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The atmospheric aerosol absorption capacity is a critical parameter determining its direct and indirect effects on cli-
mate. Accurate measurement is highly desired for the study of the radiative budget of the Earth. A multi-wavelength
(405 nm, 532 nm, 780 nm) aerosol absorption meter based on photoacoustic spectroscopy (PAS) invovling a single cylin-
drical acoustic resonator is developed for measuring the aerosol optical absorption coefficients (OACs). A sensitivity of
1.3 Mm~! (at 532 nm) is demonstrated. The aerosol absorption meter is successfully tested through measuring the OACs
of atmospheric nigrosin and ambient aerosols in the suburbs of Hefei city. The absorption cross section and absorption
Angstrom exponent (AAE) for ambient aerosol are determined for characterizing the component of the ambient aerosol.
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exponent
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1. Introduction

Apart from the negative effect on human health and visi-
bility, atmospheric aerosols also play a key role in the global
climate system by its direct effects (scattering and absorp-
tion of the solar radiation)!!) and indirect effects (modification
of cloud properties and abundance)!>3! on climate. Among
these factors, aerosol absorption is of particular importance
for both direct and indirect aerosol effects.[*] Unfortunately,
aerosol absorption is one of the most uncertain parameters in
the above-mentioned effects and also it is one of the most dif-
ficult quantities to measure. !

An optical absorption coefficient (OAC) o ([¢t] = Mm™~!
=10"% cm™!) is used to characterize the magnitude of aerosol
absorption. Generally, approaches to determining aerosol
OAC can be classified into two categories: filter-based tech-
niques, and filter-free in situ techniques. Instruments based on
filter-based techniques, such as the aethalometer, multi-angle
absorption photometers (MAAP), the continuous soot moni-
toring system (COSMOS), and particle soot absorption pho-
tometer (PSAP), are subjected to the fact that the reliability of
the measured data is limited, due primarily to artifacts such as
filter-aerosol interactions (especially multiple scattering), the
shadowing of the incident light, which intensifies with the in-
crease of filter loading and aerosol scattering effect.’°! The
SP2 (single particle soot photometer (SP2) instrument, based

DOI: 10.1088/1674-1056/23/6/064205

on laser-induced incandescence (LII) measurement), is usually
used for filter-free in situ characterization of strong aerosol
light absorption. The main disadvantage of this technique is
the influence of the heating, owing to the high power density
laser beam, on particle composition and morphology./1%!1]
Another filter-free in sifu approach is based on the measure-
ment of the total aerosol extinction coefficient by cavity ring-
down spectroscopy (CRDS)[!?l and the scattering coefficient
with an integrating nephelometer,!'*! and then the OAC is de-
duced by subtracting the scattering coefficient from the ex-
tinction coefficient. However, as the absorption coefficient is
determined from a small difference between two large quanti-
ties, this approach is rather suited for high pollution events, or
laboratory studies with high aerosol concentration.!!*13]

The photoacoustic spectroscopy (PAS) technique for ob-
serving the aerosols in their natural suspended states, is com-
monly recognized as one of the best candidates to measure
the OAC of aerosols.
ployed to measure the light absorption of aerosols in the late
1970°s.1'6171 Haisch et al.!'8! developed a mobile PAS sen-

sor consisting of two differential PA cells for on-line moni-

The PAS technique was first em-

toring of the soot emission in diesel exhaust gas. The limit
of detection was found to be 2-pg-m~3 black carbon (BC)
for diesel soot in exhaust gas and 10 pug-m~ for artificial
soot (13.2 Mm~! and 66 Mm~! respectively on the assump-
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tion that an optical absorption efficiency is 10 m?.g~
532 nm and an absorption Angstrém exponent is 1 for BC).!
Amott ef al.!"! and Lewis et al.!*°! designed a PAS with a
U-shape resonator in order to simultaneously measure light
absorption with a microphone and scattering with a cosine-
weighted sensor. Aerosol absorption measurements using this
PAS have been reported at wavelengths 355 nm, 405 nm,
532 nm, 671 nm, 781 nm, 870 nm, and 1047 nm respec-
tively for laboratory-generated and ambient aerosols./?1:>?]
Multi-wavelength operation of a PAS system has already been
demonstrated to be a useful method of studying spectral prop-
erties of aerosol optical absorption. Arnott’s PAS was em-
ployed for dual-wavelength (405 nm and 870 nm) measure-
ments of biomass burning emissions.?"! Tibor et al.>! re-
ported on a multi-wavelength PAS instrument equipped with
four identical PA cells operating at four wavalengths generated
from an Nd: YAG disc laser with a fundamental wavelength of
1064 nm and harmonics at 532, 355, and 266 nm). Minimum
detectable OAC was determined to be 0.7 Mm~! at 1064 nm,
2.3Mm ™! at 532 nm, 8.93 Mm ! at 355 nm, and 11 Mm™! at
266 nm. 24

In this paper, we present a multi-wavelength (405, 532,
780 nm) aerosol absorption meter based on PAS involving a
single cylindrical acoustic resonator (operating in its first lon-
gitudinal mode) for measuring the aerosol OACs. NO, ab-
sorption spectrum at 532 nm is used for PA resonator calibra-
tion. Measurements of OACs of laboratory aerosol and am-
bient aerosol are carried out to evaluate the performance of
the developed aerosol absorption meter. The absorption cross
section and absorption Angstrom exponent are determined to
characterize the component of the ambient aerosol.

