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Abstract: To provide references for the design of the lab’s upcoming prototype of the compact
spaceborne lidar with a high-repetition-rate laser (CSLHRL), in this paper, the detection signal of
spaceborne lidar was simulated by the measured signal of ground-based lidar, and then, the detection
capability of spaceborne lidar under different atmospheric conditions was evaluated by means of
the signal-to-noise ratio (SNR), volume depolarization ratio (VDR) and attenuated color ratio (ACR).
Firstly, the Fernald method was used to invert the optical parameters of cloud and aerosol with the
measured signal of ground-based lidar. Secondly, the effective signal of the spaceborne lidar was sim-
ulated according to the known atmospheric optical parameters and the parameters of the spaceborne
lidar system. Finally, by changing the cumulative laser pulse number and atmospheric conditions, a
simulation was carried out to further evaluate the detection performance of the spaceborne lidar, and
some suggestions for the development of the system are given. The experimental results showed
that the cloud layer and aerosol layer with an extinction coefficient above 0.3 km−1 could be easily
obtained when the laser cumulative pulse number was 1000 and the vertical resolution was 15 m at
night; the identification of moderate pollution aerosols and thick clouds could be easily identified
in the daytime when the laser cumulative pulse number was 10,000 and the vertical resolution was
120 m.

Keywords: spaceborne lidar; active remote sensing; cloud and aerosol; extinction coefficient

1. Introduction

Clouds and aerosols play a very important role in Earth’s climate change. On the
one hand, cloud particles and aerosol particles can change the radiation balance of Earth’s
atmosphere system by absorbing and scattering sunlight. On the other hand, aerosol
particles can directly affect the formation of clouds and precipitation as condensation
nuclei [1–5]. Therefore, it is of positive significance to study the spatial distribution and
change process of clouds and aerosols for improving the precision of weather forecast and
predicting global climate change [6–9]. In order to realize the real-time dynamic monitoring
of global clouds and aerosols, spaceborne lidar remote sensing has become a hotspot of
environmental surveillance research [10–13]. However, due to the limitation of the orbit and
operation mechanism, the measurement data of a single spaceborne lidar cannot accurately
describe atmospheric conditions, so it is necessary to adopt other technical means and
build the lidar surveillance network to improve the precision of detection. The traditional
spaceborne lidar systems usually adopted the detection technology route of a high-energy,
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low-repetition-rate pulsed laser and a receiving telescope with a large diameter. They
usually adopted a laser with a single-pulse energy of hundreds of mJ and a repetition rate
of tens of Hz, as well as a receiving optical telescope with a diameter of more than 1 m,
such as the Cloud–Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO),
Atmospheric Dynamics Mission (ADM), and Lidar In-Space Technology Experiment (LITE).
High-powered lasers and large aperture telescopes allow them to have a high signal-
to-noise ratio, even during the daytime, when the solar background radiation is strong.
However, high-power lasers are large and require water cooling. The above characteristics
make the volume and mass of high-power spaceborne lidar very large and require a large
space load. For example, LITE was fixed on the space shuttle, while CALIPSO needed a
specialized satellite to carry it, making the development of high-power spaceborne lidar
a long and expensive process [14–20]. At the same time, due to the repetition rate of the
laser being tens of Hz, its atmospheric refined measurement ability in specific application
scenarios such as aerosols and clouds is insufficient. For example, CALIPSO has a distance
of 200 km between orbits, while obtaining an effective vertical extinction profile requires
data accumulation with a horizontal resolution of 40 km and a vertical resolution of 120 m,
making it difficult to obtain refined atmospheric measurement data.

A new spaceborne lidar atmospheric detection technique based on a high-repetition-
rate laser and single-photon-counting technique represented by the Cloud-photon Trans-
port System (CATS) was applied to realize the aerosol detection target with a small size, low
cost, and refined, which further meet the requirement of spaceborne lidar networking. On
the premise of a sufficient signal-to-noise ratio of single-pulse energy, the signal-to-noise
ratio can be improved by increasing the cumulative pulse number, which can be achieved
with a high-repetition-frequency laser. They often use detectors with photon counting
mode, which are more sensitive to detection, but are also more susceptible to solar back-
ground radiation during daytime. Low-power spaceborne lidars have low volume, mass,
and power consumption and do not require a special space load, which makes it have high
flexibility. At the same time, low-power spaceborne lidar tends to be commercialized and
low cost and has a short development cycle. A small team can rapidly and cost-effectively
design, build, test, and deploy a space lidar capable of hundreds and thousands of hours of
operation [21–25].

In summary, our team plans to develop a compact spaceborne lidar system with a high-
repetition-rate laser for the preliminary identification of clouds and aerosols in polluted
atmosphere. Table 1 shows the comparison of the main parameters between CSLHRL and
current spaceborne lidars.

Table 1. Comparison of the main parameters between CSLHRL and current spaceborne lidars.

CALIPSO ADM LITE CATS CSLHRL

Technical means
High-laser-energy

atmospheric
detection lidar

High-laser-energy
Doppler lidar

High-laser-energy
atmospheric

detection lidar

Lo- energy
single-photon
detection lidar

Low-energy
single-photon
detection lidar

Laser 100 mJ/20.25 Hz 150 mJ/100 Hz
486 mJ/10 Hz/1064 nm
460 mJ/10 Hz/532 nm
196 mJ/10 Hz/355 nm

1 mJ/5 kHz 3 mJ/1 kHz/532 nm
6 mJ/1 k Hz/1064 nm

Diameter of the
telescope (cm) 100 150 94.6 60 40

Detector (nm) PMT (532) APD (1064) ACCD PMT (355 532)
APD (1064) APD (532) APD (1064) APD (532)

APD (1064)

