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Key Points:
●  The lidar was mathematically modeled, and the correctness of the model was verified by using real lidar measurement data.
●  The landing area of Tianwen-1 was selected, the Martian atmospheric mode was incorporated into the lidar model, and the

backscatter signals and key parameters of the Mie–Rayleigh lidar under the conditions of a clean Martian atmosphere and a global
sandstorm were systematically analyzed.

●  The optimal detection altitude range of Mie scattering and Rayleigh scattering on Mars under different atmospheric conditions was
obtained.
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Abstract:  Mars is the terrestrial planet in the solar system that is closest to the Earth. Studying the atmospheric parameters of Mars and
studying the evolutionary history of the Martian environment on this basis is helpful for people to discover signs of extraterrestrial life
and to study the trend of climate change on Earth. Mie–Rayleigh scattering lidar is an important technology for detecting parameters
from the surface to the middle and upper atmosphere. Because of the different aerosol distributions, Mie scattering and Rayleigh
scattering have their own optimal detection ranges. Given the long period and high cost of any deep space exploration program, it is
important to conduct sufficient feasibility studies and parameter simulations before the payload is launched. In this study, a
parameterized lidar mathematical model and Earth’s atmospheric mode are used to compare with the measured signals of ground-based
Mie–Rayleigh scattering lidar, and the correctness of the lidar mathematical model is verified. Using the model, we select the landing area
of Tianwen-1 and substitute it into the Martian atmospheric mode, and then the Mie–Rayleigh lidar backscattering signal and the key
parameters of the lidar system are systematically analyzed under the conditions of a clean Martian atmosphere and a global sandstorm.
In addition, the optimal detection altitude ranges of Mie scattering and Rayleigh scattering on Mars under different atmospheric
conditions are obtained, which provides a reference for the practical design and development of the subsequent lidar system for the
Martian atmospheric environment.
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1.  Introduction
Deep space exploration is currently a very important development
direction that has attracted the attention of countries worldwide.
The atmospheric exploration of terrestrial planets is a particularly
important  and  indispensable  part  of  deep  space  exploration.
Mars, as a planet in the solar system whose environment is closest
to  the  Earth,  is  also  a  typical  representative  of  terrestrial  planets.
Many  climatologists  have  suggested  that  studying  the  current
Martian  environment  and  extrapolating  the  evolutionary  history
of the Martian environment on that basis will greatly help people
understand  the  direction  and  trend  of  climate  change  on  Earth.

Another  significant  reason  for  humans  to  focus  on  Mars  is  that
current  research  shows  that  Mars  is  one  of  the  easiest  and  most
likely planets to colonize. Detection of the parametric characteris-
tics of the Martian atmosphere is one of the most important tasks
in Mars exploration. As a vital means of active detection of atmo-
spheric parameters, a lidar system has the advantages of multiple
detection parameters and a high spatiotemporal resolution, and it
has been verified to have ground, airborne, and spaceborne capa-
bilities on Earth (Frehlich et al., 1994; Asaka et al., 2001; Li ZG et al.,
2016; Sun XL et al., 2017; Li YD et al., 2022; Yakovlev et al., 2022). In
2013, the University of Science and Technology of China developed
a Rayleigh scattering lidar system that emits a laser wavelength of
355 nm and can realize the detection of  atmospheric  wind fields
within  a  vertical  distance  of  15–60  km  altitude  (Dou  XK  et  al.,
2014). On August 22, 2018, the European Space Agency launched
the  Atmospheric  Dynamics  Mission  Aeolus,  which  had  been  in
development  for  decades.  The  satellite  is  equipped  with  a  dual-
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wavelength  incoherent  wind  lidar  system  called  ALADIN  (Atmo-
spheric LAser Doppler INstrument; Paffrath et al., 2009; Reitebuch
et al., 2009), which can simultaneously measure Rayleigh scattering
signals  and  Mie  scattering  signals  and  can  detect  atmospheric
wind field profiles within a vertical distance of 0–30 km altitude. In
2021, Shen  FH  et  al.  (2021) proposed  a  Rayleigh  Doppler  lidar
based  on  quad  Fabry‒Perot  standard  instruments,  which  can
accurately  detect  wind  speed,  temperature,  and  aerosols  at  alti-
tudes  from  0.2  to  60  km.  The  structure  of  the  lidar  system  was
described in detail, and its performance was simulated. Compared
with traditional lidar systems, lidar systems for deep space detec-
tion are more expensive and have higher requirements for system
stability. Therefore, to ensure the effectiveness of the lidar system
in the application of Mars atmospheric exploration, it is necessary
to  conduct  sufficient  research  and  parameter  design  in  the  early
stages.

