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Table 1 Performance of ground-based LiDAR for atmospheric turbulence detection™ "

Type Pulse energy Resolution (temporal; spatial) Detection range Scan range (azimuth; pitch)
) Ar=0.33-10 min;
: [26] No s < o
DIM LiDAR 300 mJ@355 nm AQh—0.25-1 km <10 km
DIM 300 mJ@1064 nm, Ar<1ls; Ah=7.5m (@1064 nm). =6 km @1064 nm, A 0°-360°:
LibAR PIM LiDAR™ 260 mJ@532 nm, Az=20s; Ah=0.1-1km (@532 nm). =6 km @532 nm, P —30°-120°
! 110 pJ@1550 nm A1 s; AA<30m (@1550 nm) =3 km @1550 nm ’
DIM LiDAR™ 260 mJ@532 nm ARZ=0.75m =10 km Alj Oojf’ggﬁ
DCIM LiDAR™" 180 mJ@532 nm At=4 min; Ah=2-250 m 1.3-14 km -
DW LiDAR™ 500 mJ@532 nm Ah=10m =10 km
RTS LiDAR™"  60-300 mJ@532 nm Ah=3 m =10 km -
Cross-path LIDAR"™ 532 nm Ar=1-2 min =15 km -
DWL- 130 pJ@1550 nm Ar=1s; Ah=30m <13.5 km A }? f’soo :

Atr: temporal resolution; Ah: spatial resolution; A: azimuth; P: pitch.
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RM: reflector mirror;

WML (WEAO) RGEMT i I J2= AU % 1 RS
R ZAZ O B — 31X 26 X 37 B e 08 4 6 8 T2
B 110 S92 N o 4R A3 OC B ) RIS R A K DA T S B
Je R GRCEAE BE ISR TE . R, b R B X T fE
T BRI B4R Bl , A 1) KU R 2 5 B0 BEE AL G 5
I, B R e AR T A R AR T T O
MR, AO RGLIS AT 96 5 Ms SR M SC R, B T X
3 2 K B AR, TR AR AR e as A 5, S 48 o i
HEE SRR AT SRS 9 A AO FR G X AL Y
MERE ST . 2 2B MO H B M DWL 230 &
I8 BE A% 38 i S I MR I R UK a2 Bl OF 4 Bk i i s o)
PR (0.9 m/0.5 s I =4k KIG B, AO R %5
A KU R e

U(h): wind speed profile;
D(h): wind direction profile;

C2(h): atmospheric turbulence profile

BE: beam expander;
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Fig. 11 Cooperation mechanism of star oriented MCAO and scanning multi-wavelength ground-based LiDAR
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Table 2 Advantages and disadvantages of typical ground-based LiDAR for atmospheric turbulence detection

Ground-based LiDAR

Advantages

Disadvantages

Cross-path LIDAR

DIM LiDAR . .
artifact interference

Vibration-insensitive ; resistant to defocus and

Concise design; high temporal resolution;

DCIM LiDAR

synchronous multi-altitude turbulence profiling;

robust operation across turbulence regimes

Focal shift elimination via collimated emission;

DW LiDAR enhanced spatial resolution; DIM LiDAR
technology integration
Intuitive detection; simple structure; low
RTS LiDAR complexity; stronger backscattering boosting

echo signal

DWL

High spatiotemporal resolution; robustness
against scintillation saturation effects

Structurally simple; cost-effective; multi-

parameter detection; multi-mode scanning

Poor temporal resolution; susceptible to ground clutter;
insufficient spatial resolution

CCD tlt sensitivity affecting data integrity ; FOV-bound
detection range; lower-altitude turbulence blind spots;
attenuated spatial resolution at upper layers

Accuracy variance above 6 km; vertical fixed-path
detection; pending field validation

Scintillation index accuracy depending on saturation,
aperture averaging, double-pass propagation, vibration,
and near-surface turbulence

Spatial resolution depending on subaperture size and dual-
laser guide star spacing; skewed turbulence profile
distribution