Acquisition card A/D -- A/D Single photon
counting

Single photon
counting

Mass (kg) 587 (156) 1366
(460) 2000 494 70–90

Volume (m ×m ×m) 1.80 × 1.50 × 1.31 1.74 × 1.9 × 2.0 -- -- 0.8 × 0.7 × 0.7

Power consumption (W) 560 840 3000 -- 250

Orbital altitude (km) 705 408 250 405 600
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Before the development of a lidar system, it is necessary to carry out the corresponding
simulation according to the requirements of system design. The results of simulation can
verify the correctness and feasibility of the system design and provide optimization sug-
gestions for the design scheme [26]. At the same time, the simulation results can provide
initial values for the subsequent inversion of atmospheric parameters. By optimizing the
parameters, the simulation results can be as close to the actual results as possible, so as to
achieve high-precision inversion. In 1989, Sasano et al. found that multi-wavelength lidar
had the potential to distinguish several aerosol types such as marine, continental, strato-
spheric, and desert aerosols based on the wavelength dependence of aerosol backscattering
coefficients. By comparing the measured aerosol data with the simulation results, they
found that there was a large difference between them and put forward a reasonable guess
about the result [27]. In 1999, Frehlic et al. used computer simulations of raw data and
statistical descriptions of the resulting velocity estimates to evaluate the performance of
space-based lidar and used coprocessing of multiple shots for a fixed lidar beam geometry
to improve the performance of the lidar based on the simulation [28]. In 2002, Liu and Sugi-
moto conducted a simulation study on spaceborne lidar photomultiplier tubes and found
that the electron distribution of the lidar echo signal amplified by photomultiplier tubes
meets Neyman Type A. On this basis, the echo signal of spaceborne lidar was simulated,
and the process of cloud detection by the threshold method was demonstrated [29]. In
2013, Filipitsch et al. proposed to use the Monte-Carlo-based exact lidar retrieval algorithm
(ARLEM) to simulate spaceborne high-spectral-resolution lidar measurement (HSRL) in
order to reduce the influence of multiple scattering on spaceborne lidar detection and
added real signal and instrument noise. It was found that the main source of uncertainty of
inversion was the content of ice water in cirrus cloud [30]. In 2015, Boquet et al. proposed
a new method for predicting the effective detection distance of coherent wind Doppler
lidar (CWDL), which combined the measured aerosol optical parameters and simulated
instrument parameters to build a prediction model and compared the predicted results
with the actual ones. The results showed that the method was applicable to any target area
where atmospheric data can be obtained and provided a method for the operation of the
diagnostic instrument, which provided a reference for the design of a lidar system in the
future [31]. In the same year, Reverdy et al. evaluated the detection performance of Atmo-
spheric Lidar (ATLID) carried by the Earth Care satellite by constructing a COSP/ATLID
simulator. The results showed that, under the premise of considering the major differences
between ATLID and CALIOP, the difference in cloud cover measured by COSP/ATLID
and COSP/CALIPSO was less than 1% under night conditions [32].

In the optimization scheme design of the system, it is necessary to conduct quantita-
tive research and simulation calculation on the correlation between on-orbit detection of
atmospheric aerosol and cloud characteristics and lidar system parameters, so as to give
the best system parameters and possible performance indicators. In this paper, atmospheric
optical parameters measured on the ground were used to simulate the spaceborne lidar
signal under different conditions. The atmospheric conditions, the cumulative number of
laser pulses, and the spatial resolution were considered comprehensively. The experimental
results can provide a preliminary reference for the subsequent development of a spaceborne
lidar system.

2. Simulation Process

The input values of the optical parameters of atmospheric aerosol and cloud particles
have a great influence on the accuracy of the simulation results. On the one hand, as the
spaceborne lidar parameters are to be measured, their numerical accuracy will determine
the simulation results; on the other hand, due to the complex sources of atmospheric aerosol
and cloud particles, their vertical and spatial distributions cannot be accurately described
by models. Therefore, only the optical parameter data of atmospheric aerosol and cloud
particles measured by ground-based lidar can be used for spaceborne lidar simulation.
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In this section, the simulation process of the spaceborne lidar signal based on the
ground-based lidar measured signal is analyzed from the lidar equation, the influence of
background signal and noise on the simulation results is analyzed, and the suggestions
for the selection of lidar system parameters are given. The simulation process is shown in
Figure 1.
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Figure 1. Simulation flow of spaceborne lidar signal based on ground-based lidar measurement data.

The specific steps of simulation are as follows

(1) Based on the measurement data of the ground-based lidar, the correction signal of
the ground-based lidar system was obtained by background deduction, distance
correction, geometric factor correction, and noise smoothing data in sequence;

(2) The backscattering ratio, extinction, and backscattering coefficients of atmospheric
aerosol and cloud particles under different atmospheric conditions were obtained by
the aerosol and cloud inversion algorithm;

(3) Based on spaceborne lidar system parameters, ground-based lidar inversion of aerosol
and cloud particles’ optical parameters, and the spaceborne lidar signal simulation
algorithm, the spaceborne lidar atmospheric echo effective signal was simulated;

(4) Through the spaceborne lidar system parameters and atmospheric background data,
the noise signal of the simulation system was simulated and superimposed on the
effective signal, and finally, the actual measurement signals of the spaceborne lidar
with background and its signal-to-noise ratio (SNR) were obtained.

2.1. Simulation of the Effective Signal of Spaceborne Lidar Based on Ground-Measured Signal
2.1.1. Inversion of Optical Parameters of Ground-Based Lidar

When lidar is used for atmospheric detection, taking the Mie scattering lidar as an
example, the atmospheric backscatter echo signal received by it can be expressed as [33]:

P(z) = Cz−2[βa(z) + βm(z)] exp
{
−2
∫ z

0
[αa(z

′
) + αm(z

′
)]dz

′
}

(1)
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where P(z) is the echo power (W) received by the lidar from the distance z, C is a system
constant; βa(z) and βm(z) are the backscattering coefficients of aerosols and molecules at a
distance of z, respectively, and αa(z′) and αm(z′) are the extinction coefficients of aerosols
and molecules at the distance z, respectively [33].

αa(z) = βz(z) · S1 (2)

αm(z) = βm(z) · S2 (3)

Rb(zc) = [βm(zc) + βa(zc)]/βm(zc) (4)

S1 is the aerosol extinction backscattering ratio, whose value is affected by the aerosol
scale spectrum and refractive index, usually between 10 sr and 100 sr. In the Fernald
method, assuming that S1 is a constant that does not vary with height, S1 = 50 is preferred
in the tropospheric and stratospheric background periods [33]. The molecular-extinction-
to-backscattering ratio of S2 is usually taken as 8π/3. zc is the height of the calibrated layer,
and the backscattering ratio Rb(zc) at this height is assumed to be known.

