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Owing to the influence of sampling loss, cavity difference and detecting source, the multi-optical parameter measure-
ment of atmospheric aerosol cannot be detected simultaneously in the same reference environment. In order to solve this
problem, a new method of simultaneously detecting the aerosol optical parameters by coupling cavity ring-down spectrom-
eter with photoacoustic spectroscopy is proposed. Firstly, the coupled photoacoustic cavity is formed by the organic fusion
of the photoacoustic cavity and the ring-down cavity. Secondly, the integrated design of the coupling spectroscopy system
is carried out. Finally, the extinction coefficient and absorption coefficient of aerosol are measured simultaneously by the
system, and then the aerosol scattering coefficient and single albedo are calculated indirectly. The accuracy of the system is
verified by comparing with the data from the environmental quality monitoring station, which provides a new idea for the
detection of multi-optical characteristics of atmospheric aerosol.

Keywords: spectroscopy, synchronous detection, coupling spectrum, coupled photoacoustic cavity
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1. Introduction

With the development of society and economy, environ-
mental pollution has been a serious threat to people’s physi-
cal and mental health. Therefore, it is urgent to understand
the mechanism of environmental and atmospheric pollution.
Atmospheric aerosol is an important factor affecting atmo-
spheric oxidation,!! regional pollution transport!>3 and dis-
ease prevention and control.[*! It is very important to accu-
rately measure the optical characteristic parameters of atmo-
spheric aerosol, such as extinction coefficient, absorption coef-
ficient and scattering coefficient. These optical characteristics
have important effects on atmospheric radiation, environmen-
tal protection and occupational disease prevention and control.

In order to accurately detect the optical characteris-
tic parameters of aerosols, the filter technology,® cav-
ity ring-down spectrometer (CRDS),!”-8] photoacoustic spec-
troscopy (PAS),!-1% cavity enhanced absorption spectroscopy
(CEAS),I'1121 and laser induced fluorescence technology
(LIF)[13:14] have emerged successively, and the extinction co-
efficient and absorption coefficient of aerosols have been mea-
sured by the above technologies. Among them, Chen et al.!'3)
developed a set of aerosol absorption coefficient measurement
system by using photoacoustic spectroscopy technology, and
successfully measured the aerosol absorption coefficient of the
ambient atmosphere. Liu et al.l'® developed an aerosol op-
tical absorption measuring instrument based on photoacous-
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tic spectroscopy. The detection sensitivity of aerosol absorp-
tion coefficient at 532 nm reached 1.30 Mm~!. Li er al.l'”]
developed a cavity ring-down spectrometer with a minimum
aerosol extinction coefficient of 6.10x 10~ Mm~!. In view of
the measurement of aerosol optical characteristic parameters,
many methods have been used to conducted in-depth research,
but most of them are single system of single parameter mea-
surement. However, the existing multi-parameter synchronous
detection technologies are greatly affected by sampling loss,
cavity difference, detection source, and other factors, and there
are technical problems such as inconsistent detection bench-
mark, unable to make accurate synchronous detection, efc. (18]
Dial et al.!"! proposed an aerosol albedo meter that includes
an attenuation chamber and an integrating sphere. The aerosol
albedo meter can simultaneously measure the scattering coef-
ficient and extinction coefficient of fixed frequency light, and
then the relative measurement uncertainty of single scatter-
ing albedo can be obtained. The detection sensitivity of scat-
tering coefficient and extinction coefficient are 2.70 Mm™!
and 0.60 Mm~!, respectively. Sharma et al.”?°! conducted
photoacoustic and scattering spectroscopic study of aerosol
optical properties, and measured the aerosol absorption and
scattering coefficients at five wavelengths (central wavelength
417 nm, 475 nm, 542 nm, 607 nm, and 675 nm). Thompson et
al.”! proposed a method of measuring aerosol single scatter-
ing albedo at 532 nm, in which mainly cavity ring-down spec-
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trometer was used to measure aerosol extinction coefficient,
and also adopted an integrating sphere turbid meter to measure
aerosol scattering coefficient. The detection limits of extinc-
tion coefficient and scattering coefficient reached 0.61 Mm ™!
and 2.70 Mm~!, respectively. Ma and Thompson!??! devel-
oped an aerosol albedo meter with cavity ring-down spectrom-
eter and integrating sphere, which was used to measure the ex-
tinction coefficient and scattering coefficient of particles in the
near ultraviolet region.

