Vol. 21, No. 3 | March 2023

Accurate measurement of aerosol optical properties using
the multilongitudinal mode high-spectral-resolution lidar
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The multilongitudinal mode (MLM) high-spectral-resolution lidar (HSRL) based on the Mach-Zehnder interferometer (MZI) is
constructed in Xi'an for accurate measurements of aerosol optical properties. The critical requirement of the optimal match
between the free spectral range of MZI and the longitudinal mode interval of the MLM laser is influenced by the laboratory
temperature, pressure, and vibration. To realize the optimal separation of aerosol Mie scattering signals and molecular
Rayleigh scattering signals excited by the MLM laser, a self-tuning technique to dynamically adjust the optical path differ-
ence (OPD) of the MZI is proposed, which utilizes the maximum ratio between the received power of the Mie channel and
Rayleigh channel as the criterion of the OPD displacement. The preliminary experiments show the feasibility of the MLM-
HSRL with self-tuning MZI and the stable performance in the separation of aerosol Mie scattering signals and molecular
Rayleigh scattering signals.
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1. Introduction

Aerosol is an important component of air pollutants and one of
the most uncertain factors in environmental and climate change,
and it is closely related to human activities!' ™. Accurate mea-
surements of aerosol optical properties can help human under-
stand the dynamic change of atmosphere and provide the
theoretical reference for weather forecasting and the analysis
of global climate change!®),

High-spectral-resolution lidar (HSRL) has proven to be a
powerful tool for the measurement of aerosol optical proper-
ties”®], which uses the seeded high-power pulsed laser as the
excitation light source, and chooses the narrowband filters
(atomic/molecular absorption filter or interferometer optical fil-
ter) as the spectral discriminator to separate aerosol Mie scatter-
ing signals and molecular Rayleigh scattering signals excited by
single-frequency laser pulses'”'®). The concept of the multilon-
gitudinal mode (MLM) HSRL has been proposed recently!"'~'*],
which abandons the employment of the complex seeded laser
techniques, and directly utilizes the high-power pulsed laser
with the MLM laser as the excitation light source. Different from
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the single-frequency HSRL, the MLM-HSRL can only use the
optical interferometer with the periodic transmittance function
as the spectral discriminator to separate aerosol Mie scattering
signals and molecular Rayleigh scattering signals excited by the
MLM laser pulses.

Xi’an University of Technology has been developing an
MLM-HSRL for aerosol measurements that uses a tunable
Mach-Zehnder interferometer (MZI) with a large optical path
difference (OPD) as the spectral discriminator'"”!. However,
the optical match between the free spectral range (FSR) of
MZI and the longitudinal mode interval of the MLM laser is fre-
quently influenced by external environmental factors such as
laboratory temperature, pressure, and vibration, which leads
to a worse discrimination effect of aerosol Mie scattering signals
and molecular Rayleigh scattering signals. In order to enhance
the discrimination capability of the MZI with large OPD in the
MLM-HSRL system, we develop an MZI with self-tuning func-
tionality of the OPD that achieves the dynamic match in nano-
meter magnitude between the FSR of MZI and the longitudinal
mode interval of the MLM lasers by using the piezoelectric
ceramic nanodisplacement platform. In this paper, we present
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the techniques of the MLM-HSRL with self-tuning MZI and its
preliminary measurements of aerosol optical properties.

2. Setup of the MLM-HSRL and Data Retrieval

The MLM-HSRL system based on the self-tuning MZI is shown
in Fig. 1. The Nd:YAG high-power pulsed laser with a wave-
length of 532 nm and a pulse energy of 150 m] at the repetition
rate of 10 Hz is used as the transmitter. The number of longi-
tudinal modes is 101, the mode interval is 300 MHz at the radi-
ation linewidth of 30 GHz, and the length of the laser resonator
is 500 mm. A Cassegrain telescope is employed to receive the
lidar echo signals excited by the MLM laser pulses, which has
a receiving aperture of 203 mm and a focal length of
2000 mm. A self-tuning MZI with the OPD of 1000 mm is
designed as the spectral discriminator to separate aerosol Mie
scattering signals and molecular Rayleigh scattering signals. A
Tektronix oscilloscope is chosen for data acquisition with analog
detection mode of the real-time sampling rate of 125 MS/s,
resulting in the range resolution of 1.5 m in the raw data profile.