According to the U.S. Standard Atmosphere model, the molecular backscattering
coefficient can be determined by the following equation:

βM(z, λ) = 1.1706× 10−23 · 273
T(z)

· Pa(z)
1013

·
(

107

λ

)4.0117

(5)

T(z) is the atmospheric temperature (K) at a distance of z; Pa(z) is the atmospheric
pressure at a distance of z (hPa); λ is the wavelength of the laser. Atmospheric temperature
and pressure profiles are given by the mode.

Equations (2)–(5) are substituted into Equation (1) to calculate the extinction coefficient
of aerosol:

αa(z) = − S1
S2

αm(z)+
X(z) exp[2( S1

S2
−1)

∫ zc
z αm(z

′
)dz
′
]

X(zc)

αa(zc)+
S1
S2

αm(zc)
+2
∫ zc

z X(z′ ) exp[2( S1
S2
−1)

∫ zc
z αm(z′′ )dz′′ ]dz′

(6)

αa(z) = − S1
S2

αm(z)+
X(z) exp[−2( S1

S2
−1)

∫ z
zc αm(z′)dz′ ]

X(zc)

αa(zc)+
S1
S2

αm(zc)
−2
∫ z

zc X(z′) exp[2(− S1
S2
−1)

∫ z
zc αm(z′′ )dz′′ ]dz′

(7)

Equation (6) is the extinction coefficient of atmospheric aerosol when the height is
below zc, which takes the form of a backward integral. Equation (7) is the extinction
coefficient of atmospheric aerosol when the height is above zc, and it takes the form of a
forward integral. X(z) = P(z)z2 is the distance-squared signal (known as the range-corrected
signal (RCS)).

2.1.2. Simulation of Effective Signals of Spaceborne Lidar

The laser transmission position of spaceborne lidar is different from that of ground-
based lidar. As shown in Figure 2, the height of the detected target from the ground is z,
and the orbital height of the satellite is 600 km. The expression equation of spaceborne lidar
needs to be transformed into the form of Equation (8):

P(z) = C(600− z)−2[βa(600− z) + βm(600− z)]

exp
{
−2
∫ 600

600−z [αa(600− z′) + αm(600− z′)]dz
′} (8)
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Converted to photon number, the atmospheric backscattering echo signal received by
lidar corresponding to each laser pulse can be written as [34]:

Ns(z) = P(600− z)( ηλ
hc )∆t = cE0Y(600−z)Arβ(600−z)T2(600−z)TtTr

2(600−z)2 ( ηλ
hc )∆t;

T(z) = exp(−
600∫

600−z
α(600− z′)dz′);

∆t = 2∆z
c ;

α(600− z) = αa(600− z) + αm(600− z); β(600− z) = βa(600− z) + βm(600− z)

(9)

where Ns(z) is the photon number of the atmospheric backscattering echo signal at height z
from the satellite; P(600-z) is the atmospheric backscattering echo power (W) at height z
from the ground(km); η is photodetector quantum efficiency; λ is the laser transmission
wavelength (nm); h = 6.6262 × 10−34 is Planck’s constant (J·s); c = 3.0 × 108 is the speed of
light in vacuum (m/s); ∆t is the time resolution of lidar detection (s); E0 is the monopulse
energy of laser transmission (J); Y(600-z) is the overlap factor at height z from the ground;
Ar is the receiving area of the telescope (m2); β(600-z) is the atmosphere backscattering coef-
ficient (sr−1 km−1), and it includes the contribution of aerosol particles and gas molecules;
T(z) is the atmospheric transmittance from the lidar to altitude z; Tt is the transmittance of
the transmitting optical unit; Tr is the transmittance of the receiving optical unit; ∆z is the
range resolution (km) detected by the lidar.

In Equation (9), αa(600-z), αm (600-z), βa(600-z), and βm(600-z) can be obtained by the
calculation of Equations (2)–(7) (due to the limited detection height of ground-based lidar
and low aerosol content in the upper air, αa and αm above 30 km were considered to be 0
km−1); because the atmospheric optical parameters in the overlap region of spaceborne lidar
were not the focus of study, Y(600-z) was considered to be 1 in the simulation. Other system
parameters should be selected according to the actual design requirements of CSLHRL.

The schematic diagram of CSLHRL is shown in Figure 3. The main units of the system
include the laser transmitting unit, optical receiving unit, signal reception and system
control unit, and signal detection unit. In the laser transmitting unit, two lasers were
used to emit 532 nm and 1064 nm wavelengths, respectively, which are reflected into
the atmosphere through the self-regulating mirror after beam expansion. In the optical
receiving unit, a Cassegreen telescope with a 400 mm aperture and 2000 mm focal length
was used. The receiving field of view was 0.2 mrad through a 0.3 mm aperture without
considering the external load. In the signal detection unit, the background suppression
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of the 532 nm and 1064 nm channels is performed by using a Fabry–Perot Interferometer
(F-P). The detection unit and the acquisition unit adopt the avalanche photo diode (apd)
based on the weak signal detection technology of photon counting to realize the highly
sensitive detection of atmospheric backwave optical signals in a large dynamic range.
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Figure 3. Schematic diagram of CSLHRL.

Based on the design parameters and measurement parameters of the spaceborne
lidar system, the on-orbit measurement performance of the spaceborne lidar system was
simulated. Table 2 shows the input values of the system parameters and measurement
parameters in the spaceborne lidar simulation. The selection of the parameters in Table 2
shows that we comprehensively considered the design requirements of the lidar system,
such as the volume, mass, power, detection performance, etc. On this basis, we selected the
parameters in the table and show the simulation results under this condition in the paper.

Table 2. Input values of system parameters and measurement parameters in spaceborne lidar
simulation.

Lidar Unit System Parameters The Input Value of the Simulation

Laser transmitting units

Single-pulse laser energy 3 mJ@532 nm
6 mJ@1064 nm

Laser transmission frequency 1000 Hz
Transmission optical efficiency 95%

Optical receiving units

Telescope receiving aperture 400 mm
Receiving field angle 0.2 mrad

Receiving optical efficiency 0.4
Filter bandwidth 0.3 nm
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Table 2. Cont.