The above-mentioned synchronous detection methods of
optical characteristic parameters mostly involve direct mea-
surement of scattering coefficient using integrating sphere as
carrier, or using synchronous measurement of extinction co-
efficient and scattering coefficient, or absorption coefficient
and scattering coefficient. However, there is still room for the
improvement in the measurement of scattering coefficient by
integrating turbid meter in terms of obtaining light scattering
intensity and scattering information. Based on this, a spec-
troscopic system for the simultaneous measurement of aerosol
absorption coefficient and extinction coefficient is developed
based on two mature optical cavity techniques: photoacoustic
spectroscopy and cavity ring-down spectrometer. In this way,
the technical problems of the system sampling can be over-
come, such as inconsistent detection benchmark, and failing-
to-implement synchronous and accurate detection.

2. Measuring principle

Photoacoustic spectroscopy is a detection method based
on photoacoustic effect. When the molecule absorbs the light
of P power and forms a heat source with periodic changes, the
pressure in the measuring cavity changes periodically, and the
sound signal Spy is stimulated. The photoacoustic signal is de-
tected by a microphone (sensitivity Sy,), and the cell constant
Ceen 1s regarded as the inherent property of the photoacous-
tic cavity, and its value can be systematically calibrated by an
object with a known absorption cross section. Therefore, the
absorption coefficient s of aerosol can be expressed as 23]

Spa

— (D
Ceet PoSm

Oabs =
The measurement principle of cavity ring-down spectrome-
ter is based on Lambert Beer’s law. Optical resonators (with
high reflection mirror seals at both ends) are used to increase
the effective absorption path. When the incident light is cou-
pled to the cavity, multiple reflections occur in the cavity, and
the light intensity signal after having passed through the op-
tical resonator decays exponentially. According to the length
of optical resonator d, sample length L, ring-down time 7,
background ring-down time 7, and the speed of light c, the
relationship between the optical intensity ring-down time and

the aerosol extinction coefficient can be established.** There-
fore, the extinction coefficient ttex; of aerosol can be expressed

d (1 1
=—[(-=——). 2
Oext CLS<T TO) ()

In the actual measurement, the extinction coefficient of the

as

sample with or without aerosol is measured twice, and then
the extinction coefficient of the aerosol is calculated from the
following formula:

Oext_aerosol = Oext_have aerosol — Olext_no aerosol - (3)

The absorption coefficient and extinction coefficient of aerosol
can be detected by the coupled measurement spectral sys-
tem, and then the aerosol scattering coefficient Otscor and sin-
gle scattering albedo @ can be deduced from the following

formulae: >
Oscat = Olext — Olabs (4)
o= Otscat _ Oext — Oabs ) (5)
Olext Olext

3. Design of coupling cavity and system
3.1. Design of three-stage coupling cavity

The system of synchronously measuring the atmospheric
aerosol absorption coefficient and extinction coefficient is
mainly based on the coupling optical cavity composed of pho-
toacoustic spectroscopy and cavity ring-down spectrometer. It
adopts the same light source, optical path, gas path, frequency
modulation, timing sequence and cavity. In this work, a three-
stage coupling cavity is designed, which is respectively com-
posed of two sections of thin aluminum tubes and one sec-
tion of thick aluminum tube connected end to end as shown in
Fig. 1. The thick aluminum tube is located in the middle, and
two sections of thin aluminum tube are located at both ends.
Purge holes and inlet and outlet holes are respectively arranged
on the thin aluminum tube to construct the sampling air path
of the system.

Adjust lever Thin aluminum tube

Purge gas

Purge gas
PMT

Air outlet
Thick aluminum tube

High reflector Air inlet

Fig. 1. Three-stage coupled cavity.

The specific parameters of the three-stage cavity are
shown in Table 1. The inner hole of the aluminum tube is
uniform in size, specifically, 8 mm, which matches the beam
diameter, and the overall length of the cavity after connection
is 780 mm. Both ends of the optical resonator are equipped
with high reflection mirror adjustment frame, which can not
only adjust the high reflection mirror, but also support and fas-
ten the photomultiplier tube (PMT). When adjusting the light
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path, the laser passes through the center of the high reflection
mirror by adjusting the adjusting knob and the fixing screw,

so as to achieve the effect of maximum reflection times. The

maximum number of reflections is determined by measuring
the residual light intensity with a photomultiplier tube and then

fitting the ring-down curve.