The tunable MZI is the key component in the design of the
MLM-HSRL, which is composed of lenses, beam splitters
(BSs), Dove prisms, a displacement system, field compensation
glasses (FCGs), and photomultiplier tubes (PMTs). Lensl colli-
mates the MLM echo signals from the multimode fiber with a
diameter of 0.8 mm, which is utilized to transfer the received
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backscattered light from telescope to the spectral discriminator
MZI. The beam splitter BS1 divides the MLM echo signals into
two parts. The reflected signals of BS1 are reflected 3 times by the
Dove prisms (Prism3, Prism4, Prism5) and then reach the beam
splitter BS2, which constructs the long optical path of the MZIL.
Field compensation glasses (FCG1, FCG2, FCG3, and FCG4)
with a total length of 1165.767 mm are added to the long optical
path to expand the receiving field of view of the MZI up to
5 mrad. The transmitted signals of BS1 are reflected twice by
the Dove prisms (Prism1 and Prism2) and then reach the beam
splitter BS2, which constructs the short optical path of the MZIL.
The Prism1 of the short optical path is mounted on the displace-
ment system, which changes the short optical path of the MZI by
moving the Prism1 forward and backward. The OPD of MZI can
be changed with the movement precision of centimeter, milli-
meter, and nanometer by different displacement platforms,
respectively.

The MZI has two channels with the complementary output
signals; one channel transmits aerosol Mie scattering signals
and is called the Mie channel; the other channel suppresses aero-
sol Mie scattering signals and is called the Rayleigh channel. The
spectra of the MLM laser, lidar echo signal, and the outputs of
the Mie channel and Rayleigh channel are plotted in Fig. 1 as
well, to show the working principle of the MLM-HSRL. The lidar
equations for both the Mie channel and the Rayleigh channel of
the MLM-HSRL can be expressed as
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Fig.1. Schematic diagram of the multilongitudinal mode HSRL system: (a) spectrum of the MLM laser; (b) spectrum of the MLM echo signal; (c] output spectrum of
the Mie channel of the MZI; (d) output spectrum of the Rayleigh channel of the MZI.
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where P,(r) and P, (r) represent the instantaneous received
power of the Mie channel and the Rayleigh channel, and their
summation presents the total lidar return signals P(r). r is the
distance from the laser echo signals to the telescope. Cis the lidar
system constant. P, is the transmitted laser power. T, and T,
are the effective transmittance of the Mie channel and the
Rayleigh channel for aerosol Mie scattering signals (x =a) or
molecular Rayleigh scattering signals (x =m), respectively.
Pa(r) and p,(r) are the volume aerosol backscattering coeffi-
cient and molecular backscattering coefficient. a,(r) and
a,, (r) are the volume aerosol extinction coefficient and molecu-
lar extinction coefficient. The aerosol optical properties of f,(r)
and a,(r) using the MLM-HSRL can be retrieved as

TmmPa(r) - Taum(r)
TaaPm (7’) - TmaPa(r)

Pal(r) = P (1), )

2dr | CPy[B,(r) + Pr(r)]

a,(r) =

} - am(r)) (3)

where f,,(r) and a,,(r) can be obtained through the standard
atmospheric model.

Based on the retrieval algorithm of aerosol optical properties
using the MLM-HSRL, the retrieval accuracy is highly related to
the effective transmittance (T,, and T},,) of the MZI, which is
the function of the complex degree of coherence!'®!. In order to
obtain the reliable retrieval results with relative error within
20%, the relative error of T,, needs be controlled within 10%.
The effective transmittance of the MZI is mostly affected by
the OPD of the MZI when considering that the longitudinal
mode interval is kept constant. The optimal setting of the
OPD of MZI must meet two conditions:

OPD=2L
{OPDzk,l,keN*’ )
where OPD is the optical path difference of the MZI, L is the
laser optical cavity length, A is the laser wavelength, and N is
the set of positive integers (k= 1,2,3...). When the laser opti-
cal cavity length is 500 mm, the optimal setting of the OPD
should be 1000 mm to satisfy the first condition.