Lidar Unit System Parameters The Input Value of the Simulation

Signal detection units

Detection efficiency 60%@532 nm
5%@1064 nm

Dark count rate 100 Hz
Extinction ratio of polarizing prism 3000:1

Data receiving units
Sampling resolution 15 m (100 ns)

Sampling depth 40,000

Satellite load units

Orbital altitude 600 km

Sky background radiation 0.2@532 nm(W·m−2·sr−1·nm−1)
0.08@1064 nm(W·m−2·sr−1·nm−1)

Vertical resolution 15 m~120 m (vertical resolution)

Horizontal resolution 1 s~10 s (7~70 km horizontal
resolution)

2.2. Simulation of Background Signal and Noise of Spaceborne Lidar

The optical signals received by the spaceborne lidar system not only include backscat-
tering light signals generated by the interaction between the laser and air molecules, aerosol,
and cloud particles, but also include atmospheric background radiation light signals, as
well as the noise signals of the detector itself.

The sky background light signals corresponding to each pulse received by the space-
borne lidar system are shown as follows [35]:

Nb =
ηλ

hc
Pbπ(θ/2)2dwl ArTr∆t (10)

where Nb is the number of sky background photons received by each pulse; Pb is the sky
background radiation intensity (W·m−2·sr−1·nm−1), and for a 532 nm wavelength, it is
generally believed Pb = 0.2 W·m−2·sr−1·nm−1 in the daytime; θ is the viewing angle of the
telescope (mrad); dωl is filter bandwidth (nm); Ar is the receiving area of the telescope (m2);
Tr is the optical transmittance of the lidar receiving optical unit; ∆t is the time resolution (s)
of the lidar.

According to Equation (10), factors affecting the intensity of the sky background
radiation signal received by the lidar are also composed of three parts.

The first part is the system parameters, which mainly include the receiving area of the
telescope, the optical transmittance of the receiving optical unit, the receiving field angle,
the filter bandwidth, and the detection efficiency. Considering the requirement of lidar
signal intensity measurement, only the receiving field angle and filter bandwidth are the
main factors to limit the background signal.

The second part is the atmospheric parameter, which is mainly related to the intensity
of sky background radiation.

The third part is the measurement parameters, including the measurement time, which
is related to the vertical resolution and horizontal resolution of the lidar.

Table 3 shows the analysis of the main factors affecting the background intensity
measured by the spaceborne lidar. It can be seen from the table that, among the atmospheric
parameters, the intensity of the sky background radiation had the highest effect ratio on the
background signal measured by the spaceborne lidar, with a difference of 4 to 5 orders of
magnitude. At the same time, considering the demand of the measured signal of the lidar,
the only factors that can reduce the intensity of the background signal are the receiving
field angle and filter bandwidth.
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Table 3. Analysis of influence factors of background signal measured by spaceborne lidar.

Influence
Categories

Influence
Factors Parameters Range Influence

Ratio Remarks

System
parameters

Receiving area 0.125~0.785 (m2) 6.3 0.4~1 m caliber

Optical
transmittance 10%~50% 5 --

Receiving field
Angle 0.1~0.5 (mrad) 5 --

Filter bandwidth 0.01~0.3 (nm) 30 --

Detection
efficiency 4%~80% 20 --

Atmospheric
parameters

Sky background
radiation
intensity

0~0.2@532
nm/0.08@1064 nm

(W·m−2·sr−1·nm−1)
>10,000 night~day

Measurement
parameters

Spatial
resolution 15~300 (m) 20 --

Time resolution 1~20 (s) 20 7~150 km

In the mode of photon counting of the detector, the simulated signal noise mainly
includes the signal scattering noise caused by echo photons, the background light scattering
noise caused by sky background photons, and the detection dark noise, and the above noise
accords with the Poisson distribution. Noise intensity can be expressed as follows [35]:

Noise =

√
Ns(z) + Nb + Nd

M
(11)

Noise is the intensity of noise; Ns (z) is the number of echo photons at a height of z
from the ground; Nb is the number of sky background photons; Nd is the detector dark
count (10–5 per pulse); M is the number of laser pulses. By combining Equations (9)–(11),
simulated spaceborne lidar signals can be obtained.

2.3. Simulation of the Signal-to-Noise Ratio of Spaceborne Lidar Signal

The signal-to-noise ratio (SNR) of spaceborne lidar signal is an important index to
characterize the detection performance of the system and an important parameter to control
the quality of data inversion. The equation for calculating the SNR of the lidar measurement
signal is as follows [35]:

SNR(z) =
Ns(z)√

Ns(z) + Nb + Nd
×
√

M (12)

where SNR(z) is the signal-to-noise ratio of the lidar measured signal; Ns(z) is the photon
number of the measured signal under the lidar monopulse condition; Nb is the number of
sky background photons measured under the lidar monopulse condition; Nd is the dark
count of the detector itself under the lidar monopulse condition, generally ranging from
100 to 1000 s−1; M is the cumulative pulse number measured by the lidar.

From the simulation Equation (12), it can be seen that, by increasing the photon number
Ns(z) of the lidar measurement signal under the monopulse condition, reducing the sky
background photon number Nb and detector dark count Nd, the SNR of spaceborne lidar
can be improved. At the same time, increasing the cumulative time of lidar measurement
(which will reduce the temporal and spatial resolution) can also improve the SNR of the
spaceborne lidar.
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2.4. Simulation of the VDR and ACR

The volume depolarization ratio (VDR) of aerosol particles can be calculated by
Equation (13) [36].

δVDR(z, λ) =
βs(z, λ)

βp(z, λ)
= kVDR(λ)

Prs(z, λ)

Prp(z, λ)
(13)

where the subscripts p and s represent two directions, which are parallel and perpendicular
to the polarization direction of the emitted laser, respectively. βp (z, λ) and βs (z, λ) represent
the parallel polarization component and perpendicular polarization component (km−1sr−1)
of the atmospheric backscattering coefficient at altitude z, respectively. KVDR(λ) = kp (λ)/ks
(λ) is the gain constant ratio of the two channels. It includes the depolarization effect
of the lidar system and the different detection efficiency of two channels, which can be
measured by the unpolarized light source method, air molecule method, and 1/2 wave plate
method [37]. In this way, the vertical distribution profiles of the atmospheric depolarization
ratio δVDR (z, λ) can be obtained by analyzing the parallel polarization component Prp (z, λ),
the perpendicular polarization component Prs (z, λ), and the gain constant ratio kVDR (λ) of
the atmospheric backscattering echo power received by the polarization lidar with Equation
(13). Since the depolarization ratio of air molecules in the atmosphere is very small, only
0.0297 [38], the atmospheric depolarization ratio δVDR (z, λ) detected by lidar mainly comes
from the contribution of non-spherical particles. Thus, aerosols can be roughly classified by
the extinction coefficient and depolarization ratio.

