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Stratospheric aerosol lidar with a 300 um
diameter superconducting nanowire
single-photon detector at 1064 nm
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Abstract: Stratospheric aerosols play an important role in the atmospheric chemical and
radiative balance. To detect the stratospheric aerosol layer, a 1064 nm lidar with high resolution
and large dynamic range is developed using a superconducting nanowire single-photon detector
(SNSPD). Measurements are typically performed at 1064 nm for its sensitivity to aerosol, whereas
detectors are limited by low efficiency and high dark count rate (DCR). SNSPDs are characterized
by high efficiency in the infrared wavelength domain, as well as low noise and dead time, which
can significantly enhance the signal quality. However, it is still challenging to build an SNSPD
with both large active area and high count rate. To improve the maximal count rate (MCR) so as
to avoid saturation in the near range, a 16-pixel interleaved SNSPD array and a multichannel data
acquisition system are developed. As a reference, a synchronous system working at 532 nm is
applied. In a continuous comparison experiment, backscatter ratio profiles are retrieved with
resolutions of 90 m/3 min, and the 1064 nm system shows better performance, which is sensitive
to aerosols and immune to the contamination of the ozone absorption and density of molecule
change in the lower stratosphere.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Interests in stratospheric aerosol have increased over the last several decades, for its prominent
role in atmospheric climate and chemistry. Quantitative observations of stratospheric aerosol
were first achieved by balloon-borne impactors, providing vertical profiles of the particle
size distribution and compositions [1]. Since the 1970s, balloon-borne particle counters and
condensation nuclei counters were employed routinely to record vertical profiles of size-resolved
aerosol concentrations [2—4]. Long-term records indicate that major volcanic events are the
dominant factor of stratospheric aerosol abundance variations [2], which may cause subtle surface
temperature changes [5], more profound surface cooling [6,7], and related precipitation changes
[8-11].

Sporadic but powerful volcanic eruptions injected sulfur into the lower stratosphere [12]. In
1991, the eruption in Mt Pinatubo injected plentiful particulate matter and gaseous SO, into the
stratosphere, which turned out to be a variety of compounds, including carbonyl sulfide (OCS),
sulfuric acid (H»SO4), and sulfuric acid/water (H,SO4-H,O) solution droplets [13]. The eruption
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increased the stratospheric sulfur burden to 60 times above nonvolcanic levels, resulting in a
transient negative forcing that exceeded greenhouse-gas forcing between mid-1991 and the end
of 1992 [14]. The devastating volcanic eruption raised an urgent need for stratospheric aerosol
detection, for its importance in understanding the transport, residence, and dissipation processes,
as well as predicting subsequent impacts.

Nowadays, lidar remote sensing is regarded as a promising and significant tool due to its
superiorities of high spatial/temporal resolution, high accuracy, and the ability to cover the
altitude range from the boundary layer to the mesosphere. Early stratospheric aerosol lidar
measurements began in 1969, using a ruby laser at 694.3 nm and a twilight gradient approach
[15]. An elastic backscatter lidar with single-photon counting and analog detection has been
used to detect stratospheric aerosol since 1976 [16]. In our previous work, stratospheric aerosol
was also found in atmospheric density and temperature measurements [17—-19]. In the Rayleigh
integration lidar detection, the retrieval of density and temperature relies on the assumption of no
aerosol. When the total lidar backscatter is contaminated by aerosol, the measurement results
are perturbed. For the past several years, stratospheric aerosol lidars are increasingly applied in
observing the plume of volcanic eruptions [20-22].

To retrieve optical properties of aerosols from backscatter lidar, the signal must be precisely
calibrated. A common and preferred method is the Rayleigh normalization technique, which
calibrates the Rayleigh component of the backscatter signal from attitude ranges without aerosol
[23]. James D. Klett and Frederick G. Fernald proposed an approach to solving the single-
scattering lidar equation with the extinction-backscattering ratio [24,25]. Two methods that
can be applied to retrieve aerosol extinction coefficients are Raman backscatter lidar technique
[26,27] and the high spectral resolution lidar (HSRL) technique [28-30], based on spectrally
filtering the narrow-band aerosol component. Both techniques have been widely applied in
tropospheric lidars rather than stratospheric aerosol lidars [12].

