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Abstract  An optical flow calculation method is proposed based on median absolute deviation (MAD) to estimate the
refractive index structure constant of near-surface atmospheric turbulence, namely, C;. Specifically, this paper captures
the jitter information of adjacent target images with multiple frames shot by a telescopic system through optical flow
calculation and obtains the mean value of the angle-of-arrival fluctuation variance on the transmission path, so as to
estimate the refractive index structure constant of near-surface atmospheric turbulence. Subsequently, a 6-day observation
experiment is carried out in Hefei, and the mean value of C; estimated by the model is comprehensively compared with the
results measured by a micro-temperature sensor on the observation path. As a result, in terms of estimated and measured
values, the mean deviation (BIAS), root-mean-square error (RMSE), and correlation coefficients are —0. 0202, 0. 2391,
and 0. 8230, respectively. Therefore, it is fully proved that the proposed method can effectively estimate the refractive
index structure constant of near-surface atmospheric turbulence and provide reference for the inversion of atmospheric
turbulence parameters based on images.
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Fig. 1 Sparse optical flow calculation to track the position of the same pixel point at different times
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Table 1 Data collection records of near-surface experiments in

Hefei
No. Date St g dtime  00tns
time distance /m
1= Mar. 5, 2022 09:11 18:10 ~1000
2% Mar. 6, 2022 08:25 18:00 ~1000
3= Mar. 7, 2022 09:16 18:15 ~1000
4= Mar. 8, 2022 09:05 18:15 ~1000
58 Mar. 27, 2022 09:30 18:20 ~1000
6% Mar. 28, 2022 07:55 18:24 ~1000
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Fig. 7 Cassegrain optical telescope system
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Table 2 Optical parameters of Cassegrain telescope system

Parameter Value
Apeture D /mm 304
Focal length f/mm 2432
Object distance L /m 1000
Pixel size p /pm 4.78
Exposure time z /ms 10
Wavelength A /nm 550
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Fig. 8 Micro-thermometer measurement system. (a) Micro-thermometer; (b) platinum wire probe
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Fig. 10 Comparison of estimated value and measured value of the instrument from the 6-day observation images. (a) Mar. 5, 2022;
(b) Mar. 6, 2022; (c) Mar. 7, 2022; (d) Mar. 8, 2022; (e) Mar. 27, 2022; (f) Mar. 28, 2022
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6-day. (a) Scatter plot; (b) histogram and kernel density plot
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estimated: —15.53299; measured: —16.06987 (18:10, Mar. 30, 2022)

estimated: —14.18329; measured: —13.41929 (09:46, Mar. 3, 2022)

U
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1584 (17:40, Mar. 3, 2022)
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Fig. 12 Estimated and measured values of observation images in three different states. (a) In low brightness state; (b) in blurred state;

(c) in the normal state

5 4 1w

A —F T MAD B2 L-K & Ot &
DR i e D0 B LN 1D NG W TR G i N T Bk
%, BT E A T MAD [ & W 50 B B R .
X T4 7 % I A B 5 SR 5 T ik sh (S T AT A A
XFEG A5 R ARS8 AR B B R S S H
T B 05T RIS ok I 1 RSO 2 i T 5 B0 Ak B i S T
AT, IF ELAS 0 Ak B3 45 SR 5 S e 2L A e B3 B e
A SEAE 5 BT L 52 56 T 7 A9 R R B AU — Bk
P RS, T ik AR T . H
S, FR TR S 56 o SR ) 2 T DO i B AR AL, PR i B
A B8RS T T 2 B s B A RR T B L B 4 48 1
Ko FERDFRECHE 1 A5 v, bl 1 o3 A 0 245 5 mT 0, 4
PG BB B 5 2 3 T BB Y i 1T B A T 1Y) T L 5 )
P2, 3 32 202 N R 40 45 H bR B8 A /K T BRI, AN T
TG HL 2> PR K TR, AT R A 4R AR 0 A B R[]
i, Fr G FE A 55 A R e Ak R AR AR A 3t 2 X
b R S R R R = N e R =38

PRk B 2238 A 25 A AR AL SR Al 3 S 0 14 30T
T A S i AR A $ (] s 2 43 BT A O A0 S TR 2R X
A TR B By 5

2 £ x #t

[1] Chen E L, Haik O, Yitzhaky Y. Detecting and tracking

objects in long-distance imaging through
turbulent medium[J]. Applied Optics, 2014, 53(6): 1181-
1190.