Theoretical analysis shows that the maximum value of T, is
0.837 at the MZI OPD of 1000 mm, and the values of T, are
greater than 0.800 (the relative error of T,, is smaller than
10%) when the OPD of MZI is between 999 and 1001 mm, which
shows that the accuracy of the OPD of the MZI should be con-
trolled within +1 mm to satisfy the first condition [Fig. 2(a)].
Moreover, in the second condition with the periodic cosine
variation of T,, with the period of laser wavelength of
532 nm, theoretical analysis shows that the values of T,, are
greater than 0.800 when the OPD of the MZI is between
999.99983 and 999.99991 mm, which shows that the accuracy
of the OPD of the MZI should be controlled within +40 nm
to satisfy the second condition [Fig. 2(b)].

Theoretical calculation shows that the temperature accuracy
and pressure accuracy of the MZI and laser cavity should be
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Fig. 2. Relationship between the effective transmittance of the Mie channel
for Mie scattering signals and the OPD of the MZI. (a) For the first condition of
the matching degree between the MZI OPD and the laser optical cavity length;
(b) for the second condition of the matching degree between the MZI OPD and
laser wavelength.

controlled within +0.003°C and +0.0002 atm. However, it is dif-
ficult to realize the temperature and pressure control, consider-
ing both the MZI and the laser cavity have a big volume,
especially in the open atmosphere during the experiments using
the MLM-HSRL. For such a consideration, a self-tuning MZI
system with the OPD variation accuracy of nanometer magni-
tude is designed in the MLM-HSRL, aiming to optimize the
matching degree between the FSR of MZI and the longitudinal
mode interval of the laser and to obtain the optimal separation of
aerosol Mie scattering signals and molecular Rayleigh scattering
signals.

The functional diagram and the flow chart of the MLM-HSRL
with a self-tuning MZI are shown in Fig. 3. The data acquisition
and processing system is used not only to record the comple-
mentary outputs of the Mie channel and the Rayleigh channel,
but also to connect with the proportional integral (PI) controller
for the nanodisplacement platform, which can adjust the OPD
of the MZI in nanometer magnitude. Theoretical simulations
show that the ratio (P, ) between the outputs of the Mie channel
(P,) and Rayleigh channel (P,) has a maximum value when
there is an optimal match between the FSR of the MZI and
the longitudinal mode interval of the laser; therefore, the cri-
terion of the displacement correction of the OPD of the MZI
is set as

RelEAGCHE
max _Xh: [Pm (r)} = Xh:(PA). (5)

Considering that the data are collected by means of analog
detection mode, and the recorded data of both the Mie channel
and the Rayleigh channel are the profiles related to the atmos-
pheric information, the probing data within the detection range
h (SNR > 10) are used to calculate P, for comparison. The for-
ward or backward movement of the nanodisplacement platform
is judged by the previous P, [defined as “a” in Fig. 3(b)] and the
measured P, [defined as “b” in Fig. 3(b)], which should be
assigned as “a” if the value of P,, is greater than the value of
P,;. During the whole measurement, the nanodisplacement
platform is dynamically moved forward and backward to search
for the optimal position of the OPD of the MZI, for realizing the
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optimal spectral discrimination between aerosol Mie scattering
signals and molecular Rayleigh scattering signals.