Table 1. Cavity parameters of coupling spectral measurement system.

Name Number Length (mm) Radius (mm) Location Cavity material
Resonator cavity 1 120 8 middle aluminum
Buffer cavity 2 330 25 side aluminum

3.2. Influence of buffer cavity on coupling photoacoustic
system

Compared with the photoacoustic cavity, the coupling
cavity has a length that is increased to match the cavity length
of the cavity ring-down system. In order to study the influ-
ence of 330 mm buffer cavity on the coupling measurement
system, an acoustic finite element model of the coupling cav-
ity is established, and its simulation cloud image (the cavity
was set as nitrogen) is obtained as shown in Fig. 2. From the
simulation results of the sound field distribution in the cavity,
it can be seen that the middle part of the resonator cavity is the
acoustic maximum position, and the sound pressure value de-
creases along the axis to both ends of the resonator cavity, and
the closer to the two ends of the photoacoustic cell, the lower
the sound pressure value is. It can be seen that the established
coupling cavity has little influence on the sound field distribu-
tion of the photoacoustic system, and the microphone should
be placed in the middle of the resonator cavity to collect the
sound signal during measurement.

(a)

1.0
(®) -IO 5
as = =,
—0.5
|2
Fig. 2. Coupled cavity acoustic mesh model and simulation cloud map: (a)

coupled cavity finite element model, and (b) cloud image of coupling cavity
acoustic simulation.

3.3. Design of coupling measurement spectrum system

The coupling measurement spectral system designed in
this paper is shown in Fig. 3, which mainly includes 405-nm
blue diode laser (DL-405), coupling measurement cavity, sig-
nal processing module and gas path system. The system is
purged by pure nitrogen to protect the high reflection mirror,
and the purging flow rate is 50 mL/min. The interference of
large particles in the ambient atmosphere is filtered with a filter
membrane, and the flow rate is controlled by a mass flow meter
(CS200) to be 0.5 L/min. The ambient air is pumped into the
coupling chamber by means of a small pump (N83KNE). The
square wave modulated diode laser outputs 405 nm blue light

at a specific frequency, which is reflected by the mirror and
then enters into the coupling measurement cavity. The acous-
tic signal and light intensity signal of the coupled photoacous-
tic cavity are detected by microphone (MP201) and photomul-
tiplier tube (H10721-210) respectively. The LabVIEW soft-
ware collects the ring-down signal of light intensity output
from photomultiplier tube in real time, and the lock-in ampli-
fier (OE1022D) detects the signal of microphone in real time.
The time constant of the PLL amplifier is set to be 3 s, the sen-
sitivity 200 pV, the attenuation rate 12 dB, and the sampling
time 1000 ms.

Coupled measurement (a) ]
spectral system

. e T L o

Data acquisition,~—~JModulation aser ?%

card circuit 405 nm | =— =—e— —— 2
Lock-in I

IRC amplifer l |

Purge gas Migrophone p o

cavity

Buffer
cavity

Photomultiplier tube

High reflector

Filtering membrane

Fig. 3. Schematic diagram of (a) coupled spectral measurement system and
(b) real picture of coupled spectral measurement system.
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4. Experimental results and discussion
4.1. Calibration of system

Because the aerosol has no obvious absorption peak, the
NO; gas with known absorption cross section is used to cali-
brate the system. However, NO, gas molecules have a strong
absorption peak near 403 nm, and water vapor and other inter-
fering gases have no obvious absorption near 403 nm. There-
fore, the 405 nm blue diode laser with rated power of 120 mW
is selected as an excitation source of the system in this paper.
By accurately controlling the mass flowmeter, 7 mg/m>NO,
is diluted into 19.20 pg/m3, 48.10 pg/m3, 92.20 pg/m3,
192.50 pg/m?3, 384.90 pg/m?, and 577.40 pg/m3, respec-
tively, and then passed into the system at a flow rate of
200 mL/min to record the value of photoacoustic signal. Com-
bined with the specific absorption coefficient of NO, studied
by Sharma et al.”>”) under the experimental conditions (293 K,
101.325 kPa), the specific absorption coefficient of NO, is
195.28 Mm™! ~(mg-m’3)’1, and then the calibration curve of
the system can be obtained (pink line in Fig. 4). The slope
after calibration curve fitting is 0.04368 uV/Mm~', and R? is
0.998. According to Eq. (1), the constant number of cell is
300.24 Pa-cm-W~!. According to the Allan analysis of vari-
ance (red line in Fig. 4) of the system, the detection limit of
absorption coefficient of the coupling photoacoustic spectrum
system is 0.45 Mm~! in an average time of 1 min.