Human  curiosity  about  Mars  was  first  evident  in  the  late  16th
century, but the real attempt to explore Mars began in the 1960s.
To date, among the various attempts around the world to explore
Mars, only the Phoenix lander launched by the United States was
equipped with an aerosol  MSCATTER (Mie SCATTER)  lidar  system
(Whiteway et al., 2008). This lander was the first and, thus far, has
been the only one on which a lidar system has completed atmo-
spheric  exploration  missions  on  Mars  (Komguem  et  al.,  2013).
With the rapid development of  lidar  technology,  more and more
researchers  have  realized  that  a  lidar  system  is  a  very  powerful
payload  technology  in  deep  space  exploration.  In  2015,  the
National  Aeronautics  and  Space  Administration  (NASA)  and  the
University  of  Hawaii  jointly  developed  a  multisensor  system  test
prototype  for  detection  of  the  material  composition  on  the
surface  of  Europa  and  Mars,  which  included  an  aerosol  lidar
system  (Abedin  et  al.,  2015).  This  lidar  system  could  distinguish
the  composition  of  the  atmosphere  within  a  distance  of  100  m
during  experimental  measurements.  In  2018, Cremons  et  al.,
(2018)  designed  and  tested  a  prototype  wind  lidar  for  direct
detection of the atmosphere in orbit around Mars at the Goddard
Geophysical  Observatory.  The test results showed that the atmo-
spheric  backscattering  coefficient  profile  and  wind  field  profile
measured by the prototype were highly consistent with the Envi-
ronmental Modeling Center meteorological model, which demon-
strates  the  rationality  and  feasibility  of  the  system.  At  the  same
time,  the team of Hong GL (2018) from the Shanghai  Institute of
Technical Physics of the Chinese Academy of Sciences conducted
a theoretical analysis of the detection performance and feasibility
of the lidar system when working on the surface of Mars.

In this paper, the performance of Mie–Rayleigh scattering lidar in
different environments is studied and discussed, and an innovative
Mars atmospheric model is introduced, which provides a reference
for the development of an atmospheric detection lidar system for
payloads.  In  the  second  section,  the  mathematical  model  and
atmospheric  model  of  the  Mie–Rayleigh  scattering  lidar  system
are described.  In the third section,  the specific  parameters of  the
Mie–Rayleigh  scattering  lidar  system  used  in  the  simulation  are
introduced,  and  the  backscattering  signal  and  signal-to-noise
ratio  results  obtained  by  the  simulation  are  explained.  In  the
fourth  section,  the  simulation  results  of  the  lidar  system  in  the
Martian  atmospheric  model  are  analyzed  in  detail.  The  fifth
section gives concise conclusions. 

2.  Model of the Mie–Rayleigh Scattering Lidar System 

2.1  Lidar Equation
In  the  process  of  atmospheric  propagation,  the  laser  emitted  by
the lidar system will have a scattering effect with various material
components  in  the  atmosphere,  and  the  scattered  light  will  be
emitted  in  all  directions.  The  lidar  system  usually  receives  the
backscattering  light  signal  only  to  reverse  the  characteristics  of
the scatterer.  When only single scattering is  considered,  the lidar
equation can be expressed as follows (Fernald, 1984):

N(λ, z)=N0(λ0)[β(λ, λ0, z, θ)Δz⋅[A
z2
]O(z)η(λ, λ0)e∫ z0 −α(λ0 ,ξ)dξe

∫ z0 −α(λ,ξ)dξ+NB,

(1)

e− ∫ α(λ0 ,ξ)dξ

e− ∫ α(λ,ξ)dξ

where N(λ, z) is the power of the backscattering signal received by
the lidar in the altitude interval (z − Δz/2，z + Δz/2), N0(λ0) repre-
sents  the laser  emission power, β(λ, λ0, z, θ)  is  the backscattering
coefficient, Δz denotes the height resolution, and A is the telescope
receiving area. Obviously, the larger the receiving area of the tele-
scope  is,  the  stronger  the  received  backscattering  signal  will  be.
Variable O(z)  is  the overlap factor;  in  general,  the laser  beam will
not enter the telescope field of view until after a certain distance,
and thereafter, the overlap factor will always be 1. In addition, η(λ)
denotes the efficiency of the lidar system; α(λ0, z) is the extinction
coefficient  of  the  laser  light  emitted  by  the  lidar  system  on  the
incident path;  represents the transmittance of the laser
light  on  the  one-way  path  from  emission  to  the  scatterer;  and
α(λ, z)  is  the extinction coefficient  of  the scattered light  after  the
interaction  of  the  laser  light  with  the  scatterer.  The  expression

 represents  the  transmittance  of  the  scattered  light  on
the  one-way  path  of  the  laser  and  the  scattered  light  to  be
received  by  the  telescope,  whereas NB indicates  the  background
light in the sky.