VAD-retrieved e facing CNR/sampling volume limits;
wind and aerosol effects skewing spectral width; C; (h)
needing weather data; weather/rain impacts
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Abstract

Significance During atmospheric transmission, laser beams are affected by turbulent disturbances, leading to complex optical
turbulence effects, such as intensity scintillation, angle-of-arrival fluctuations, coherence degradation, beam wander, and beam
expansion. These effects significantly impair the performance of adaptive optics (AO) systems, free-space laser communication,
meteorological detection, and other applications. The refractive index structure constant, a key parameter for quantifying optical
turbulence, fundamentally determines the vertical morphology of atmospheric turbulence profiles. While traditional methods,
including microthermal radiosondes and microwave radar, are plagued by constraints such as poor spatiotemporal resolution and
limited detection range. Passive detection using natural guide stars faces limitations due to low sky coverage and anisoplanatism errors.
Ground-based LiDAR, characterized by its robust anti-interference capability, multi-parameter collaborative detection, and high
spatiotemporal resolution, has emerged as a pivotal technology for atmospheric turbulence profile measurement. This paper provides a
comprehensive review of the research progress in ground-based LiDAR for atmospheric turbulence detection, with a focused analysis
of its core principles and the advantages and disadvantages of various technologies. Additionally, within the framework of cross-
disciplinary applications, this study explores both the potential and the challenges associated with integrating ground-based LiDAR
and adaptive optical correction techniques. Finally, this paper outlines future directions for ground-based LiDAR in atmospheric

turbulence profile detection.

Progress This paper comprehensively reviews six major ground-based LiDAR technologies, detailing their technical principles,
development status, performance metrics, and respective advantages and limitations: differential image motion (DIM) LiDAR, which
retrieves atmospheric coherence length and turbulence intensity via dual-aperture image motion variance based on the differential
image motion monitor (DIMM) principle; differential column image motion (DCIM) LiDAR, which utilizes tilted focal plane imaging
technology to achieve synchronous multi-altitude turbulence measurements; differential wavefront (DW) LiDAR, which employs dual-
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channel wavefront jitter variance to invert atmospheric turbulence parameters; residence turbulence scintillation (RTS) LiDAR, which
derives turbulence intensity by measuring the scintillation index of echo signals; cross-path LiDAR, which reconstructs turbulence
profiles through cross-correlation analysis of dual-laser guide star wavefront slopes; and Doppler wind LiDAR (DWL), which
estimates turbulence kinetic energy dissipation rate and atmospheric turbulence profiles based on parameters such as wind shear and
spectral width. Finally, the prospects and current limitations of integrating adaptive optics systems with ground-based LiDAR

technologies are discussed.

Conclusions This study offers a comprehensive overview of the technical principles, strengths, limitations, and evolving trends of
mainstream ground-based LiDAR systems used for atmospheric turbulence profiling. The application potential of such LiDAR
systems in conjunction with adaptive optics is examined from two key aspects: atmospheric turbulence profiling and wind profiling.
Furthermore, the study addresses several persistent challenges in the integrated use of ground-based LiDAR and AO systems,
including inconsistencies in data benchmarks, mismatches in system bandwidth, and focus anisoplanatism errors. In the long term,
ground-based LiDAR for atmospheric turbulence detection is undergoing transformative progress, enabled by intelligent system
architectures that support multi-band collaboration, multi-parameter coupling, multi-functional integration, and arbitrary scanning.
These innovations are paving the way for a new generation of systems that achieve breakthroughs in low power consumption, cost-
effectiveness, miniaturization, ease of operation, and high-precision detection. Moreover, through deep integration with adaptive
optics, artificial intelligence, cloud computing, and collaborative observation technologies, these systems are helping to build an
integrated space-air-ground network. By incorporating satellite remote sensing, reanalysis data, and ground-based observations, the
network significantly improves turbulence prediction accuracy. This, in turn, offers reliable decision-making support for applications

such as weather forecasting, aviation safety, and astronomical observation, while also enabling new application scenarios.
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