NO; Concentration (pg/m3)

0 100 200 300 400 500
T T T T T
0.06
6 005 —ALLAN L m  Measure data
0.04 - -
3 0.03 (60, 0.01958) Fitted line
512 -
£ 002 |
E 4F o.01
P i 10100 1000
0 3 Time (s)
= i
g k~0.04368
2 2
A R?~0.998
1 i
0 1 1 1 1 1
0 20 40 60 80 100

Optical absorption coefficient (Mm~!)
Fig. 4. Calibration study.

For the coupling ring-down cavity, since the cavity length
d is 780 mm and the sample length Lg is 695 mm, so the ratio
Ry, is 1.122. At a sampling frequency of 2.5 M, the ring-down
time 7y is 11.436 us, then the lowest detection limit of the
coupled ring-down cavity is

Ry (T0— 1), R V20 (%)
L= ~ — =0.93 ppb. (6
[A] min o p o 2 ppb. (6)

The gradient test results of the coupled ring-down cav-
ity are shown in Fig. 5. When standard sample gas separately

with a volume fraction of 41.36 ppb, 90.18 ppb, 141.07 ppb
and 192.25 ppb are introduced, the corresponding fluctuation
of detected concentration separately is 0.63 ppb, 0.62 ppb,
0.85 ppb, and 0.99 ppb. It can be seen that the linear gradient
of the coupled ring-down cavity is good, and the correlation
R? is close to 1. Combined with the experimental conditions
(293 K, 101.325 kPa) and Sharma et al.’s study on the specific
absorption coefficient of NOj, it can be seen that the specific
absorption coefficient of NO, is 195.28 Mm~!-(mg-m—3)~!,
so in an average time of 60 s, the detection limit of spec-
tral extinction coefficient of coupling ring-down cavity is
0.11 Mm~".

— 41.36 ppb

200 200F — 90.18 ppb  192:25 ppb=0.99 ppb 192.25 ppb=£0.99 ppb
iy [ — 141.07 ppb
B gl 192 ool —a— Sampling point
180 - E r 141.07 ppb+0.85 ppb Linear fitting

_ :_E 1201

'—84 160+ g 90.18 ppb+0.62 ppb
e g s0

;@ 140 _% [ 41.36 ppb+0.63 ppb

A0 em—

o0 14:30 15:2)0 15:‘190 16: &\U Ib:f‘!(! 17.(‘]0 17 }i[] 18:00 141 07 ppbioss ppb
(] L Time

2 120 I

g

g 100

< r 90.18 ppb+£0.62 ppb

5 80f

el L

g 60k Linear fitting slope: 50.356+0.3938
& L Linear fitting R2: 0.999988

401
| 41.36 ppb+0.63 ppb
20 1 . 1 . 1 . 1
1 2 3 4
Time

Fig. 5. Ring-down cavity performance analysis.

4.2. Measurement of aerosol absorption coefficient and ex-
tinction coefficient

Using the system, we carry out the simultaneous mea-
surement of atmospheric aerosol absorption coefficient and
extinction coefficient at Dongpu reservoir (117°16 longitude,
31°90' latitude) in Hefei from December 10 to 31, 2019. The
measurement results are shown in Fig. 6. From December 15,
2019 to December 29, 2019, due to the heavy rain, in order to
avoid rain affecting the experimental equipment, the windows
were opened but left gaps, and the position of the sampling
tube was changed from 1 meter away from the window to 15
cm away from the window, but the measured data during the
rain were still environmental atmospheric data. The black line
in Fig. 6 shows the aerosol extinction coefficient detected by
cavity ring-down spectrometer system. The analysis shows
that the aerosol extinction coefficient fluctuated greatly before
and after the rainstorm, but the indoor aerosol extinction coef-
ficient fluctuated less during the rainstorm. The overall ampli-
tude ranged from 66.32 Mm~! to 537.87 Mm™!, the average
value was 158 Mm~!, and the variance reached 78.89 Mm!.
The red line in Fig. 6 shows the aerosol absorption coefficient
measured by the photoacoustic spectrometer system. It can
be seen from the analysis that it is relatively stable on the
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whole and affected by the rainstorm. Its amplitude range is
from 30.90 Mm~! to 111.02 Mm~!, with an average value of
61.70 Mm~! and a variance of 7.71 Mm~".