The lidar equation has two unknown parameters, the backscatter-
ing  coefficient  and  the  extinction  coefficient,  which  theoretically
cannot be solved directly. We adopt the idea of Fernald’s inversion
method  (Fernald  et  al.,  1972)  by  assuming  that  a  proportionality
exists  between  the  backscattering  coefficient  and  the  extinction
coefficient of aerosols and atmospheric molecules:

Sa =
αa(z)
βa(z) , (2)

Sm =
αm(z)
βm(z) = 8π

3
, (3)

α(z) β(z)
α

where  is  the extinction coefficient,  is  the backscattering
coefficient, and the subscripts  and m represent aerosol particles
and  atmospheric  molecules,  respectively.  The  ratio  between  the
extinction coefficient of aerosols and its backscattering coefficient
is also called the lidar ratio, which generally takes a value between
20 and 70 sr (Klett, 1981). The ratio of the extinction coefficient of
an atmospheric molecule to its backscattering coefficient is calcu-
lated by derivation of the Rayleigh scattering formula (Thalman et
al.,  2014).  This  is  the  main  theoretical  basis  for  the  simulation  of
the Mie–Rayleigh scattering lidar system. 

2.2  Earth’s Atmospheric Mode
The performance of  a  lidar  system is  closely related to the atmo-
spheric  environment  in  which  it  is  located,  so  modeling  of  the
atmospheric  environment  is  critical  to  the  simulation  of  a
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Mie–Rayleigh scattering lidar system. To describe the atmospheric

environment  as  reasonably  as  possible,  we  adopt  the  1976  U.S.

Standard Atmosphere model (U.S. Standard Atmosphere, 1976).

To = 288.15 ρ0 = 1.225

P0 = 101325

M0 = 28.9644

The 1976 U.S.  Standard Atmosphere model takes the geographic
sea level at latitude 45°32′33″ as a reference and sets the sea level
temperature  K, atmospheric density  kg/m3,
standard air pressure at sea level  Pa, and the average
molecular  weight  of  air  g/mol.  The  U.S.  Standard
Atmosphere  model  divides  the  effects  on  atmospheric  backscat-
tering  and  extinction  into  two  parts:  atmospheric  molecules  and
aerosols.

The backscattering coefficient and extinction coefficient of atmo-

spheric molecules can be expressed as follows (Fernald, 1984):

βm(λ, z) = 1.54 × 10
−3

exp (− z
7
) (532

λ
)4

, (4)

αm(λ, z) = Sm(λ) × βm(λ, z), (5)

The  backscattering  coefficient  and  extinction  coefficient  of

aerosol particles can be expressed as follows (Fernald, 1984):

βa(λ, z) = {2.47 × 10
−3

exp (− z
2
) + 5.13 × 10

−6
exp [− (z − 20)2

36
]} (532

λ
) ,

(6)

αa(λ, z) = Sa(λ) × βa(λ, z). (7)

In the equations above, z is the height in kilometers from the lidar,

and λ is the wavelength of incident light in nanometers.

The  total  atmospheric  extinction  coefficient  can  be  expressed  as

follows:

α(z, λ) = αm(z, λ) + αa(z, λ). (8)

Figure  1 shows  the  vertical  distribution  profile  of  atmospheric

molecules and aerosol particles and the total extinction coefficient

corresponding to the laser  wavelength of  532 nm in the altitude

range of 0–40 km. 

2.3  Martian Atmospheric Mode
Fewer  studies  of  the  Martian  atmosphere  have  been  conducted,

and no recognized atmospheric model exists like the U.S. Standard

Atmosphere  model  on  Earth.  We  choose  the  Mars  Climate

Database to characterize the Martian atmosphere.

The Mars Climate Database is a database of atmospheric statistics

compiled  from  state-of-the-art  Global  Climate  Model  simulations
of  the  Martian  atmosphere  (Montmessin,  2004; Madeleine  et  al.,
2011).  The database contains  several  statistics  on simulated data
stored on a 5.625° × 3.75° longitude–latitude grid from the surface
up to an approximate altitude of 300 km. Fields are averaged and
stored 12 times a day for 12 Martian “months” to give a compre-
hensive  representation  of  the  annual  and  diurnal  cycles.  Each
month  covers  30°  in  solar  longitude  (Ls)  and  is  typically  50–70
Earth days long. In other words, at every grid point, the database
contains 12 “typical” days, one for each month. In addition, infor-
mation  on  the  variability  of  the  data  within  one  month  and  the
day-to-day oscillations is stored in the database.