(21 MIOGHL, W, XBARAE S RS I R S0 T B2
LS AR JEE B2 R (). Db 274, 2013, 33(1): 0101002.
Liu G Q, Yang L, Deng L H, et al. Influence of

moving

atmospheric turbulence on the accuracy of astronomical

telescope auto-Guiding system[J]. Acta Optica Sinica,

(3]

[10]

2401006-9

2013, 33(1): 0101002.

e . OGTE I i R P AL R (M. A BB
A iR, 2005.

Rao R Z. Light propagation in the turbulent atmosphere
[M]. Hefei: Anhui Science &. Technology Publishing
House, 2005.

Ly, R Ry, A TR SPGD HE A IR
ik 6 I BT AR AL TE [T]. 6o 4, 2021, 41(6): 0601001,
Ma S J, Hao S Q, Zhao Q S. Wavefront distortion
correction of vortex beam based on improved SPGD
algorithm[J]. Acta Optica Sinica, 2021, 41(6): 0601001.
Sarazin M, Roddier F. The ESO differential image
motion monitor[J]. Astronomy and Astrophysics, 1990,
227: 294-300.

Whiteley M R, Washburn D C, Wright L A. Differential-
tlt  technique for saturation-resistant profiling of
atmospheric turbulence[J]. Proceedings of SPIE, 2002,
4494: 221-232.

Coburn D, Garnier D, Dainty J C.
SCIDAR system for profiling atmospheric turbulence[J].
Proceedings of SPIE, 2005, 5981: 105-114.

R, R, B, S REOLE R R S
BRG] e, 2020, 40(6): 0601002.

Han Y J, Wu X Q, Luo T, et al. Optical turbulence

measurement over

A single star

Lhasa wusing a meteorological
radiosonde and model analysis[J]. Acta Optica Sinica,
2020, 40(6): 0601002.

BRORAR AR, BRANK , AF BT In) £E 4 2 T 2 A
HERAOEFE I WL ] ot 5ot 7AE kR, 2021,
58(21): 2101001.

Bi C C, Qing C, Qian X M, et al. Estimation of
atmospheric optical turbulence profile based on back
propagation neural network[J]. Laser & Optoelectronics
Progress, 2021, 58(21): 2101001.

Bose-Pillai S R, McCrae J E, Rice C A, et al
Estimation of atmospheric turbulence using differential



% 42% F 24 H1/2022 F£ 12 B/RFFR

[16]

[17]

[19]

[20]

motion of extended features in time-lapse imagery[J].
Optical Engineering, 2018, 57(10): 104108.
McCrae J E, Bose-Pillai S R, Fiorino S T. Estimation of

turbulence  from  time-lapse  imagery[J].  Optical
Engineering, 2017, 56(7): 071504.

Webb A J, Roggemann M C, Whiteley M R.
Atmospheric  turbulence  characterization  through
multiframe  blind deconvolution[J]. Applied Optics,

2021, 60(17): 5031-5036.

Vernin J, Munoz-Tunon C. Measuring astronomical
seeing: the DA/IAC DIMMIJ]. Publications of the
Astronomical Society of the Pacific, 1995, 107: 265-272.
Kornilov V, Tokovinin A, Shatsky N, et al. Combined
MASS-DIMM instruments for atmospheric turbulence
studies[J]. Monthly Notices of the Royal Astronomical
Society, 2007, 382(3): 1268-1278.

PR RE , R, S0, 45 . R R A K R 3R
Wi i 8 5 K H AR R B [T]. Dt 27 4l 2022, 42(9):
0901002.

Qiu C X, Hou Z H, Jing X, et al. Turbulence models
and daily variations obtained by bidirectional atmospheric
coherent length measurements[J]. Acta Optica Sinica,
2022, 42(9): 0901002.