2. Experimental setup

The experimental setup is schematically shown in Fig. 1.

A detailed description of this apparatus is given elsewhere!>!

in Chinese. The optical sources included a frequency-doubled
Nd:YAG laser emitting at 532 nm and two diode lasers emit-
ting at 405 nm and 780 nm, respectively. Laser beams were
amplitude-modulated through a TTL signal from a function
generator. The average powers of the lasers were about
195 mW, 83 mW, and 800 mW, respectively. The light beams
were coupled together and directed into the PA cell by means
of two mirrors (M, My) and two dichroic mirrors (Mp, M3).
The PA cell, made of duralumin, consisted of a central cylin-
drical resonator (length = 100 mm, radius = 9 mm) and two
buffer volumes (about half the length of the resonator with a
radius of 40 mm) for filtering acoustic noise. The windows
of the PA cell were sealed with quartz glass. The PA signal
was detected by a miniature electret microphone (MP201, In-
stitute of Acoustics, the Chinese Academy of Sciences) which
was inserted into the middle of the resonator and demodulated
with a lock-in amplifier (SR850, Stanford Research Systems).
The time constant of the lock-in amplifier was set to be 1 s
in combination with an 18-dB/octave slope filter (the corre-
sponding bandwidth was 0.094 Hz). The output signals from
the lock-in amplifier were acquired by a data acquisition card
(AC-6115, W & WLAB). The transmitted laser beams ema-
nating from the PA cell were monitored by an optical power
meter (EPM2000, Coherent) to normalize the PA signals re-
spectively.

A scanning mobility particle sizer (SMPS, 3936, TSI)
consisting of a differential mobility analyzer (DMA, 3080,
TSI) and a condensation particle counter (CPC, 3022A, TSI),
was placed downstream to measure the size distribution and
number concentration of the samples. Aerosol samples were
dragged through the PA cell by the CPC internal-located
pump. The whole experimental process was controlled via a

program based on Labview software (National Instrument).
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generator P»| lock-in amplifier
TSI g preamplifier 2
3076 a
. ~
b ee. M, microphone
M, power
poe >
) > 780 nm X povrer
g 532 nm 4
5 M,
filtei acrosol in f aerosol out
DMA cprC |

&
magnetic valve

(pump) [exhaust

Fig. 1. Schematic diagram of the experimental setup.
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3. Results and discussion
3.1. Resonant frequency and quality factor of the PA cell

Characterization of the PA cell resonant frequency is per-
formed using the NO, absorption signal. The PA response is
measured as a function of the amplitude modulation frequency.
The measurement is carried out at room temperature (296 K)
and standard atmospheric pressure. The acoustic resonance
frequency is found to be fy ~ 1617 Hz, corresponding to a
quality factor of 21. The low quality factor is of benefit to re-
ducing the influence of resonant frequency drift caused by the
variation of temperature and humidity in the sampled air.

3.2. Calibration of aerosol OAC

The calibration method of aerosol OAC described by
Arnott et al.'*6! and Tibor et al.**! is used in the present work.
Absorption of NO, gas at 532 nm is used to calibrate the mea-
surement of aerosol OAC. Figure 2 shows the broad absorp-
tion band of NO, near 532 nm and the emission spectrum of
the solid green laser used in our system at room temperature.
Based on the HITRAN 2008 database, 2! NO, exhibits an ab-
sorption cross section of about 1.5 x 107'° cm?/molecule at
532 nm. The emission spectrum is centered at 532.4 nm with
a spectral width (FWHM) of about 0.74 nm. According to the
PA theory, the generated acoustic signal can be expressed as