For  the  selection  of  specific  geographical  locations  on  Mars,  we
select  the  corresponding  data  on  the  corresponding  latitude
and  longitude  grid  with  reference  to  the  landing  location  of
Tianwen-1.  Pictures  are  available  that  depict  the  specific  landing
location and landing conditions of Tianwen-1, as shown in Figures
2a and 2b.  From  the  large  amount  of  data,  we  mainly  use  the
atmospheric  density. Figure  2c shows  the  distribution  of  the
atmospheric  molecular  density  of  the  atmosphere  on  Mars  at  a
vertical distance of 0–40 km. 

3.  Simulation of the Mie–Rayleigh Scattering Lidar
System 

3.1  Parameter Design of the Ground-based Lidar System
According  to  the  existing  lidar  systems  at  home  and  abroad,
combined with the existing types of lasers, on the basis of consid-
ering the working environment and working requirements of the
system,  the  parameters  of  the  Mie–Rayleigh  scattering  lidar
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Figure 1.   Atmospheric extinction mode in the U.S. Standard

Atmosphere model.       
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Figure 2.   (a) The landing conditions of Tianwen-1. (b) The landing location of Tianwen-1. (c) Density profile of the atmospheric molecules on

Mars.
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system are temporarily determined for simulation and calculation.
The  specific  parameters  of  the  system  used  for  simulation  are
listed in Table 1. 

3.2  System Simulation in Earth’s Atmospheric Mode
By  substituting  the  relevant  data  on  the  Earth’s  atmosphere  and
the  technical  parameters  of  the  lidar  system  into  the  lidar  equa-
tion,  the  single-pulse  backscattering  photon  counts  of  Rayleigh
scattering  lidar  within  the  vertical  distance  of  0–40  km  in  the
Earth’s atmosphere mode can be simulated, as shown in Figure 3.

λFor  the  incident  light  wavelength  =  532  nm,  the  daytime  sky
background  light  irradiance  is  generally  0.142  W/nm/m2/sr.  We
choose a cumulative time of 1 min and further simulate the signal-
to-noise  ratio  of  the  backscattering  Rayleigh  signal  at  the  corre-
sponding height, as shown in Figure 3. 

3.3  Theoretical Demonstration of Simulation Results in
Earth’s Atmospheric Mode

To  demonstrate  the  reliability  of  the  simulation  design,  we
compare  the  simulation  results  of  the  backscattering  Rayleigh
signal with the actual data collected by the Rayleigh lidar system
at the University of Science and Technology of China.

As  shown  in Figure  4,  the  simulated  Rayleigh  backscattering
photon  number  curve  is  compared  with  the  measured  Rayleigh

backscattering  photon  number  curve.  In  terms  of  the  overall

trend,  the  simulation  results  are  consistent  with  the  measured

data.  However,  it  is  also  clear  that  the  measured  data  will  be

orders  of  magnitude  smaller  than  the  simulation  results,  which

may  be  because  the  efficiency  of  the  lidar  system  cannot  reach

the  theoretical  value  in  actual  detection.  In  the  actual  detection

process, in the altitude range below 15 km, the Mie backscattering

signal  is  extremely  strong,  which  will  greatly  interfere  with  the

Rayleigh  scattering  signal.  The  Rayleigh  backscattering  signal  in

this region is truncated by an optical chopper. The detailed design

of this Rayleigh lidar can be found in Ma J et al. (2019).

The calculation of the signal-to-noise ratio in Section 3.2 is consid-

ered in an ideal situation, in which we consider that the interference

of the Mie scattering signal  to the Rayleigh backscattering signal

can be completely filtered.  However,  in practice,  this  assumption

is unlikely to be realized because the Mie scattering signal intensity

is  2–3  orders  of  magnitude  larger  than  that  of  the  Rayleigh.

Although narrow-band filters can be used to filter out most of the

Mie scattering signal in the receiving part of the Rayleigh scattering

lidar system, the remaining fraction of the Mie scattering signal in

the low-altitude range is still  a large noise disturbance relative to

the  Rayleigh  backscattering  signal.  At  present,  the  commonly

used  filter  device  can  filter  out  approximately  90%  of  the  Mie

backscattering signal. To describe the working performance of the
 

Table 1.   Technical parameters of the Mie–Rayleigh scattering lidar system.

Parameter Value

Laser

Laser wavelength 532 nm

Laser energy 300 mJ

Repetition rate 20 Hz

Pulse width 20 ns

Optical transmittance of the transmitting unit 70%

Telescope

Diameter 0.4 m

View angle of receiving field 0.5 mrad

Optical transmittance of receiving unit 70%

Detector

Narrow-band filter bandwidth 1.9 nm

Quantum efficiency 25%

Optical efficiency 10%

Vertical resolution 15 m

Dark count 500 count/s
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Figure 3.   (a) Backscattering signal simulation results of Rayleigh scattering lidar. (b) Simulation results of the signal-to-noise ratio.
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lidar  system  in  the  atmospheric  environment  more  realistically

and reasonably, we take into account the interference of the Mie

scattering  signal  and  simulate  the  signal-to-noise  ratio  of  the

system  again. Figure  5 shows  the  corresponding  signal-to-noise

ratio  simulation  results  in  the  Earth’s  atmospheric  mode  under

daytime  conditions  when  the  cumulative  time  is  10,  20,  and  30

min.