Prentice W C H, Gibson J J. The perception of the visual
world[J]. The American Journal of Psychology, 1951, 64
(4): 622-625.

Reichardt W, Poggio T. Visual control of orientation
behaviour in the fly. Part 1. A quantitative analysis[J].
Quarterly Reviews of Biophysics, 1976, 9(3): 311-375,
428-438.

Lucas B, Kanade T. An iterative image registration
technique with an application to stereo vision[C]//
Proceedings of the 7th International Joint Conference on
Artificial Intelligence, August 24-28, 1981, Vancouver,
BC, Canada. 1981:
674-679.

XIBE ARIGR UG RS YL AR T P 0 O6 R A% a3 3k AR R
PRI RS [T]. 2 Wl 7 HoR 2011, 8(4): 9-12.

Liu P, Li X F. The calculation and experiment of angle-

Manhattan: William Kaufmann,

of-arrival fluctuation of laser beam transmission in the
channel of atmospheric turbulence[J]. Space Electronic
Technology, 2011, 8(4): 9-12.

RPE N, X2, 55 A A R AR TR RO
YT R A R R B bR [T, o 2k 2R, 2015(s1):
s101003.

[21]

[22]

[24]

(27]

[29]

2401006-10

Song LJ, NiX L, LiuY, etal. Comparison of refractive

index structure constant deduced from angle of arrival
fluctuation and scintillation effects[J]. Acta Optica Sinica,
2015(s1): s101003.

Rousseeuw P J, Croux C. Alternatives to the Median
absolute deviation[J]. Journal of the American Statistical
Association, 1993, 88(424): 1273-1283.

Leys C, Ley C, Klein O, et al. Detecting outliers: do not
use standard deviation around the mean, use absolute
deviation around the median[J]. Journal of Experimental
Social Psychology, 2013, 49(4): 764-766.

Liu X, Deng J H, Li K F, et al. Optical telescope with
Cassegrain metasurfaces[J]. Nanophotonics, 2020, 9(10):
3263-3269.

Kolmogorov A N. The local structure of turbulence in
incompressible viscous fluid for very large Reynolds
numbers[J]. Proceedings of the Royal Society of L.ondon
Series A, 1991, 434(1890): 9-13.

P B JR B0 K i AL R ST U I A% R e (ML TR
PE bt BhaE ik, 1978.

Tarapckuit B M1. Wave propagation in a turbulent medium
[M]. Wen J S, Transl. Beijing: Science Press, 1978.

Wu X Q, Tian Q G, Jiang P, et al. A new method of
measuring optical turbulence of atmospheric surface layer
at Antarctic Taishan Station with ultrasonic anemometer
[J]. Advances in Polar Science, 2015, 26(4): 305-310.
Qing C, Wu X Q, Li X B, et al. Use of weather research
and forecasting model outputs to obtain near-surface
refractive index structure constant over the ocean[J].
Optics Express, 2016, 24(12): 13303-13315.

Qing C, Wu X Q, Li X B, et al. Mesoscale optical
turbulence simulations above Tibetan Plateau: first
attempt[J]. Optics Express, 2020, 28(4): 4571-4586.

Han Y J, Wu X Q, Luo T, et al. New C? statistical
model based on first radiosonde turbulence observation
over Lhasa[J]. Journal of the Optical Society of America
A, 2020, 37(6): 995-1001.

Masciadri E, Lascaux F, Fini L. MOSE: operational
forecast of the optical turbulence and atmospheric
parameters at European Southern Observatory ground-
based sites-I. Overview and vertical stratification of
atmospheric parameters at 0-20 km[J]. Monthly Notices
of the Royal Astronomical Society, 2013, 436(3): 1968-
1985.



	1　引        言
	2　研究方法
	2.1　光流计算原理
	2.2　MAD剔除离群值
	2.3　基于MAD光流计算的执行过程

	3　实验数据采集
	3.1　实验环境概况
	3.2　实验设备简介

	3.2.1　卡塞格林望远镜系统
	3.2.2　温度脉动仪
	4　实验结果与分析
	4.1　实验结果评价指标
	4.2　实验结果
	4.3　客观评价指标分析
	4.4　模型估计精度的影响因素

	5　结        论