For better response to the aerosol component, the infrared wavelength domain is commonly
regarded as an advantageous band for its sensitivity to aerosol particles. Restricted by the energy
of a fiber laser, 1.5 um lidar is better suited for low altitude aerosol detection [31-33], whereas
1.0 um lidar can use a high-energy solid-state laser for tropospheric and stratospheric detection
[34]. However, detectors at 1.0 um, such as Si-based or InGaAs/InP-based avalanche photodiodes
(APD), are typically limited by low efficiency, low maximal count rate (MCR), high dark count
rate (DCR), and after-pulsing [35]. Fortunately, due to appealing characteristics of wide spectral
range, high quantum efficiency, low DCR, and low timing jitter [36-38], superconducting
nanowire single-photon detector (SNSPD) is an effective solution that attracts an increasing
number of sights. SNSPD has demonstrated eminent performance in laser ranging [39—41],
quantum communications [42], and atmospheric remote sensing [43—45].

However, these SNSPDs are generally single-mode fiber (SMF) coupled, resulting in non-
qualification for long-range detection. Multi-mode fibers (MMF) can provide larger numerical
apertures (NAs) and core diameters, thus reducing the disturbances of coupling efficiency between
telescope and fiber. Circular NbN based single-pixel SNSPD with the diameter of 100 pum was
realized, resulting in a detection efficiency of 65% at 532 nm [46]. Nonetheless, it is challenging
of SNSPD with both an ultra-large-active area and high count rate, because MCR is squared
inversely proportional to the diameter of active area [47]. To solve this problem, the design of
multi-pixel array has been adopted to extend the active area [48], thereby increasing the total
MCR of SNSPD. 9-pixel SNSPD has been fabricated working at the wavelength of 1064 nm,
and its MCR exceeds 43 MHz when coupled with 200 um diameter MMF [49]. Recently, a
16-pixel SNSPD system coupled with 62.5 ym diameter MMF was applied in atmosphere helium
resonance lidar detection at the wavelength of 1083 nm [50].

In this work, a Rayleigh-Mie lidar incorporating a 16-pixel interleaved SNSPD array and
photomultiplier tube (PMT) is proposed and experimentally demonstrated. For the first time,
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a 1064 nm NbN SNSPD with a 300 um diameter active area and total MCR of 50 MHz is
employed in stratospheric aerosol detection. Meanwhile, a matched readout circuit is designed
and fabricated to avoid count loss during the acquisition process. The calibrated count rate of
the incident photons exceeds 300 MHz., and backscatter signal of the desired signal-to-noise
ratio (SNR) from 10 to 80 km is recorded. In the experiment section, the stratospheric aerosol
layer at altitude about 25 km is observed, proving the ability to identify stratospheric aerosol
quantitatively.

2. Instrument

The Rayleigh-Mie lidar system is composed of a pulsed, frequency-stable laser transmitter, a
reflecting telescope of dual-wavelength, and a dual-channel receiver including detectors and a
data acquisition system. The schematic of the lidar is depicted in Fig. 1. The laser transmitter
of the system is based on a Q-switched, flash pumped, and frequency-doubled Nd: YAG laser
(Spitlight 2000-50), generating pulses of 50 Hz at 532 and 1064 nm wavelengths. By the injection
of a narrow bandwidth fiber laser, the laser works at a stable single longitudinal mode. Main
parameters of the Rayleigh-Mie lidar system are listed in Table 1.
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Fig. 1. Schematic diagram of the lidar system. SHG, Second-harmonic Generator; SMF,
Single-mode Fiber; MMF, Multi-mode Fiber; DM, Dichroic Mirror; OF, Optical Filter;
PMT, Photomultiplier Tube; SNSPD, Superconducting Nanowire Single-photon Detector;
AMP, Amplifier.