The  cumulative  time  is  determined  to  be  20  min,  that  is,  the

cumulative  number  of  pulses  is  24,000.  For  a  more  intuitive

comparative analysis,  we plot the signal-to-noise ratio simulation

curve  with  the  Mie  scattering  signal  as  noise  and  the  Rayleigh

scattering signal as the useful signal, and the signal-to-noise ratio

simulation curve with the Rayleigh scattering signal  as noise and

the Mie scattering signal as the useful signal in the same coordinate

image, as shown in Figure 5.

In Figure 5, when the Mie backscattering signal is used as a useful

signal  in  the  vertical  height  range  below  30  km,  the  signal-to-

noise ratio is obviously better, so it is more reasonable and suitable

to  use  the  Mie  backscattering  signal  to  invert  the  wind  field  or

other atmospheric characteristics in this height range. In a specific

altitude  range  above  30  km,  the  signal-to-noise  ratio  is  better

when the Rayleigh backscattering signal is used as a useful signal.

In  the  Earth’s  atmospheric  mode,  this  conclusion  obtained  from

the  simulation  results  is  also  highly  consistent  with  the  actual

application  (Rees  et  al.,  1996; Zhang  JY  et  al.,  2008).  This  result

fully demonstrates the feasibility and rationality of the simulation. 

3.4  Revised Model of the Martian Atmosphere
Approximately 95% of  the gas composition in the Martian atmo-
sphere  is  CO2 (Niles  et  al.,  2010),  so  calculation  of  the  Rayleigh
scattering  differential  backscatter  cross-section  and  backscatter
coefficient  is  directly  based  on  the  molecular  correlation  charac-
teristics  of  CO2 gas  when  simulating  the  operation  of  the  lidar
system  on  Mars.  It  can  be  deduced  from  the  relevant  theoretical
knowledge  that  when  the  wavelength  of  the  incident  light  is  in
nanometers, the differential backscattering cross-section value of
CO2 molecules is approximately 1.17 × 10−30 m2/sr (Ityaksov et al.,
2008).  In  addition,  the  backscattering  coefficient  of  atmospheric
molecules on Mars within the vertical  distance range of 0–40 km
in a clean atmospheric environment and with a large distribution
of  aerosols  is  obtained  by  simulation,  as  shown  in Figure  6.  It  is
obvious from Figure 6 that the content and distribution of Martian
atmospheric molecules are relatively stable, although the content
of aerosols is obviously different.

For the characteristics of aerosols in the Martian atmosphere, rele-
vant  detection  data  are  currently  lacking.  Considering  that  the
content  and  distribution  of  aerosols  on  Mars  are  relatively  vari-
able,  to  improve  the  universality  and  authenticity  of  the  simula-
tion, a clean atmosphere and the occurrence of global dust storms
on Mars are selected,  respectively.  In the case of the clean atmo-
sphere,  the  content  and  distribution  of  aerosols  in  the  Martian
atmosphere are replaced by aerosol-related data in the U.S. Stan-
dard  Atmosphere  model.  The  content  and  distribution  status  of
aerosols in the case of global dust storms on Mars are replaced by
aerosol-related data over the desert during the occurrence of dust
storms  on  Earth,  which  can  be  used  to  reasonably  describe  the
characteristics of aerosols in the Martian atmosphere.

From June 14 to June 19, 2020, a dust storm of exceptional magni-
tude  occurred  over  the  Sahara  Desert,  which  had  the  largest
aerosol  optical  thickness  since  June  2002  (Asutosh  et  al.,  2022).
The  CALIOP  (Cloud-Aerosol  Lidar  with  Orthogonal  Polarization)
instrument aboard the CALIPSO (Cloud-Aerosol Lidar and Infrared
Pathfinder  Satellite  Observation; Winker  et  al.,  2003)  satellite
detected the relevant data.