600 — —

—— Aerosol extinction coefficient
—— Aerosol absorption coefficient

T

£ 400Ff

2

-

=

2

g

fis)

&

3] L

Qo 200 During the rainstorm,

@) indoor observation

0 1 1 1
2019/12/8 2019/12/15 2019/12/22 2019/12/29
Time

Fig. 6. Time series of aerosol extinction coefficient and absorption coeffi-
cient.

f\ 140 : : : : T T T

g —-Extinction coefficient o

= 120¢ (a) A
= 100} .
5]

S

& 80f E
[5)

3

g ol / ]
.2

T 40t 1
2 J

b 20 . . . . . . .

€2 1 2 3 4 5 6 7 8 9

Particle size (pm)

180 —* Exti'nctiorll coefficient 4
170 (b) ]
160 ]
150 ]

140 1

./.

130

Extinction coefficient (Mm™1)

0 20 40 60 80 100
Humidity (%)

Fig. 7. Influence of particle size and humidity on extinction coefficient: (a)
Extinction coefficients of particles with different particle sizes, (b) extinc-
tion coefficients at different humidities.

In order to verify the influence of particle size on aerosol
extinction coefficient, the relationship between aerosol extinc-
tion coefficient and particle size is studied by aerosol generator
in laboratory environment. The required liquid is polystyrene
microspheres (4205A), whose average diameter of standard
microspheres is 5.027 pm=0.047 um, and the density of mi-
crospheres is 1.05 g/cm?. By selecting generating liquids with
different particle sizes, namely 1.6 um, 2 um, 5 wm, and 8 pum,
and diluting them to specific concentrations by ionic water,
the extinction coefficients of particles with different particle
sizes at the same concentration are studied, and the results are

shown in Fig. 7(a). It can be seen from the figure that the ex-
tinction coefficient of particles increases with the increase of
concentration. Heavy rain will affect air humidity. In order to
further obtain the relationship between humidity and extinc-
tion coefficient, we use the humidity control system to investi-
gate the humidity ratios of standard source gas, which are 0%,
13.5%, 23.8%, 35.4%, 44.2%, 51.5%, 61.4%, and 86% re-
spectively. The extinction coefficients under different humidi-
ties are observed as shown in Fig. 7(b). As can be seen from
the figure, extinction coefficient increases with the increase of
humidity.

4.3. Analysis of aerosol single albedo

According to the measured aerosol extinction coefficient
and absorption coefficient, the single time series of aerosol
albedo can be calculated from Eq. (5), and the results are
shown in Fig. 8. According to the figure, the aerosol single
albedo during the observation period is relatively stable, rang-
ing from 0.26 to 0.89, with an average of 0.56 and a variance
of 0.13. The single albedo was maintained in a low range dur-
ing the rainstorm, and the minimum value of single albedo was
about 0.31 at 23:02 on December 27 2019. At this time, the
proportion of aerosol absorption coefficient to extinction co-
efficient was relatively large, the ability of aerosol to scatter
had a relatively large decline, and the air was relatively clean.
After the rainstorm, the aerosol single albedo, extinction coef-
ficient and scattering coefficient increased together, and grad-
ually recovered to their values before the rainstorm.

1.0
—— Aerosol single albedo
0.81
<
§ 0.61 l
< i
2
o0 0.4
=
n During the rainstorm,
0.2F indoor observation
orF

1 1
90091210 12 0120 g2 l2t (g2 )2
Time

Fig. 8. Time series of aerosol single albedo.