To prevent potential lens damage caused by dust, reflectors of high damage threshold are
employed, and a reflecting beam expander is introduced to compress the divergence of outgoing
light. The backscatter signal is collected by a 1-m diameter reflecting telescope with high
reflectivity at 532 and 1064 nm, which is designed to increase SNR and reduce the influence of
atmospheric turbulence. The photons are then coupled into a multimode fiber with core diameter
of 1.5 mm and NA of 0.39, transferring the signals from the telescope to the optical receiver.
Then the light is split and collimated into two channels: Photons at 532 nm are detected by a
PMT (Hamamatsu H7421-40), and are then recorded by a photon counter board. As shown in
Fig. 2(a), photons at 1064 nm are coupled into a 7-nm-thick NbN nanowire, whose width and
pitch are 100 and 360 nm, respectively. The NbN thin film was deposited on a Si substrate by
magnetron sputtering, and then patterned into the 16-pixel array. The superconducting critical
temperatures are around 7.41 K, and the highest bias currents of sustaining superconductivity
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Table 1. Key parameters of the Rayleigh-Mie lidar system

Parameter 1064 nm system 532 nm system
Transmitter
Pulse energy (mJ) 1000 30
Repetition rate (Hz) 50 50
Divergence (mrad) 0.15 0.15
Receiver
Telescope diameter (mm) 1000 1000
Focal length (mm) 1600 1600
Fiber core diameter (um) 300 1500
Fiber NA 0.39 0.37
Detector type SNSPD PMT
Active area diameter (um) 300 5000
Detection efficiency(%) 31@1064 nm 40@532 nm
DCR (cps) 500 100
MCR (MHz) 50 10

are in range of 14.4-15.9 pA [49]. Normally, the nanowire inside a helium dewar operates in a
superconducting state at a temperature of 2.2 K. When an incoming photon hits the nanowire, the
superconducting state will be broken, and then a voltage signal will be sent to the readout circuit
system, as described below. After this event, the nanowire regains superconductivity.
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Fig. 2. (a) 16-interleaved nanowire SNSPD array (active area of 300 um in diameter as
denoted by the black dashed circle). (b) Schematic diagram of the multiscaler system. Dj,
Discriminator of channel i; REG, Register; RAM, Random Access Memory; USB, Universal
Serial Bus.

To match the 16-pixel interleaved SNSPD array, a 16-channel readout circuit system is
developed. The detection schematic diagram is shown in Fig. 2(b). First, the electrical signal
caused by an incident of single-photon in each pixel is amplified, discriminated, and reshaped
as a 3.3 V transistor-transistor logic (TTL) 10 ns pulse. The discriminator’s output signals are
then sent to a field-programmable gate array (FPGA) to be reshaped as 20 ns width pulses,
synchronized with the clock of FPGA. Because the dead time of each probe is greater than 20 ns,
the process will not result in count loss. The FPGA samples 16 channels of detection signals
simultaneously with a 50 MHz clock, and the sampling results are added and stored in a 32-bit
unsigned integer register. Simultaneously, the FPGA reads the accumulated photon counts with
the same time stamp from random access memory (RAM) and writes them back into RAM
after adding the accumulated count. Following the acquisition process, data stored in RAM
records the distribution of photon counts with different time stamps, which are then transferred
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to a computer via USB for further data processing. The acquisition system greatly improves the
system’s saturation counts rate in the presence of limited RAM reading and writing speed by
processing the detection signals with the same time information in different channels on the same
rising edge of the clock.

3. Experiment

Three steps of the experiment are presented in this section. First, the lidar raw data from SNSPD
and PMT are calibrated. Second, we compare the aerosol retrieval using 532 nm lidar data,
1064 nm lidar data, and both of them. Finally, continuous observation of the stratospheric aerosol
layer is conducted with the Rayleigh-Mie lidar working vertically together.

3.1.

We apply different receiver calibration formulas for PMT and SNSPD. The lidar raw data are
processed in the following steps:

-Dead time correction. In a detector system, there is a certain amount of time to discriminate
between two photon incident events. If Ny represents count rate calculated from raw data and 7
represents dead time, then the corrected count rate N can be written as [51]

Receiver calibration

No

N=——"+—+. 1
I—T-No ()

-Saturation count rate correction. Many single-photon detectors (for example, single-photon
APD, PMT, SNSPD) can only distinguish between zero and more than zero photons [35].
Deviations from the ideal detection impact experiments negatively, thus correction to the
detector’s response is necessary.