The  CALIPSO  satellite  data  are  divided  into  three  levels  (Level  0,
Level 1, and Level 2) that contain different types of data (Vaughan
et al., 2004). The aerosol profile data in Level 2 of the corresponding
CALIPSO satellite over the Sahara Desert for the time period from
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Figure 4.   Comparison between simulation results and measured

results of the Rayleigh backscattering signal.
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Comparison of signal-to-noise ratio simulation curves under different signal conditions.
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June  14  to  June  19,  2020,  were  obtained  from  the  NASA  official
website. A total of 33 data files corresponded to the relevant data
detected  by  the  satellite  over  the  Sahara  Desert  on  33  passes
during that time period. One extinction coefficient profile had 399
data points in the vertical distance of 0–20 km, but the distribution
of data in the vertical  direction was not uniform. We found, after
reading the data, that the aerosol extinction coefficient data were
concentrated  in  only  a  small  altitude  range  and  that  no  valid
aerosol data were available in most of the vertical space. Note that
the  vertical  coordinates  in  the  figures  indicate  only  points  at
different altitudes and do not have actual  physical  units,  and the
horizontal  coordinates  indicate  only  different  positions  on  the
satellite trajectory and do not have actual physical meaning.

Obviously, it is not reasonable to use the aerosol extinction coeffi-
cient  profiles  obtained  from  the  inversion  of  CALIPSO  remote
sensing  data  directly,  without  any  processing. Figure  7 shows  a
flowchart  for  processing  the  CALIPSO  satellite  remote  sensing
data  that  meets  the  qualification  conditions  and  can  be  used
directly  as  a  substitute  for  aerosol  characterization  data  in  the
Martian atmosphere in the case of a global dust storm. Considering

the  high  aerosol  content  in  the  Martian  atmosphere,  first,  to

compare  the  33  groups  of  acquired  data,  we  select  the  specific

data corresponding to a section of  the flight track with relatively

large aerosol extinction coefficients. Second, we perform averaging

in  the  dimension  of  the  position  to  minimize  the  interference  of

some extreme value points. We then select the continuous effec-

tive value part of the extinction coefficient profile. This part of the

effective  value  is  then  interpolated  to  be  considered  the  aerosol

extinction coefficient data for the range of vertical distances from

0 to 40 km over Mars, which can be used to substitute for modeling

the lacking aerosol portion of the Martian atmospheric mode.
 

4.  Analysis of the Simulation Results
After  establishing  a  complete  model  of  the  Martian  atmosphere,

the operating performance of the Rayleigh scattering lidar in the

Martian atmospheric environment can be simulated according to

the simulation steps in the Earth’s atmospheric mode. Considering

that the content, distribution, and other characteristics of aerosols

in  the  Martian  atmosphere  change  drastically  with  time  and

climate,  two conditions,  a  low and a high aerosol  content,  repre-

senting a relatively clean atmosphere and a global dust storm, are

selected  for  simulation  from  the  corresponding  data  on  12

Martian months. The parameters of the lidar system, accumulation

time,  and other parameters are chosen to be consistent with the

simulation in the Earth’s atmospheric mode.
 

4.1  Situations with a Low Aerosol Content
The aerosol  content of  the clean Martian atmosphere is  replaced

by  the  correlation  of  aerosols  in  the  U.S.  Standard  Atmosphere

model.  The  specific  simulated  Rayleigh  scattering  lidar  backscat-

tering photon counts and signal-to-noise ratios for the system at

night are shown in Figures 8a and 8b.
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Figure 7.   Schematic diagram of the partial data processing flow for aerosols during dust storms.
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4.2  Situations with a High Aerosol Content
In  the case of  a  high aerosol  content in the Martian atmosphere,

the  aerosol-related  characterization  data  are  replaced  by  the

processed  data  over  the  Sahara  Desert  described  above.  The

simulated Rayleigh scattering lidar return photon counts and the

signal-to-noise  ratio  of  the  system  at  night  are  shown  in Figures

8c and 8d.

After  verifying  the  correctness  of  the  simulation  results  in  the
Earth’s atmospheric mode, we can also adopt the same idea in the
Martian  atmospheric  mode  to  determine  the  altitude  range  in
which it is more suitable and appropriate to use the Mie backscat-
tering signals and Rayleigh backscattering signals, respectively, to
invert  the wind field of  the lidar system operating in the Martian
atmospheric  environment.  The  following  two  scenarios  are  still
typical of the Mars atmospheric mode during global dust storms,
that is, the clean atmospheric and aerosol-heavy scenarios. 

4.3  Situations with a Low Aerosol Content
In  the  relatively  clean  atmospheric  conditions  on  Mars,  we  first

simulate  the  Mie  backscattering  signals  received  by  the  lidar

system separately. We then carry out the corresponding signal-to-

noise  ratio  simulations  by  treating  the  Rayleigh  backscattering

signals  as  useful  signals  and  the  Mie  scattering  signals  as  noise

and  by  treating  the  Mie  backscattering  signals  as  useful  signals

and the Rayleigh scattering signals as noise.