The attenuated color ratio (ACR) of atmospheric aerosol is obtained by the calibrated
ratio between the backscatter coefficient of the 1064 nm channel and the backscatter coeffi-
cient of the 532 nm channel measured by the lidar. Its calculation formula is as follows:

δACR(z) = kACR
P1064(z)
P532(z)

(14)

Among them, δACR(z) is the attenuated color ratio; kACR is the calibration coefficient at
a distance of z; P1064(z) and P532(z) represent the echo power of the 1064 nm and 532 nm
channels at a distance of z.

The attenuated color ratio ACR represents the particle size information of aerosol
particles, whose value is proportional to the diameter of the particle [39].

3. Simulation Results

The ground-based lidar for atmospheric parameter measurement is the 532 nm single-
channel Mie scattering lidar developed by the Chinese Academy of Sciences (the laser
frequency is 1 kHz; the overlap height is 250 m; the diameter of the telescope is 450 mm).
Since the ground-based lidar does not have polarization channels and the 1064 nm channel,
the detection channels of the spaceborne lidar to be simulated include the parallel polariza-
tion channel, perpendicular polarization channel, and 1064 nm channel. We assumed that
the simulated signal of the spaceborne lidar obtained from Equation (8) is the total 532 nm
signal P532 and used this to simulate the values of the other three channels, where:

P532
(
z) =Prs(z) + Prp(z)

Prs(z) = P532(z)− Prp(z)
(15)

In the process of the inversion of the extinction coefficient with the ground-based lidar,
the threshold method was used to determine the spatial distribution of cloud and aerosol
near the surface. Based on the spatial distribution information of aerosol and cloud, the
VDR of near-surface aerosol was set as 0.2, the VDR of clouds was 0.5, and the VDR of
molecules was 0.03 [38], which is the simulated input value of the VDR (assuming that the
total 532 nm signal is 1, then according to the description in the manuscript, 532 nm P is
5/6 in the cloud part, and 532 nm S is 1/6 (VDR = 0.5); in the aerosol part, 532 nm P is
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2/3532 nm and S is 1/3 (VDR = 0.2)). Set the gain constant ratio kVDR as 1, and substitute
Equation (15) into Equation (13), then the simulated signal of parallel polarization channel
Prp and perpendicular polarization channel Prs can be obtained, respectively. By adding
background radiation and noise to Prp and Prs, the simulated polarization signals Prp’ and
Prs’ with noise and background of the spaceborne lidar can be obtained. By substituting
Prp’ and Prs’ into Equation (13), the simulated VDR of the spaceborne lidar can be obtained,
which is the simulated VDR. The extinction coefficients of aerosol with 532 nm retrieved by
the ground-based lidar were obtained. According to the spatial distribution information
of aerosol and cloud, α532 in the aerosol region was multiplied by (1064/532)−1 as the
simulated aerosol extinction coefficient of the 1064 nm channel. α532 in the cloud region
was multiplied by (1064/532)−0, and the molecular extinction coefficient can be calculated
according to Equation (5).

By substituting the above atmospheric parameters and the system parameters in
Table 2 into Equation (8), the simulated signal P1064’ of the spaceborne lidar can be obtained;
by substituting P1064 and P532 into Equation (14) and setting the calibration coefficient
kACR = 1, the simulated input value of the ACR can be obtained.

By adding background radiation and noise to P1064 and P532, the simulated signals
P1064’ and P532’ with noise and background of the spaceborne lidar can be obtained. By
substituting P1064’ and P532’ into Equation (14), the simulated ACR of the spaceborne lidar
can be obtained.

In this section, the optical parameters of atmospheric aerosol and cloud particles with
two wavelengths of 532 nm and 1064 nm were obtained by ground-based lidar inver-
sion under three typical atmospheric conditions: heavy-pollution low-cloud atmosphere,
moderate-pollution high-cloud atmosphere, and clean and cloudy atmosphere. Combined
with the input values of the system parameters and measurement parameters given in Ta-
ble 1 and the simulation process in Figure 1, the simulated signal and SNR of the spaceborne
lidar with were analyzed.

3.1. Simulation of Heavy-Pollution Low-Cloud Atmosphere

Figure 4a shows the aerosol extinction coefficient inversed from the ground-based 532
nm Mie-scattered lidar signal during a heavily polluted weather event in Hefei, China, on
20 January 2022. Due to the strong attenuation of the optical parameters of near-surface
heavy pollution aerosol and cloud particles, the lidar echo signal above 3 km was very
weak. Figure 4b shows the aerosol extinction coefficient of 1064 nm obtained by simulation
and inversion based on the measured signal of the 532 nm wavelength. Due to the longer
wavelength, the aerosol extinction coefficient was slightly smaller than that of 532 nm.
During 14:00 p.m.~23:00 p.m., there was a layer of high-concentration aerosol near the
ground, the corresponding extinction coefficient was above 1 km−1, and the visibility was
below 4 km.

Remote Sens. 2023, 15, x FOR PEER REVIEW 13 of 32 
 

 

 
Figure 4. Aerosol extinction coefficient at 532 nm (a) and 1064 nm (b) wavelengths. (532 nm is from 
ground-based measurement, and 1064 nm is simulated for ground-based.) 

 
Figure 5. Atmospheric extinction coefficient at 16:00 p.m. (532 nm is from ground-based measure-
ment, and 1064 nm is simulated for ground-based.) 

3.1.1. Observation Model at Night 
In the night heavy-pollution observation mode, the vertical resolution of the space-

borne lidar was set as 15 m, and the cumulative pulse number was set as 1000 (minimum 
resolution obtained according to the development plan in Table 2). The extinction coeffi-
cients and backscattering coefficients of the aerosols at 532 nm and 1064 nm, the systematic 
constants in Table 2, and the extinction coefficients and backscattering coefficients of mol-
ecules calculated by Equation (5) were substituted into Equation (8) to obtain the simu-
lated signals of their respective channels of spaceborne lidar. The simulated signals of the 
532 P, 532 S, and 1064 channels of the spaceborne lidar are shown in Figure 6a–c, respec-
tively (assuming that the sky background radiation intensity is a constant Pb = 0 
W·m−2·sr−1·nm−1, which does not change with time). 

