High-Sensitivity, Three-Wavelength Total
Scatter/Backscatter Nephelometer, J. Atmos. Oceanic Technol. 13:967–
986.

Anderson, T. L., and Ogren, J. A. (1998). Determining Aerosol Radiative Prop-
erties Using the TSI 3563 Integrating Nephelometer, Aer. Sci. Technol. 29:57–
69.

Arnott, W. P., Moosmüller, H., Rogers, C. F., Jin, T., and Bruch, R. (1999).
Photoacoustic Spectrometer for Measuring Light Absorption by Aerosol: In-
strument Description, Atmos. Environ. 33:2845–2852.

Arnott, W. P., Moosmüller, H., and Walker, J. W. (2000). Nitrogen Diox-
ide and Kerosene-Flame Soot Calibration of Photoacoustic Instruments for
Measurement of Light Absorption by Aerosols, Rev. Sci. Instrum. 71:4545–
4552.

Arnott, W. P., Moosmüller, H., Sheridan, P. J., Ogren, J. A., Raspet, R., Slaton,
W. V., Hand, J. L., Kreidenweis, S. M., and Collett Jr., J. L. (2003). Photoa-
coustic and Filter-Based Ambient Aerosol Light Absorption Measurements:
Instrument Comparisons and the Role of Relative Humidity, J. Geophys. Res.
108(D1):4034.

Bond, T. C., Anderson, T. L., and Campbell, D. (1999). Calibration and Inter-
comparison of Filter-Based Measurements of Visible Light Absorption by
Aerosols, Aer. Sci. Technol. 30:582–600.

Charlson, R. J., and Ahlquist, N. C. (1969). Brown Haze: NO2 or Aerosol?
Atmos. Environ. 3:653–659.

Gerber, H. E. (1982). Optical Techniques for the Measurement of Light Absorp-
tion by Particulates. In Particulate Carbon, Atmospheric Life Cycle, edited
by G. T. Wolff and R. Klimisch. Plenum Press, New York, 1982.

Harwood, M. H., and Jones, R. L. (1994). Temperature-Dependent Ultraviolet-
Visible Absorption Cross Sections of NO2 and N2O4: Low-Temperature Mea-
surements of the Equilibrium Constant for 2NO2 ↔N2O4, J. Geophys. Res.
99:22955–22964.

Heintzenberg, J., Charlson, R. J., Clarke, A. D., Liousse, C., Ramaswamy,
V., Shine, K. P., Wendisch, M., and Helas, G. (1997). Measurements and
Modelling of Aerosol Single-Scattering Albedo: Progress, Problems and
Prospects, Cont. to Atmos. Phys. 70:249–263.

Horvath, H. (1993). Atmospheric Light Absorption—A Review, Atmos. Environ.
27A:293–317.

Horvath, H. (1997). Experimental Calibration for Light Absorption Measure-
ments Using the Integrating Plate Method—Summary of the Data, J. Aerosol
Sci. 28:1149–1161.

Lindberg, J. D., Douglass, R. E., and Garvey, D. M. (1999). Atmospheric Par-
ticulate Absorption and Black Carbon Measurement, Appl. Opt. 38:2369–
2376.

Masonis, S. J., Franke, K., Ansmann, A., Mueller, D., Althausen, D., Ogren,
J. A., Jefferson, A., and Sheridan, P. J. (2002). An Intercomparison of Aerosol
Light Extinction and 180◦ Back-Scatter as Derived using In Situ Instruments
and Raman Lidar During the INDOEX Field Campaign, J. Geophys. Res. 107
(D19), 8014, DOI: 10.1029/2000JD000035, 2002.

Moosmüller, H., Arnott, W. P. , Rogers, C. F., Chow, J. C., Frazier, C. A.,
Sherman, L. E., and Dietrich, D. L. (1998). Photoacoustic and Filter Mea-
surements Related to Aerosol Light Absorption During the Northern Front
Range Air Quality Study (Colorado 1996/1997), J. Geophys. Res. 103:
28149–28157.

Petzold, A., Kopp, C., and Niessner, R. (1997). The Dependence of the Specific
Attenuation Cross-Section on Black Carbon Mass Fraction and Particle Size,
Atmos. Environ. 31:661–672.

Petzold, A., and Schönlinner, M. (2004). Multi-Angle Absorption Photometry—
A New Method for the Measurement of Aerosol Light Absorption and Atmo-
spheric Black Carbon, J. Aerosol Sci. 35:421–441.

Raspet, R., Slaton, W. V., Arnott, W. P., and Moosmüller, H. (2003).
Evaporation–Condensation Effects on Resonant Photoacoustics of Volatile
Aerosols, J. Atmos. Oceanic Technol. 20:685–695.

Reid, J. S., Hobbs, P. V., Liousse, C., Vanderlei Martins, J., Weiss, R. E., and
Eck, T. F. (1998). Comparisons of Techniques for Measuring Shortwave Ab-
sorption and Black Carbon Content of Aerosols from Biomass Burning in
Brazil, J. Geophys. Res. 103:32031–32040.
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APPENDIX: TRUNCATION CORRECTION FOR A
TWO-COMPONENT EXTERNALLY MIXED AEROSOL

Anderson and Ogren (1998) presented a formula for correct-
ing the scattering coefficients obtained from the nephelometer
for truncation errors:

σSP,C = (a + bαNC)σSP,NC ≡ C(αNC)σSP,NC, [A1]

where σSP,C is truncation-corrected scattering coefficient, σSP,NC

is noncorrected scattering coefficient obtained from the neph-
elometer, αNC is Ångström exponent calculated from σSP,NC,
and a and b is correction factors presented by Anderson and
Ogren (1998).

In the RAOS data processing the scattering coefficients were
corrected for truncation using the Ångström exponent of the
scattering measurements without information on the Ångström
exponents of the scattering (white) and absorbing (black)
particles separately. The corrected scattering coefficient is
therefore

σSP,C,TOT = C(αNC)σSP,NC,TOT ≡ C(αNC)(σSB + σSW)

= (a + bαNC)(σSB + σSW), [A2]

where σSB is noncorrected scattering coefficient of black par-
ticles, σSW is noncorrected scattering coefficient of white par-
ticles, and αNC and Ångström exponent of total noncorrected
scattering coefficient.

It is assumed that αNC is a linear combination of the Ångström
exponents of the components of the aerosol, i.e., αNC = fBαSB+
fW αSW, where fB and fW are the fractions of total scattering
coefficient due to black and white particles, respectively, and
αSB and αSW are the Ångström exponents of σSB and σSW, re-
spectively. It follows that

αNC = σSB

σSB + σSW
αSB + σSW

σSB + σSW
αSW

= 1

σSB + σSW
(σSBαSB + σSWαSW). [A3]

Combining Equations (A2) and (A3) yields

σSP,C,TOT =
(

a + b
1

σSB + σSW
(σSBαSB + σSWαSW)

)
× (σSB + σSW) = (a + bαSB)σSB

+ (a + bαSW)σSW = C(αSB)σSB + C(αSW)σSW.

[A4]

In other words, the truncation correction can be calculated either
using the Ångström exponents and scattering coefficients of the
components of the aerosol separately, if they are known, or using
the observed scattering coefficient and Ångström exponent of the
mixture, as was done in the RAOS data processing. The same
reasoning can be generalized for an aerosol composed of any
number of externally mixed components.