Figures  9a and 9b show  the  simulation  results  of  the  signal-to-

noise  ratio  with  the  Rayleigh  backscattering  signal  as  the  useful

signal and with the Mie backscattering signal as the useful signal,

respectively,  within  different  accumulation  times.  With  a  fixed

accumulation time of 20 min, the above-mentioned two signal-to-

noise  ratio  simulation  results  are  plotted  in  the  same  coordinate

image, as shown in Figure 9c.

From Figure  9,  in  the  altitude  range  of  0–33.5  km,  the  signal-to-

noise  ratio  of  the  Mie  backscattering  signal  as  the  useful  signal

can clearly be seen as advantageous. In the altitude range of more

than 33.5 km, the signal-to-noise ratio of the Rayleigh backscatter-

ing  signal  as  the  useful  signal  can  be  seen  as  advantageous.

Therefore,  in  the  case  of  a  relatively  clean  atmosphere  in  the

Martian atmospheric environment, when the lidar system is used

to detect atmospheric characteristics such as wind fields, the Mie

backscattering  signal  is  selected  within  the  vertical  distance  and

height  range  of  0–33.5  km  for  inversion  of  the  corresponding

characteristics, and the information on the Rayleigh backscattering

signal  is  selected  within  the  height  range  of  more  than  33.5  km.

This  detection  program  is  more  reasonable,  and  the  detection

effect will be better. Thus, we can realize the continuous detection

of  Martian atmospheric  properties  and the inversion of  tempera-

ture  and  wind  fields  from  the  surface  to  the  middle  and  upper

layers in the cleaner atmospheric environment of Mars. 

4.4  Situations with a High Aerosol Content
In the case of a large aerosol content, the corresponding signal-to-
noise  ratio  simulation  calculations  are  carried  out  with  the  Mie
scattering signal as the useful signal and with the Rayleigh scatter-
ing  signal  as  the  useful  signal,  respectively,  according  to  similar
analytical  ideas.  When  the  accumulation  time  is  fixed  at  20  min,
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Figure 8.   Simulation results. (a) Rayleigh backscattering signal in the Martian atmospheric mode (clean atmosphere). (b) Signal-to-noise ratio in

the Martian atmospheric mode (clean atmosphere). (c) Rayleigh backscattering signal in the Martian atmospheric mode (a global dust storm).

(d) Signal-to-noise ratio in the Martian atmospheric mode (a global dust storm).
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Figure 9.   Simulation results of the signal-to-noise ratio for the clean atmosphere case of the Martian atmospheric mode. (a) Rayleigh

backscattering signal as the useful signal. (b) Mie backscattering signal as the useful signal. (c) Comparison of different types of signal-to-noise

ratio simulations.
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Figure 10.   Simulation results of the signal-to-noise ratio in the case of a global dust storm in the Martian atmospheric mode. (a) Rayleigh

backscattering signal as the useful signal. (b) Mie backscattering signal as the useful signal. (c) Comparison of the different types of signal-to-noise

ratio simulations.
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the  signal-to-noise  ratio  curves  of  the  two  are  neutralized  to  the

same coordinate image,  which is  convenient for comparison and

analysis.

Figure 10 shows the simulation results of the signal-to-noise ratio

with  the  Rayleigh  backscattering  signal  as  the  useful  signal  and

the  simulation  results  of  the  signal-to-noise  ratio  with  the  Mie

scattering signal as the useful signal within different accumulation

times. The fixed accumulation time is 20 min, and the comparison

result of the two is shown in Figure 10c.

The  atmosphere  on  Mars  during  global  dust  storms  is  extremely

harsh,  with  an  extremely  wide  range  of  aerosols  and  extremely

high  aerosol  concentrations.  At  this  time,  the  intensity  of  the

signal  returned  by  the  Mie  scattering  interaction  between  the

laser and the aerosol particles will be much greater than the inten-

sity  of  the  Rayleigh  backscattering  signal.  The  three  images  in

Figures  10a–10c also  clearly  reflect  this,  so  in  this  case,  the  Mie

scattering  signal  in  the  range  of  0–40  km  is  theoretically  more

suitable  for  the  inversion  of  relevant  atmospheric  information.

However,  in  practical  applications,  the  effectiveness  of  the  Mie

backscattering  signal  in  such  extremely  harsh  conditions  is  also

worth investigating.

To  simulate  an  atmospheric  environment  in  which  the  aerosol

content  on  Mars  is  between  the  two  extremes  of  a  clean  atmo-

sphere and a global dust storm, the aerosol content and distribu-

tion data used in a clean atmosphere are “multiply” processed to

replace  them  accordingly.  According  to  the  same  simulation

process,  we simulate the working state of  the Mie–Rayleigh scat-

tering lidar system under various aerosol contents in the Martian

atmospheric  environment.  The  simulation  results  are  analyzed

theoretically according to the above-mentioned analytic process,

and  the  specific  analytic  process  will  not  be  repeated  here.  The

theoretical boundary height value of the lidar system is obtained

under  different “multiple” processing  steps.  As  shown  in Figure

11,  the image of  the theoretical  demarcation height  value of  the

preferred Mie scattering signal or the Rayleigh scattering signal of

the lidar system changes with different processing multiples, that

is,  a  change  in  the  boundary  height  value  corresponds  to  the

different aerosol contents in the Martian atmosphere.