Figure 4. Aerosol extinction coefficient at 532 nm (a) and 1064 nm (b) wavelengths. (532 nm is from
ground-based measurement, and 1064 nm is simulated for ground-based.)



Remote Sens. 2023, 15, 3046 12 of 28

To show the size of the aerosol extinction coefficient more clearly, we chose the extinc-
tion coefficient profile at 16:00 p.m., when the pollution was severe, as shown in Figure 5.
It can be seen from the figure that the extinction coefficient of the aerosol at 532 nm at
that time was near 1 km−1, and even exceeded 3 km−1 at 1.7 km. Due to the large aerosol
concentration near the ground, the SNR above 1.8 km was poor, and effective data cannot
be obtained.
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3.1.1. Observation Model at Night

In the night heavy-pollution observation mode, the vertical resolution of the space-
borne lidar was set as 15 m, and the cumulative pulse number was set as 1000 (mini-
mum resolution obtained according to the development plan in Table 2). The extinction
coefficients and backscattering coefficients of the aerosols at 532 nm and 1064 nm, the
systematic constants in Table 2, and the extinction coefficients and backscattering coef-
ficients of molecules calculated by Equation (5) were substituted into Equation (8) to
obtain the simulated signals of their respective channels of spaceborne lidar. The simu-
lated signals of the 532 P, 532 S, and 1064 channels of the spaceborne lidar are shown in
Figure 6a–c, respectively (assuming that the sky background radiation intensity is a constant
Pb = 0 W·m−2·sr−1·nm−1, which does not change with time).

It can be seen from the simulation results at night that, in the atmospheric boundary
layer under heavy-pollution atmospheric conditions, 10~20 photons can be measured
in the 532 nm P channel, 5~15 photons can be measured in the 532 nm S channel, and
5~15 photons can be measured in the 1064 nm channel with 1000 laser pulses at 532 nm
and 1064 nm.
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As can be seen from the simulation results of the spaceborne lidar at night in Figure 7,
in the atmospheric boundary layer under the condition of heavy pollution, the SNR of the
measured signals of the 532 nm P channel was about above 5, and those of the measured
signals of 532 nm S and 1064 nm channel were between 2 and 5. The SNR of the measured
signals in the atmospheric boundary layer was obviously higher than that above the
boundary layer.
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Figure 8 shows the SNR profile at 16:00 p.m. It can be found that the simulated
spaceborne lidar signal cannot be received due to the high-concentration pollution aerosol
at 0.8–1.6 km, resulting in a poor SNR below 0.8 km. At the altitude of 0.8 km−1.6 km,
the aerosol concentration was high, and the SNR of 532 nm P was more than 3, and some
altitudes even exceeded 10. In addition, due to the influence of energy and wavelength, the
SNRs of the 532 nm and 1064 nm signals were smaller than the SNR of 532 nm P signals.
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Figure 9a,c show the VDR and ACR of the night simulation of the spaceborne lidar
input under heavy-pollution atmospheric conditions. Figure 9b,d show the simulation
results of the volume depolarization ratio and the attenuated color ratio of the spaceborne
lidar at night. It can be seen from the figure that, since the received signal measured by the
spaceborne lidar was weak, the VDR and ACR of the simulation inversion had some noise
interference compared with the ground-based lidar signal input, but the pollution aerosol
can still be well distinguished.
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3.1.2. Observation Model in Daytime

Due to the influence of strong solar background radiation, the vertical resolution
of 15 m and the cumulative pulse number of 1000 cannot meet the needs of detection.
To reduce the impact of background radiation, it was found that, when the vertical res-
olution was 120 m and the cumulative pulse number was 10,000, the detection needs
can be initially met. Figure 10a–c show the simulated measured signals at the 532 nm
P, 532 nm S, and 1064 nm channels, respectively, of the spaceborne lidar (assuming that
the sky background radiation intensity is a constant Pb532 = 0.2 W·m−2·sr−1·nm−1, and
Pb1064 = 0.08 W·m−2·sr−1·nm−1, which do not change with time).
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Figure 10. Simulated measured signals at 532 nm P (a), 532 nm S (b), and 1064 nm (c) channels of
spaceborne lidar in daytime.

As can be seen from the figure, due to the influence of strong background radiation
during the day, there were many noise points in the simulated signals of the three channels.
In addition, the reduction of temporal and spatial resolution made some details of the
aerosols and clouds missing. In general, the 532 nm P and 1064 nm channels could easily
identify high-concentration clouds and aerosol layers, while the 532 nm S channel had a
limited recognition effect due to low energy. As shown in Figure 11a–c, compared with the
SNR of night signals, the SNR of aerosol in the daytime was around 5, except that the SNRs
of clouds in the 532 nm P and 1064 nm channels were close to 10, while the SNR of only
clouds in the 532 nm channel was barely between 2 and 3.

Figure 12 shows the simulation results of the VDR and ACR under this atmospheric
condition. As can be seen from the figure, due to the weak echo signal of 532 S and the
poor SNR, the volume depolarization ratio was small as a whole, and the aerosol layer can
only be barely distinguished, while the cloud layer and the high-pollution aerosol layer
can be clearly distinguished by the attenuated color ratio.
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3.2. Simulation of Moderate-Pollution and High-Cloud Atmosphere

Figure 13 shows the spatial and temporal distribution characteristics of the atmo-
spheric aerosol and cloud particle optical parameters in the moderate-pollution and high-
cloud atmosphere in Hefei, China, on 22 March 2022. Figure 13a shows the aerosol extinc-
tion coefficient measured by the Mie scattering lidar at 532 nm, and Figure 13b shows the
aerosol extinction coefficient of the 1064 nm simulated and retrieved with the 532 nm signal.
In this atmospheric condition, the boundary layer height was nearly 2 km. The aerosol
extinction coefficient inversed by a 532 nm wavelength was from 0.5~0.8 km−1, and the
atmospheric visibility was around 10 km. During the time from 12:00 p.m. to 18:00 p.m.,
there was a high concentration of aerosol pollution within the range of 0 to 2 km. During
18:00 p.m.~24:00 p.m., there were two layers of clouds at the height of 6~9 km, whose
extinction coefficients were similar to those of the ground aerosol. The corresponding
aerosol extinction coefficient of the 1064 nm wavelength was slightly smaller than that of
532 nm, while the cloud extinction coefficient had little change.
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seen from the figure that the pollution aerosols were mainly concentrated below 1.8 km at 
that time, and the extinction coefficient of aerosol at 532 nm was around 0.5 km−1. The 
atmosphere above 1.8 km was very clean, basically consistent with the molecular extinc-
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Figure 13. Aerosol extinction coefficient at 532 nm (a) and 1064 nm (b) wavelengths.