4.4. Relationship between aerosol scattering coefficient
and extinction coefficient

According to the measured aerosol extinction coefficient
and absorption coefficient, the aerosol scattering coefficient
time series during the observation period can be calculated
from formula (4), and the results are shown in Fig. 9(a). As

can be seen from the figure, the aerosol scattering coefficient
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during the observation period fluctuated greatly before and af-
ter the rainstorm, the overall amplitude range was 50.40 Mm !
to 459.97 Mm™~!, the average value was 96.28 Mm~!, and
the variance was 73.54 Mm~!. Figure 9(b) shows the cor-
relation between aerosol extinction coefficient and scattering
coefficient during the observation period. As can be seen from
the figure, the correlation R? between aerosol extinction coef-
ficient and scattering coefficient is 0.990, and the fitting slope
is 0.96. It can be seen that the aerosol scattering coefficient
contributes greatly to the extinction coefficient during the ob-

servation period.

500 - —
—— Aerosol scattering coefficient (a)

i .

g 400

=) :

=

g 300f

g

&=

15) .

g 200

)

A

5 100f !

ﬁ .

<

3]
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indoor observation

2[® 13 18 23 28 ]2
2000V 0121 G0 121 0 1217 o 122001
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& . .
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Fig. 9. Aerosol scattering coefficients versus (a) time and (b) extinction
coefficient.

4.5. Comparative study of data of environmental quality

monitoring station

Because the atmospheric aerosol is a multiphase system,
the particulate matter has a great influence on it, which can
reflect the accuracy of the system detection to a certain ex-
tent. In order to understand the contribution of particulate
matter to atmospheric aerosol and verify the accuracy of the
system, the correlation between particulate matter and atmo-

spheric aerosol extinction coefficient is studied. The monitor-

ing data of PM2.5 and PM 10 from the China air pollution qual-
ity monitoring station Hefei Dongpu reservoir station (117°16/
longitude, 31°90’ latitude) are adopted. The corresponding
aerosol extinction coefficient and PM2.5 mass concentration
time series during the observation period are shown in Fig. 10,
and the aerosol extinction coefficient and PM 10 mass concen-
tration time series during the observation period are shown in
Fig. 11.
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Fig. 10. Time dependence of aerosol extinction coefficient and PM2.5.
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According to the figure, the mass concentration of PM2.5
ranges from 7 pg/m’ to 152 ug/m3, the average value is
49.05 ug/m? and the variance is 27.98 pg/m>. The mass con-
centration of PM10 is in a range from 11 pg/m? to 199 pg/m?,
with an average value of 59.74 pg/m’® and a variance of
34.64 pg/m>. The variation trend of aerosol extinction coeffi-
cient before and after the rainstorm are consistent with those of
PM2.5 and PM10, but the sampling difference is large. There-
fore, the data before the rainstorm from December 10 to De-
cember 14 2019 are selected for correlation study, and the re-

sults are shown in Figs. 12 and 13.
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As can be seen from Figs. 12 and 13, the correlation R?
between PM2.5 mass concentration and aerosol extinction co-
efficient is 0.683, the fitting slope 0.33, and the intercept 0.03.
The correlation R?> between PM10 mass concentration and
aerosol extinction coefficient is 0.617, the fitting slope 0.34,
and the intercept 31.75. Since PM2.5 and PM 10 can reflect the
mass concentration of fine particles and coarse particles in the
ambient atmosphere during the observation period, the corre-
lation between PM 2.5 and extinction coefficient, and between
PM10 and extinction coefficient show that fine particles in the
ambient atmosphere contribute more to extinction coefficient
than coarse particles during the observation period.

5. Conclusions

Based on therequirements for simultaneous detection of
multiple optical characteristics of aerosol, a new method of
coupled cavity ring-down spectroscopy with photoacoustic
spectroscopy is proposed in this work. The detection limits of
photoacoustic spectroscopy absorption coefficient and extinc-
tion coefficient of cavity ring-down spectroscopy after cou-
pling are 0.45 Mm~!and 0.11 Mm !, respectively, which can
meet the measurement requirements for atmospheric aerosol.
The absorption coefficient and extinction coefficient of atmo-
spheric aerosol are measured directly and the scattering co-
efficient and single albedo are calculated. Comparing with

the data of environmental quality monitoring station, it can
be concluded that the mass concentration of particulate matter
has a great influence on the aerosol extinction coefficient, and
the measurement results of the system prove accurate. This
technique provides a new idea for the simultaneous detection
of multiple optical characteristics of atmospheric aerosol.
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