S=PXMXCeq X 0 X c+Sp, @))

where S ([S] = V) is the amplitude of the PA signal, P ([P] =
W) is the average laser power at the resonant frequency, M
(IM] = V-Pa~!) is the microphone sensitivity, Ceei ([C] =
Pa-(cm~!-W)~1) is the cell constant, o is the specific absorp-
tion coefficient of the sample ([ag] = Mm™ ! /(g/m3) for aerosol
and [ap] = Mm™~!/ppbv for gas), ¢ is the concentration of the
sample ([¢] = g/m? for aerosol and [c] = ppbv for gas), and
Sp 1s the background acoustic signal ([Sp] = V). The quantity
oy % c equals OAC. So, it is possible to determine the product
of M and C if the o is known (based on a calibration with
known NO, concentration). The relationship between OAC of
the calibration gas and the concentration c is given by

ocoxc:NL;c'G(l), Q)

where p and T are the pressure and temperature of the sam-
ple gas respectively, ¢ (A1) is the wavelength-dependent ab-
sorption cross section ([0] = cm?/molecule), N, = 2.68 x
10" mol-cm™3-atm™! (1 atm = 1.01325 x 10° Pa) is the
Loschmidt number at 273.5 K and 1 atm. The o can thus
be expressed as

ap = 2.68 x 10"°

) a(h). @
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Fig. 2. (color online) Absorption spectrum of NO, at 532 nm associated
with the solid laser emission spectrum used in the present work.

In a method different from that used in previous work, [>!
o (A) is calculated as follows. In the case of using a broadband
light source, 6(A) can be defined as

o(2) =Y o(k)-gh) )

with 6(4;) being the absorption cross section at 4; (4; is re-
stricted in the laser emission region, [A;] = nm) and g(A;)
the normalized function (¥}, g(A4;) = 1) for the wavelength-
dependent optical power density distribution. In Eq. (4), the
values of ¢(A;) are provided by the HITRAN 2008 database,
and the g(4;) function is deduced from the measurement by
use of a high-resolution optic spectrometer (Ocean Optics Inc.,
HR2000). The o value is found to be 0.37 Mm~!/ppbv in
the present PA spectrometer. In the calibration process, the
PA cell was purged with NO; gas buffered in nitrogen with
known concentrations (in the present case, 200, 300, 400,
500 ppbv) and the acquired PA signals are divided by the laser
power and linearly fitted as shown in Fig. 3. The noise mea-
sured in the case of a non-absorbing gas sample (pure Ny) is
0.13 nV/mW (10) and the minimum detectable OAC is found
to be 1.3 Mm~!. The corresponding normalized noise equiv-
alent absorption (NNEA) coefficient can be determined by!*%]

aminP

VAF'

where Otin ([Ohnin] = Mm_l) is the minimum detectable OAC,
P ([P] = W) is the average laser power, and Af([Af] = Hz)
is the equivalent noise detection bandwidth. The NNEA co-

NNEA = 5)

efficient of the PA spectrometer is calculated to be 8.2 x
107 W-em™1Hz /2.

According to Arnott’s and Tajai’s work, the calibration re-
sults of aerosol OAC are independent of the determined wave-
length, so the PAS is able to make aerosol OAC measurements
at the other two wavelengths (405 nm and 780 nm) with this
calibration result.
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Fig. 3. (color online) Result of the calibration of aerosol OAC.

3.3. Measurements of aerosol OAC

In OAC measurements of atmospheric aerosols, interfer-
ence from gas absorption, especially NO, and water—vapor
absorption,*”! should be considered. In our experiments, the
PA signal of particle free air is repeatedly measured and used
as background signal Sy,. By subtracting Sy, from the PA signal
S of sampled air, the gas absorption interference is removed
along with the acoustic noise.

3.3.1. Laboratory generated aerosol

In order to make a performance evaluation of the devel-
oped PA spectrometer, aerosol is generated in our laboratory
with an aerosol generator (3076, TSI) through using a solution
of nigrosin dye (C4gNgHs;) in deionized water. The particles
are dried through a diffusion drier. The relative humidity (RH)
is controlled to be less than 5%, well below the RH at which
any effect of evaporation on the acoustic signal is expected. [*°]
Figure 4 shows the size distribution of the nigrosin aerosol,
measured with an SMPS. The concentration of the solution
used in the experiment is 50 mg/L, and the peak of the par-
ticle concentration is found to be at an aerosol diameter of
57 nm. The nigrosin aerosol is then diluted with particle free
air to different concentrations. The concentration of the parti-
cles passed through the PA cell is monitored by a CPC which
is located at the end of the stream and the aerosol sample is
dragged by the internal-located pump.

-3
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2 5000r ¥
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S 3000f
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5 i Y

2 1000}
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z 0 100 200 300 400 500 600 700

Diameter/nm

Fig. 4. Size distribution of the laboratory-generated nigrosin aerosol.

Aerosol OAC can be expressed as

OAC=N-o, ()

where N and ¢ are the particle number concentration and the
particle absorption cross section respectively. OACs of the ni-
grosin aerosol at different concentrations are shown in Fig. 5.
The slope of the linear fitting, recognized as the absorption
cross section, is found to be 2.09 x 10~ ¢cm?2, which accords
well with the result (of 1.8 x 10~'! ¢cm?) obtained by Arthur

[30

and Jeonghoon ! through using a photothermal interferomet-

ric spectrometry.