Figure 14 shows the profile of the aerosol extinction coefficient at 16:00 p.m. It can be
seen from the figure that the pollution aerosols were mainly concentrated below 1.8 km
at that time, and the extinction coefficient of aerosol at 532 nm was around 0.5 km−1. The
atmosphere above 1.8 km was very clean, basically consistent with the molecular extinction
coefficient profile.
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3.2.1. Observation Model at Night

Figure 15 shows the spaceborne lidar simulation measurement signals under obser-
vation mode at night in the moderately polluted atmosphere. As can be seen from the
simulation results at night in Figure 15, 1000 laser pulses of 532 nm and 1064 nm in the
atmospheric boundary layer under moderately polluted atmospheric conditions can mea-
sure 10–15 photons in the 532 nm P channel, 5–10 photons in the 532 nm S channel, and
5–10 photons in the 1064 nm channel. For high-cloud particles with a height range of
6~9 km, the photon number measured by the three channels was basically equivalent to
that of high-concentration aerosol particles in the atmospheric boundary layer.
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Figure 15. The simulated signal intensity of 532 P (a), 532 S (b), and 1064 (c) channels of spaceborne lidar.

Figure 16 shows the SNR of the 532 nm P, 532 nm S, and 1064 nm channels’ simulated
measured photons by the spaceborne lidar at night under moderately polluted atmospheric
conditions. In the atmospheric boundary layer under moderate-pollution conditions, the
SNR of the 532 nm P channel was about 5, and those of the 532 nm S and 1064 nm channels
were between 2 and 5. The SNR of 6~9 km clouds was slightly higher than that of aerosol
particles in the atmospheric boundary layer. At the same time, it can be seen that, although
the SNR of the 532 nm channel and the 1064 nm channel were lower than that of the 532 nm
P channel, their recognition of aerosol and cloud particles in the atmospheric boundary
layer was higher than that of the 532 nm P channel.
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Figure 17 shows the SNR profile at 16:00 p.m. The SNR of the 532 nm P signal in the
polluted area was near 4.
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Figure 17. SNR profile at 16:00 p.m.

Figure 18 shows the simulation results of the VDR and ACR of the spaceborne lidar
at night under moderately polluted atmospheric conditions. For comparison verification,
the figures of the VDR and ACR of the simulation input are also given. As can be seen
from the figure, compared with the VDR and ACR of the ground-based measurement, the
spaceborne simulation data had obvious noise points, but it can still distinguish the aerosol
and high-cloud particles in the atmospheric boundary layer well, especially the cloud layer
with a good identification of 6~9 km.
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3.2.2. Observation Model in Daytime

Figure 19 shows the spaceborne lidar simulation measurement signal in daytime
observation mode under moderate pollution atmospheric conditions. As can be seen
from the figure, compared with the observation at night, due to the influence of strong
background light radiation during the day, the simulated measurement signals of the
three channels of the spaceborne lidar all had larger noise points, and the signals of the
532 nm P and 1064 nm channels of the spaceborne lidar can identify clouds and the high-
concentration aerosol layer, but failed to identify the smaller aerosol layer. The 532 nm S
channel recognized only clouds, not the aerosol layer.
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spaceborne lidar in daytime.

Figure 20 shows the SNR of the three measurement channels of the spaceborne lidar
in the daytime under moderately polluted atmosphere. It can be seen from the figure
that, compared with the SNR of heavy pollution in the daytime, the SNR of the three
channels was smaller, about 2~3. The SNR measured at 532 nm P and 1064 nm can identify
the high-concentration aerosol in the atmospheric boundary layer between 9:00 a.m. and
20:00 p.m. and the clouds at 6 to 9 km, while 532 nm S can only identify clouds.
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Figure 21 shows the simulation results of the VDR and ACR of the spaceborne lidar
in the daytime under moderate-pollution atmospheric conditions. As can be seen from
the figure, under daytime conditions, the ACR can barely distinguish high-concentration
aerosol particles and altostratus particles in the atmospheric boundary layer at noon, while
the VDR can hardly be identified, which is mainly due to the poor SNR of the 532 nm S
channel in the daytime.
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3.3. Simulation of a Clear and Cloudy Day

Figure 22 shows the spatial and temporal distribution characteristics of the atmo-
spheric aerosol and cloud particle optical parameters on a clear and cloudy day in Hefei,
China, on 28 May 2022. Figure 22a shows the aerosol extinction coefficient measured by
the Mie scattering lidar at 532 nm, and Figure 22b shows the aerosol extinction coefficient
of 1064 nm simulated and retrieved with the 532 nm signal. As can be seen from the figure,
the ground-based lidar signal was strong, extending to an altitude of 15 km, due to the low
concentration of pollution aerosol particles near the ground on that day. At the same time,
high clouds existed at a height of 8~10 km from 00:00 a.m. to 12:00 p.m. and gradually
decreased to a height of 2~6 km after 12:00 p.m.

Remote Sens. 2023, 15, x FOR PEER REVIEW 24 of 32 
 

 

3.3. Simulation of a Clear and Cloudy Day 
Figure 22 shows the spatial and temporal distribution characteristics of the atmos-

pheric aerosol and cloud particle optical parameters on a clear and cloudy day in Hefei, 
China, on 28 May 2022. Figure 22a shows the aerosol extinction coefficient measured by 
the Mie scattering lidar at 532 nm, and Figure 22b shows the aerosol extinction coefficient 
of 1064 nm simulated and retrieved with the 532 nm signal. As can be seen from the figure, 
the ground-based lidar signal was strong, extending to an altitude of 15 km, due to the 
low concentration of pollution aerosol particles near the ground on that day. At the same 
time, high clouds existed at a height of 8~10 km from 00:00 a.m. to 12:00 p.m. and gradu-
ally decreased to a height of 2~6 km after 12:00 p.m. 