A preliminary experiment is performed to calibrate the SNSPD efficiency at high count rates.
Certain intensity of light incidents into 16-pixel interleaved SNSPD array and photon counts
are recorded by the data acquisition system. As the incident photon rate increases, the quantum
efficiency decreases, as shown in Fig. 3(a). Nonlinearity appears when the input photon rate
approaches 40 MHz. The resulting curve is applied to correct the saturating count in the near
range of lidar measurements, as shown in Fig. 3(b).

100 ey () 10°

3 (a) ; ’_: 8 3 (b)
& -7 10 10°E Calibrated signal
> 4 + + + -5h : I \ -
) ++,15$ TNV 4 - === Raw signal
5 g + JlT TioE
5 o0 Hy, ] 2o
£ 10k - 410° € E10%F
) F - +3 PR E
e WO EEE
5 [ .- 110° 2 2109
= &’ oo
S +  Quantum Efficiency ] 104 10* L
54 o Count Rate

1 sl HTH B R TT | 103 103 1 1

10° 10° 107 10° 10° 10 30 50 70 %

Input Photon rate (Hz)

Altitude (km)

Fig. 3. (a) describes how SNSPD quantum efficiency and count rate change with the input
photon rate. The red dashed line shows linearity. (b) lidar signal before and after calibration.

-Background subtraction. Mean signal above 100 km is subtracted since backscatter from
these altitudes is negligible compared to solar or star background.
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3.2. Comparison of aerosol retrieval

A standard and quantitative parameter to characterize the aerosol content in the atmosphere is the
backscatter ratio, R, defined by the following equation:

ﬁm(/l, Z) + Ba(/l, Z)
Bn(4,2) ’

where the subscripts a and m stand for aerosol and atmospheric molecule, respectively, and B(4, 7)
is the backscatter coefficient of wavelength A at range z. Using the Klett-Fernald (KF) method
[24,25], the aerosol extinction coefficient and backscatter coefficient can be obtained when the
extinction-backscattering ratio of aerosol is assumed. The ratio depends on the laser wavelength
and various properties of aerosol, generally, the value of sulfate aerosol can be assumed as 30 for
the stratosphere and 46 for the troposphere [52]. An initial value of R at a reference altitude z.f,
typically in range of 30-40 km where atmosphere is relatively pure and SNR is high enough, is
necessary for iteration:

R(1,2) =

@)

Ba(4, Zref) = [R(4, Zref) = 1]Bn(4, Zref)' 3

R(A, zy¢r) can be assumed to be approximately 1.02-1.05 according to experiential value [23,53].
The atmospheric molecule backscatter coefficient can be calculated by the US Standard Atmo-
sphere model and be regarded as stable:

P(z)

ﬂm(/l, 7) = kBT(Z)

(5.45 x 10—32)(%)—409, 4)

where P(z) is the atmospheric pressure (P,), T(z) is the temperature (K), and kg is the Boltzmann
constant (m*kgs~>K~!). With the lidar ratio remaining constant over the range being investigated,
the aerosol backscatter ratio can be calculated from the backscatter signal.

In this section, a retrieval method is introduced to make use of the dual-wavelength lidar
data, which is called the dual-wavelength method here to make it clearer for definition and
comparison. As described below, we normalize the 532 and 1064 nm lidar data, and then separate
the components of aerosol and molecule using their different color ratios. In contrast, the KF
method solves a single-scattering lidar equation by assuming an initial value and iteration, relying
on the knowledge of atmospheric molecule background. The total backscatter coefficient at the
altitude z can be calculated with:

Bz _ N2
B, Zref) N(a, Zref)

where N denotes the photon number of backscattering and 7+ denotes the transmittance between
z and z,; Which can be estimated with the US Standard Atmosphere model. Such an estimation
leads to limited errors because of the thin atmosphere at high altitudes, and hence, the value of Tr
close to unity.