~ m measured data
fitted line

k=208.9
R =0.99899

0 1 2 3 4 5 6

Number concentration/10° cm™®

Fig. 5. (color online) OACs of the nigrosin aerosol at different number
concentrations.

3.3.2. Environmental aerosol

The developed PAS instrument is then used to measure
the ambient aerosol absorption. The data of ambient aerosol
mentioned in this paper are all sampled near the edge of a lake
(in a suburban of Hefei city). In this area, the main source of
absorbing aerosol (black carbon, BC) is the vehicle exhaust re-
leased from the traffic within 300 m of the sample inlet. Sam-
pling is carried out at ~ 5 m above the ground at the second
floor of the laboratory. Figure 6 shows a time series of 12 hour
(from 21:00 on August 28th to 9:00 on August 29th) monitor-
ing of the OAC at 532 nm and the particle concentration of
the ambient aerosol. In the process of sampling, it was cloudy
and the ambient temperature was between 296 K and 301 K.
The variation trend of the OAC is in accordance with that of
the number concentration in the traffic free time period (be-
fore 6:30 am). The OAC increased from ~ 20 Mm™~! up to
~ 35 Mm~! quickly after 6:30 am because there was a traffic
jam on the road nearby. At 8:30 am, aerosol particles were
removed from the air by a filter and the OAC was down to ~
zero. On another sunny clear day, a time series measurement
of the ambient aerosol OAC was carried out and the result is
given in Fig. 7(a), aerosol size distribution and the absorption
cross section are also given in Figs. 7(b) and 7(c), the peak of
the particle concentration is found to be at an aerosol diame-
ter of ~ 109 nm and the absorption cross section is found to
be 3.49 x 1072 cm?. According to Arthur and Jeonghoon’s

1301 the BC absorption cross section primarily varies as

results,
the square of the particle radius. The results indicate that less
BC components exist in the sampled aerosol in the traffic free

time period.
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Fig. 6. (color online) Real-time measurement of the OAC at 532 nm and the number concentration of the ambient aerosol.
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Fig. 7. (color online) (a) OAC time series measurement at 532 nm on
a suny clear day; (b) size distribution of the measured ambient aerosol;
(c) plot of the measured OAC at 532 nm versus the particle number
concentration.

Based on the measurements of OAC at triple wavelengths,
the wavelength-dependent OAC is studied. As shown in Fig. §,

the wavelength dependence of OAC can be expressed by a

power law (2]

OAC =a-17", (7

where a is a wavelength-independent constant, A is the wave-
length, and b is the parameter called absorption Angstrom
exponent (AAE). A value of AAE=1 implies a wavelength-
independent refractive index for BC and a much smaller par-
ticle size than the wavelength,*!l e.g. vehicle exhaust. OACs
at 405 nm, 532 nm, and 780 nm are measured by introduc-
ing each light beam into the PA cell in turn. An OAC mea-
surement at each wavelength is made for 5 minutes and the
whole procedure is completed in 15 minutes. Particle num-
ber concentration is synchronously measured in order to unify
OAC measurement to the same particle number concentration.
The result is plotted versus wavelength in Fig. 8. A fitting
of Eq. (6) to the measured data yields an AAE value of 2.04.
This strong wavelength-dependent absorption (AAE > 1.6) in-
dicates a dominant organic carbon absorption (e.g. brown car-
bon, BrC)B2341 in our observation.

50}
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‘E 40 — fitted curve
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) 30
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o 20.
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R | S
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Fig. 8. (color online) Measured wavelength-dependent ambient aerosol
OAC.
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4. Conclusion

A multi-wavelength PA spectrometer is developed for in-
vestigating the optical absorption properties of aerosols. The
instrument is based on a cylindrical acoustic resonator involv-
ing three lasers emitting at 405 nm, 532 nm, and 780 nm
respectively. The calibration for the accurate measurement
of the OAC is achieved using the NO, reference sample,
at 532 nm. The minimum detectable OAC is found to be
1.3 Mm~! with a normalized noise equivalent absorption
(NNEA) coefficient of 8.2 x 1072 W-cm~!-Hz'/2. This cor-
responds to a minimum detectable mass concentration of about
0.13 pg-m3 for black carbon aerosol. The system is tested by
laboratory generated nigrosin aerosol, and the result is in good
agreement with that reported in the references. The developed
instrument is then employed for measuring the OAC of ambi-
ent aerosol. Based on the multi-wavelength measurements of
OAC, the absorption Angstrom exponent parameter is deter-
mined, which allows determination of the aerosol nature. The
obtained results imply the possibility of achieving a compact,
wide spectra covered aerosol absorption meter required in field
measurements.
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