3. Preliminary Experiments

After the construction of the MLM-HSRL with the self-tuning
MZI, the preliminary experiments are performed in Xi’an to
verify the feasibility of the MLM-HSRL and the performance
of the self-tuning MZI. For quick self-tuning functionality
applied in the MZI and maximum detection range of the
MLM-HSRL, each profile is a summation result of 30 s (300 laser
shots). Figure 4 shows the P, distribution measured by the
MLM-HSRL with the fixed-OPD MZI from 19:30 CST to
21:05 CST on March 9, 2022. From the time height indicator
(THI) contour diagram of P, distribution [Fig. 4(a)], it can
be seen that the value of P, is changed not only with the time,
but also with the height. The variation of P, with time could be
explained by the mismatch between the FSR of the MZI and the
longitudinal mode interval of the laser during the measurement
period, while the variation of P, with height could be due to the
decrement of T,, and increment of T',, especially for the aero-
sol layer at the heights of 300-900 m and the cloud layer at the
heights of 3000-4000 m. The statistics of P, in Fig. 4(b) shows
the P, is distributed with the bimodal distribution and mostly
distributed in the interval of 2.0-2.5.

Figure 5 shows the P, distribution measured by the MLM-
HSRL with the dynamic OPD MZI from 21:30 CST to 22:55
CST on March 9, 2022, which means that the self-tuning func-
tionality is applied during the measurements. From both the
THI contour diagram of P, in Fig. 5(a) and the statistics
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Fig. & P, distribution from the preliminary experiments by the MLM-HSRL with the fixed OPD MZ| performed from 19:30 CST to 21:05 CST on March 9, 2022. (a) THI

contour diagram of Py; (b) statistics diagram of P,.
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Fig. 6. Example of the preliminary experimental data using the MLM-HSRL and the retrieval results of aerosol optical properties during a clear weather condition
performed at 21:50 CST on March 12, 2022. (a) Profile of RSCS data; (b) profile of B,(7; (c) profile of ay(r); (d) profile of lidar ratio.

diagram of P, in Fig. 5(b), it can be seen that most values of P,
are distributed within the interval of 2.5-3.0. Compared with the
distribution of P, in the fixed OPD system, the distribution of
P, in the dynamic OPD system is relatively more concentrated,
and the values of P, are also larger than in the fixed-OPD sys-
tem, meaning that the transmittance of the MZI is almost kept
constant to separate aerosol Mie scattering signals and molecu-
lar Rayleigh scattering signals after self-tuning. The phenome-
non that some values are larger than 3.0 above the height of
4000 m could be due to the low signal-to-noise ratio.

The examples of the preliminary experimental profiles and
the corresponding retrieval results of aerosol optical properties
from the self-tuning MLM-HSRL system are shown in Figs. 6
and 7, which were taken at a clear weather condition at 21:50
CST on March 12, 2022 (Fig. 6) and at a cloudy weather condi-
tion at 21:20 CST on April 13, 2022 (Fig. 7), respectively. In both
weather conditions, the range-square-corrected signal (RSCS)
data from the Rayleigh channel is smaller than the RSCS data
from the Mie channel by one order of magnitude, which is
due to the suppression of Mie scattering signals in the
Rayleigh channel and can be explained by the values of T,
and T,,,. However, the Rayleigh channel cannot suppress aero-
sol Mie scattering signals totally, which can be seen from the
cloud layer (the bulge in the profile of the RSCS above the atmos-
pheric boundary layer is taken as the cloud layer) at the height of
3 km during the cloudy weather condition [Fig. 7(a)]. Aerosol
optical properties, including the f,(r), a,(r), and lidar ratio,

can be retrieved from the RSCS data in both weather conditions.
In the clear weather condition (Fig. 6), there is an aerosol layer
within 1 km, which can be seen from all the profiles of RSCS,
Pa(r), and a,(r). More fluctuations appear in the profile of
a,(r) with the maximum value of 0.20 km™! than in the profile
of B,(r) with the maximum value of 0.016 km~!sr™! within
1 km, which could be due to the differential algorithm in the
retrieval of a,(r) and aerosol characteristics (aerosol layer at
1.0 and 2.0 km). In the cloudy weather condition (Fig. 7), there
is an aerosol layer with wide distribution within 1.5 km and a
thick cloud layer at the height of 3 km. The retrieval results
of p,(r) at the cloud layer with a maximum value of
0.005km~! sr~! are slightly larger than that at the aerosol layer
with a maximum value of 0.004 km™ sr™!, indicating that the
density of the cloud layer is relatively high. The retrieval results
of the lidar ratio, which fluctuate between 20 and 40 sr in the
clear weather [Fig. 6(d)] and between 10 and 20 sr in the cloudy
weather, are mostly due to the different aerosol types. The self-
tuning technique on the OPD of the MZI can keep the relative
error of T,, smaller than 10%, so the retrieval results are reliable.
Meanwhile, a, (r) retrieved by the Klett method using the result-
ant signals P(r)[=P,(r) + P, (r)] is plotted in Figs. 6(c) and 7(c)
as well, which has a good agreement with the retrieval results by
the MLM-HSRL.