Light interacts with aerosol particles variously, depending on the particle size, shape, internal
structure, and complex refractive index, as well as the light wavelength. In general, aerosol
extinction is often governed by the following simple analytical equation:

. Tr(/l,Z - Zref)29 (5)

o(A) =k ®, (6)

where o denotes the extinction coefficient, ¢ is called the Angstrom wavelength exponent, and k
gives the value of the aerosol extinction coefficient at the wavelength 1000 nm [54]. The color
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ratio of molecule and aerosol can be estimated by

Bm(d1,2) Ay -4.09
pmyl ) 2 7
Bn(2,2) /lz) ’ {0
04(1,2) _ ﬂ P
oa(d2,2) (/12) ' ©

To better estimate the value of Angstrom wavelength exponent of stratospheric aerosol, year-
averaged aerosol size distribution is applied. The stratospheric aerosol consists of a significant
amount of sulfuric acid/water (H2SO4-H20) solution droplets in the sub-micron size range [13],
so the particles can be assumed to be spherical and Mie theory can be applied. The imaginary part
of the refractive index, m, or the absorption index, is set to zero since absorption for stratospheric
aerosol is very low for visible and near-infrared radiation [55]. Generally, the particle size
distribution can be described by a bimodal lognormal function of the following form:

" C exp[ (lnr—lnR1)2]+ G [ (1nr—1nR2)2] ©
nr)= —— - - ,
\2rIné,r 2In’6; 27 Inyr 2In%5,

n(r) is the total number density of particles with radius r. For each mode of the distribution, R; is
the median radius, C; is the peak value, and ¢; is the distribution width.

Distribution from optical particle counter measurement in 1999 [2—-4] is adopted to estimate
the Angstrom wavelength exponent of non-volcanic period, as shown in Fig. 4. With the model
of size distribution, hypothetical extinction coefficient or backscatter coefficient can be calculated
using formulas below:

Fmax
2
oq = / 71 Qeulr, A, mln(r)dr, (10)
Tmin
Tmax 5
Ba= / wr-Qplr, A, mln(r)dr. 1D
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Fig. 4. A typical aerosol size distribution from optical particle counter measurements. Fine
and coarse modes are colored in light brown and light coral, and the summary is represented
by a black dashed line. Parameters of the bimodal lognormal function are listed in the figure.
The distribution was measured at 20 km altitude in 1999 [2—4].

Here, Q. and Q, are the extinction efficiency factor and backscatter efficiency factor,
respectively, and can be calculated using Mie scattering theory, with a typical complex refractive
index value of m = 1.45 — 04, as shown in Fig. 5.

By integrating Eqn. (10) and Eqn. (11) with the radius range from rypin to 7max, We can estimate
the color ratio of stratospheric aerosol as Eqn. (8).
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Fig. 5. (a) Extinction efficiency factor Q. and (b) backscatter efficiency factor Q,, for
particles of different radius at wavelength 532 nm (red dashed line) and 1064 nm (blue straight
line). Simulation is based on the assumption that complex refractive index is 1.45 — 0i.

To compare the aerosol retrieval using 532 and 1064 nm lidar data, an experiment was
conducted with the dual-wavelength lidar system, as described in the next section. Figure 6
depicts an example of 15 minutes time-averaged lidar data from experiments. Suppose the photon
counts obey the Poisson statistics in lidar backscatter, the SNR of the data can be estimated as the
square root of signal counts on each detector [56].

o~ = === 532nm
e 1064nm 1

Photon Counts

10 30 50 70 90 110
Altitude (km)

Fig. 6. Time averaged altitude profiles of backscattered signals from 0:00 to 0:15, on Jan. 2
in 2022.