Due to the low concentration of aerosol pollution near the surface on this day, there 
was no obvious atmospheric boundary layer. The extinction coefficient of aerosol at the 
532 nm wavelength near the surface obtained by inversion was below 0.2 km−1, and the 
corresponding visibility was above 20 km. A small amount of aerosol transport layer ex-
isted in the height range of 1.5~3 km. Correspondingly, the extinction coefficient and 
backscattering coefficient of 1064 nm aerosol were also very small. 

For high clouds above 8 km before 12:00 p.m., the extinction coefficient of 532 nm 
was below 0.5 km−1, while for low clouds between 2 and 6 km after 12:00 p.m., the extinc-
tion coefficients of 532 nm obtained by inversion were all greater than 1 km−1, and the 
extinction coefficient of cloud particles with a corresponding wavelength of 1064 nm was 
also significantly greater than that of aerosol particles near the ground. 

 
Figure 22. Aerosol extinction coefficient at 532 nm (a) and 1064 nm (b) wavelength. 

Figure 23 shows the profile of the aerosol extinction coefficient at 16:00 p.m. Taking 
the 532 nm signal as an example, the atmosphere below 3.75 km was very clean, and the 
extinction coefficient was no more than 0.25 km−1, which is basically within 0.1 km−1. There 
were clouds in the height range of 3.75–7.5 km, where the extinction coefficient was larger. 
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Due to the low concentration of aerosol pollution near the surface on this day, there
was no obvious atmospheric boundary layer. The extinction coefficient of aerosol at the
532 nm wavelength near the surface obtained by inversion was below 0.2 km−1, and the
corresponding visibility was above 20 km. A small amount of aerosol transport layer
existed in the height range of 1.5~3 km. Correspondingly, the extinction coefficient and
backscattering coefficient of 1064 nm aerosol were also very small.

For high clouds above 8 km before 12:00 p.m., the extinction coefficient of 532 nm
was below 0.5 km−1, while for low clouds between 2 and 6 km after 12:00 p.m., the
extinction coefficients of 532 nm obtained by inversion were all greater than 1 km−1, and
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the extinction coefficient of cloud particles with a corresponding wavelength of 1064 nm
was also significantly greater than that of aerosol particles near the ground.

Figure 23 shows the profile of the aerosol extinction coefficient at 16:00 p.m. Taking
the 532 nm signal as an example, the atmosphere below 3.75 km was very clean, and the
extinction coefficient was no more than 0.25 km−1, which is basically within 0.1 km−1.
There were clouds in the height range of 3.75–7.5 km, where the extinction coefficient
was larger.
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3.3.1. Observation Model at Night

Figure 24 shows the spaceborne lidar simulation measurement signals under good
atmospheric conditions and night observation mode. As can be seen from the figure, in
clean and cloudy atmospheric conditions, due to the low concentration of aerosol in the
atmospheric boundary layer, there was almost no photon number measured in the other
two channels with 1000 pulses, except for the 532 nm P measurement channel, which
can measure about 10 photons. However, for clouds in the height range of 3~11 km, all
three channels can obtain more than 20 photons.

Figure 25 shows the SNR of the spaceborne lidar simulations at night at 532 nm P,
532 nm S, and 1064 nm under clean and cloudy atmospheric conditions. It can be seen
that, in the atmospheric boundary layer under this atmospheric condition, the SNR of the
532 nm P channel’s measured signal was about 2~3, while the SNR of the cloud layer was
above 5. The SNR of the 532 nm S and 1064 nm channels was almost 1 for the aerosol in the
atmospheric boundary layer, while the SNR was above 5 for clouds.
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Figure 26 shows the SNR profile at 16:00 p.m. The SNR was near 4 within a 4.5–7.5 km
altitude range. In the area below 4.5 km, the SNR was poor due to the low aerosol content.
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Figure 26. SNR profile at 16:00 p.m.

Figure 27b,d show the simulation results of the spaceborne lidar VDR and ACR at
night under fine cloudy atmospheric conditions. For comparison and verification, the VDR
and ACR of the input of the simulation are also given in Figure 27a,c. It can be seen from
the figure that only clouds can be identified by the spaceborne simulation VDR and ACR,
while the aerosol in the boundary layer cannot be identified.
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3.3.2. Observation Model in Daytime

Figure 28 shows the spaceborne lidar simulation measurement signal in clean and
cloudy atmosphere and daytime observation mode. As can be seen from the figure, com-
pared with night observation, due to the influence of strong background light radiation
during the day, the simulated measurement signals of the three channels all have larger
noise points, and due to the reduction of time and spatial resolution, the spatiotemporal
details of aerosol and cloud became worse. All three measurement channels can be used to
identify clouds relatively, while small aerosol layers cannot be identified.
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Figure 29 shows the SNR of the three measurement channels of the spaceborne lidar
in the daytime under a clean and cloudy atmosphere. It can be seen from the figure that
the three channels all had an SNR of more than 5 for clouds, and the 1064 nm measurement
channel had an SNR of more than 10.
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Figure 30 shows the simulation results of the VDR and ACR of the spaceborne lidar in
the daytime under clean and cloudy atmospheric conditions. As can be seen from the figure,
under daytime conditions, clouds with a height range of 3~10 km can be well identified
according to the VDR and ACR.
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4. Conclusions

In this paper, the detection performance of the spaceborne lidar system was preliminar-
ily evaluated by simulation. The photon number, SNR, VDR, and ACR of the spaceborne
lidar detection signals were simulated, and the factors affecting the detection performance
of the system were summarized. The results showed that solar background radiation
had the greatest influence on the SNR. When the cumulative pulse number was 1000 and
the vertical separation rate was 15 m for night detection, the detection needs can be fully
met, and the clouds and aerosol layers with an extinction coefficient above 0.3 km−1 at
532 nm can be accurately identified. In daytime detection, due to background light inten-
sity, the detection SNR was improved by sacrificing the temporal and spatial resolution.
When the cumulative pulse number was 10,000 and the vertical resolution was 120 m, the
heavy-pollution aerosol layer and the thick cloud can be well identified. For moderate
pollution, only partial aerosol and cloud identification can be achieved. On clean days, it
was impossible to find exactly where the boundary layer is. In the following work, the
satellite tool kit (STK) and radiation transfer model should be combined with the satellite
orbit to simulate more real solar background radiation.
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