The THI diagrams of the retrieved f,(r) and a,(r) from the
performed experiments at the time interval of 21:30 CST to
22:55 CST on March 9, 2022 are shown in Fig. 8. The contour
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Fig. 7. Example of the preliminary experimental data using the MLM-HSRL and the retrieved results of aerosol optical properties during a cloudy weather con-
dition performed at 21:20 CST on April 13, 2022. (a) Profile of RSCS data; (b) profile of f,(r; (c) profile of a,(r); (d) profile of lidar ratio.

030101-5



Range(km)

5]
0.004 2
0.002 £
0.000 <

021:30 21:45 22:00 22:15  22:30

Time(2022-03-09)

0.014 ~
0.012 &
0.010 E

=<
0.008 =

0
0.006 3

5

22:45 22:5

0.18 _
0.16 =

? 0.14 £
< 0.12
& 0.10 S
5 0.08 =
0.06 &

A 0.04 5
() foo2<

0.00

22:00  22:15  22:30  22:4522:55
Time(2022-03-09)

1530 21:45

Fig. 8. THI diagram of the retrieval results of aerosol optical properties from
21:30 CST to 22:55 CST on March 9, 2022. (a) S,(7); (b) as(r).

of aerosol layer at the height of 0-1 km and cloud layer at the
height of 3-4 km shows the variation trend of aerosol and cloud
optical characteristics with time. The contour diagram of P, and
the statistical diagram of P, are checked as well for the continu-
ous measurements, which show the values of P, distributed
within the interval of 2.5-3.0 as well (similar to Fig. 5). The pre-
liminary experiments using the MLM-HSRL system show that
the designed MLM-HSRL with the self-tuning MZI has rela-
tively stable detection performance.

4, Conclusions

The MLM-HSRL with the self-tuning MZI was constructed at
the Xi’an University of Technology for aerosol measurements.
Compared with the single-frequency HSRL, the MLM-HSRL
technique abandons the complex techniques of laser seeding
and frequency stabilization, although the MLM-HSRL tech-
nique can provide a relatively lower spectral discrimination ratio
(Ty,/T,), which is deduced from the value of T, and the exper-
imental data from both the aerosol layer and the cloud layer. To
realize the critical requirement of the stable match between the
FSR of the MZI and the longitudinal mode interval of the MLM
laser, a self-tuning technique is applied to dynamically adjust the
OPD of the MZI, which uses the maximum ratio of the received
power of the Mie channel and the Rayleigh channel as the cri-
terion of the OPD displacement correction. The PI controller
controls the nanodisplacement platform, moving with 20 nm
step precision within a wavelength range of 532 nm to realize
the self-tuning of the MZI OPD, which takes about 15 min in
real measurements to find the optimal OPD. Theoretical calcu-
lation shows that the optimal value of P, is 2.94 (the ratio of T,,
and T,,,) when the FSR of the MZI is 300 MHz. The values of P
in the preliminary experiment results using the MLM-HSRL are
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mainly distributed between 2.5 and 3.0 after the self-tuning
application, which is slightly smaller than the value by theoreti-
cal calculation and can be explained by the decreased suppres-
sion rate of the Rayleigh channel for aerosol Mie scattering
signals. In addition, preliminary experimental observations
based on the self-tuning MLM-HSRL system show that the con-
structed system can perform accurate measurements of aerosol
optical properties within 5 km in both clear and cloudy weather
conditions. To conclude, the MLM-HSRL system with a self-
tuning MZI is a novel and reliable remote-sensing technique
in accurate measurements of aerosol optical properties.
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