Figure 7 depicts four profiles in the experiment. The backscatter ratio of 532 and 1064 nm are
obtained following the KF method, and profiles in blue dashed line are calculated following the
dual-wavelength method. Backscatter error of the KF method can be estimated by the previous
work [57]. The result shows similar backscatter ratio of 1064 nm between the KF method and the
dual-wavelength method, especially above the altitude of 20 km. The backscatter ratio above
27 km tends to be R = 1, and an aerosol layer is observed at around 25 km. As shown in Eqn. (4),
the atmospheric molecule backscatter coefficient is inversely proportional to the fourth power of
the wavelength, in line with the result that backscatter ratio at 532 nm is much smaller than that
at 1064 nm. We also note that backscatter ratio of 532 nm lidar signal is smaller than 1 in altitude
ranges below 20 km, whereas the backscatter ratio should not be smaller than 1 from the definition
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of Eqn. (2). It could be explained by ozone extinction in transmission, as discussed in a previous
study [26]. Meanwhile, the underestimation of the PMT detection saturation may also exert an
influence. Inevitably, ozone extinction affects the retrieval of the dual-wavelength method, due
to the ozone absorption stronger at 532 nm than at 1064 nm [58]. The result demonstrates the
superiority of 1064 nm aerosol lidar for its sensitivity to aerosol and insensitivity to ozone.

— 1064 nm e 532nm - ---532+1064 nm
30 ‘ . - : . ‘

4

e

Altitude (km)
51

S
[
T

1.0 1.2 1.0 1.2
Backscatter ratio

Fig. 7. Comparison of backscatter ratio retrieved from the KF method (red straight line:
using 1064 nm lidar data; black dotted line: using 532 nm lidar data) and the dual-wavelength
method (blue dashed line). The profiles are depicted from the experiment conducted on
Jan.1 to Jan. 2, 2022, and each profile is accumulated in 15 minutes. Local time of each
profile is shown in the figure. Value of backscatter ratio below 1 is masked (gray).

3.3. Stratospheric aerosol continuous detection

In order to demonstrate the stability of the system, continuous observation was conducted from
20:00 on Jan. 1 to 6:00 on Jan. 2 in 2022. The measurement was performed on the top of a
building at the University of Science and Technology of China (USTC) (31.83°N, 117.25°E).
Rayleigh-Mie laser beams are emitted vertically at a height of 50 m above ground.

As mentioned above, the result retrieved from 1064 nm lidar data performs better due to its
high response to aerosol and immunity to ozone. Therefore, we calculate the backscatter ratio
from 1064 nm lidar data using the KF method, with the lidar ratio of 30 sr along the vertical
profile, and an initial value of R = 1.02 at the height of z,,=36 km. Figures 8(a) and (b) show
the lidar signal of the 532 and 1064 nm lidar, while the backscatter ratio in Fig. 8(c) based on
1064 nm reveals the evolution of the stratospheric aerosol layer at 25 km during the nighttime.
Similarly, stratospheric aerosol layers were found over the Tibetan Plateau in satellite and portable
optical particle counter measurements [59]. Figure 8(d) is an enlarged version of Fig. 8(c), and
the layer structure and evolution of stratospheric aerosol are recorded clearly (90 m / 3 minutes
resolution) and continuously.
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Fig. 8. (a) Backscatter signal of 532 nm lidar; (b) Backscatter signal of 1064 nm lidar; (c)
Aerosol backscatter ratio retrieved using 1064 nm lidar data; (d) An enlarged illustration of
the aerosol layer around 25 km obtained from (c). The time resolution is 3 minutes and the
altitude resolution is 90 m.

4. Conclusion

A 1064 nm lidar base on an SNSPD with a 300-um diameter active area and high read-out
MCR of 50MHz at 1064 nm is demonstrated. To increase the dynamic detection range, a
16-pixel interleaved SNSPD array and a multichannel readout circuit system are designed and
manufactured. By the calibration of the SNSPD response curve, we improve the MCR from
50 to 300 MHz. In contrast, a 532 nm lidar using PMT works synchronously. We compare
the backscatter ratio retrieval of 532 nm lidar data, 1064 nm lidar data, and a method using
dual-wavelength data. The results indicate that the infrared wavelength performs better in
atmospheric aerosol detection due to its sensitivity to aerosol and immunity to ozone. In the
future, we plan to observe stratospheric aerosol synchronously with wind and column AOD
detection to better retrieve the optical properties and trace the source.

Disclosures. The authors declare that there are no conflicts of interest related to this article.

Data availability. Data underlying the results presented in this paper are not publicly available at this time but may
be obtained from the authors upon reasonable request.
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