This curve describes the optimal detection altitude range for Mie

scattering  and  Rayleigh  scattering  in  the  Martian  atmosphere

under different aerosol contents. These results will  directly deter-
mine which channel signals are selected at different heights in the
data  processing  section  under  different  atmospheric  conditions
on Mars. Moreover, these results will help us select the bandwidth
parameters  of  the filter  and set  the height at  which the different
detectors  begin  to  collect  data.  In  detail,  the  signal  acquisition
part  of  the  Mie–Rayleigh  scattering  lidar  is  usually  divided  into
two  channels.  Photon  detectors  are  usually  used  to  collect
Rayleigh scattering signals, and photomultiplier tubes are used to
collect  Mie  scattering  signals.  However,  to  prevent  the  influence
of the backscattering signal  reflected by low-altitude aerosols on
the Rayleigh scattering signal and to avoid detector saturation, it
is necessary to set the height at which the photon detector begins
collecting data. The setting of this height value is directly related
to  the  optimal  detection  altitude  range  of  Mie  scattering  and
Rayleigh scattering. These are just a few examples of the applica-
tions  of  these  results  to  assist  in  the  parameter  design  of
Mie–Rayleigh  scattering  lidar.  This  curve  no  doubt  provides  a
theoretical  basis  for  the  subsequent  design  of  Mars  atmospheric
exploration using the Mie–Rayleigh scattering lidar system under
different aerosol contents. 

5.  Conclusions
Mie–Rayleigh scattering lidar is an important technique to detect
parameters  from  the  surface  to  the  middle  and  upper  atmo-
sphere,  but  Mie  scattering  and  Rayleigh  scattering  have  optimal
detection intervals in atmospheric detection. To realize continuous
detection,  the  interface  position  of  the  two  needs  to  be  opti-
mized. On the basis of the existing theory, this study first models
the  Mie–Rayleigh  scattering  lidar  system  for  Mars.  In  the  Earth’s
atmospheric  mode,  the  working  performance  of  the  system  is
analyzed  theoretically.  The  simulation  results  are  compared  with
the  measured  data  on  Rayleigh  lidar  from  the  University  of
Science  and  Technology  of  China,  and  the  conclusions  obtained
are  highly  consistent  with  practical  applications.  This  result  fully
demonstrates  the  rationality  of  the  simulation  design  scheme  of
our Mie–Rayleigh scattering lidar system and shows that simulation
has  great  reference  value  for  actual  design.  The  source  data  on
the  Mars  atmospheric  model  come  from  the  Mars  climate
database, and some assumptions and data processing are carried
out on this basis to improve the model. According to the theoretical
simulation  process  and  analytic  method  of  the  ground-based
Mie–Rayleigh  scattering  lidar  system,  the  working  state  of  the
Mie–Rayleigh  scattering  lidar  system  in  the  Martian  atmospheric
mode is simulated, and the simulation results are analyzed.

The  theoretical  conclusions  obtained  from  the  analysis  are  as
follows:

(1)  In  a  relatively  clean  Martian  atmospheric  environment,  when
the lidar system is used to detect atmospheric characteristics, the
Mie  backscattering  signal  is  preferred  in  the  altitude  range  of
0–33.5  km,  and the Rayleigh backscattering signal  is  preferred in
the altitude range above 33.5 km.

(2)  During  a  global  dust  storm  on  Mars,  the  content  of  aerosol
particles  in  the  atmosphere  is  extremely  high,  the  distribution
range is extremely wide, and the signal intensity returned by the
laser  scattering  interaction  with  the  aerosol  particles  is  much
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Figure 11.   Change curve of the theoretical demarcation height value

with different treatment multiples.
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greater  than  the  intensity  of  the  Rayleigh  backscattering  signal.
Theoretically, in this case, the Mie scattering signal would be more
suitable  for  the  inversion  of  relevant  atmospheric  information.
However,  the  feasibility  of  detecting  the  atmosphere  by  visible
light in such extreme conditions is still a topic of debate.

The  theoretical  conclusions  obtained  by  our  analysis  provide  a
reference for the subsequent practical design and development of
lidar  systems  for  the  Martian  atmospheric  environment.  At  the
same time, Mars is a typical terrestrial  planet,  and the work done
in this project also provides a direction for thinking and a reason-
able reference for the atmospheric exploration of other terrestrial
planets in the future. 
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