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Abstract This work improves and applies the adaptive particle swarm optimization algorithm to the study of
statistical model fitting of atmospheric turbulence profiles. First, an improved adaptive particle swarm optimization
algorithm is proposed to improve the speed of particle swarm optimization and avoid falling into the local optimum.
The distance between the current particle and the global optimal position is used to adjust the inertia weight
coefficient and make nonlinear adaptive changes. The self-learning and social learning factors are based on the
concept of symmetrical linear change to realize the adaptive change of the optimization focus in each stage. Second,
the improved adaptive particle swarm optimization algorithm is introduced to solve the generalized Hufnagel-Valley
turbulence model in Ali region, and the turbulence model profiles of morning, evening, and four seasons in the

region are fitted. The simulation results show that all the decision coefficients are greater than 0. 997, which agrees
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well with those of the statistical average profiles obtained by radiosonde. The proposed method has similar

convergence accuracy to other adaptive particle swarm optimization algorithms, but the speed is faster. This paper

introduces a new method for fitting Hufnagel-Valley turbulence profile models.

Key words atmospheric optics; atmospheric refractive index structure constant; turbulence profile model; improved

particle swarm optimization algorithm

1 5 F

PR I B R 5 1R AT B R AR B O R A0S
e B4 o KA I HL A BE AL AR A R
SEAZBOL(E S BEVLE R A R i A
T B[] A8 A6 55 25 (8] 43 A 1 R 2 AN B0 00 1, B 3 % 1
SR R ALAS AL G O A R TE T SEsRIN AR F
RAERAR GRS R L A — R B
AF S EOG A AL S e T R BRI T IR SO KR
JGIAE e IR R RGN HERE R

I SR FH AT S 8 45 0 R R O R SR AE AT I
C R S N i = (U T 7/ /Sl N W k= < R -
2R SR AR IR A T R R A 5 AR R A
MfE R A 2 Y (A e sE bR TR, IR s
IR Cr 70 DR 38 2 A B S 36 0L A4 C B vy
JE I 43 A GE 1 2 S 28l L AT I A UL
It itk — 25 X6 6 WAL iy HEAT 3

b I T 1 R R W S e S o
K R RS, Y 4 45 Satellite Laser
Communications (SLC) # """ | AFGL AMOS #
X5 — R IE BB, LA 45 Hulnagel-Valley
(HV) B NOAA B, Horp 25 i B2
T RCNE YT CHV B B A i b K8 AT
Dy AR A A B T . R IR 2R Rk
KA It e JBE 43 A Y B A RRAE , (HO6 T 5K 1l 2 A
RAFMT Crait PR sl E O A5
K2 BOSCHER [ 21 ] v i 3 5 3R 4540 3 $atl & 24 0
it 2 % A X P & S B AT S 5 G L AR BEE AN
15 R S OR B AL I AT BE JE R R (SPGD) B ik
IR T Cr &G WG B E L AL E
PSSRk R N T ) 32 3 25 R B s
H b eR EOR U SR A B BLYE 7 SR T 2 S
Wom T TAERE, Wik, 3R —FMIEF) L HV
A3 CF A G kAR b E

R Bk a8, A SO B & 2RI RN
B F BESL L BB C) 3 2R ge B 2 LA
FEH B TR R ARSI L 5 B
) A0 AT AT T ek . 7 BT M

XS ¥ 36 #4500 m PL B R o il R R H 2z R
BB S A a2 A X R R E
Ji e FE (Y LT Ml DX, RSP R AR B R
. HETE A 24 F AT 12 M X R A e i R 2k
HEAT T 00 g AR SC AT U HV i 3 AR X
Sk BBty R B ) R B B R S T B b X R
0 2 1) A 2B R EAT T LAY . SRR
W, 3% 07 3 v IR T P0G RS AR 0 SI EE E Y Ti]
R, ) FHZ 7 3 SR A A5 30 A BT L b 1X i 378 455 2 J5
2R MAIT M T 2 R S Y BE AR AT b 5 G O 2 L AR
e B —H

2 i L 2 R A N B e Al

AR SRR 235 it AL 2 S ik 7 T B 35 2016 4F
25 LI 5008 A B AR AR 1 A AR s B i
318 d, 4 H At 5T ] 07: 00, 19: 00 4% i Bk — Wk, %
3 B T 50 H0 ke 0, 4 A A ARCBE K 86. 90, B
iC S IS ) 23 38R Ok 1 s, i 0 86 4k B TR 10 BER K
100 m.

WA BRI AR LR PR JE T8 JE e Xk
F4) 15 43 R, R AT IR Ty RN XL A S SR AiE
T G A R O iRk

o\ X s |
Cr=1(Cr) 7|71 > (1)
< >"‘<>f>,[<5>”}
do
X—E’ (2)

ENCVANNEVAY
s/(dz)+(dz), (3)
A OFR RO, AR Cix TR, AN m;
2 LR C/my WAE SE AL R s 5V, Va0 5N
IR JRGH R e XU, B0 m /s 5 () Ay [ — i
Mgt .
E— BT A T ST R A R ROk
Cr = (80>< 1oﬁ><Pz) cz, (4)
T

v PO BALR hPas TR K CF 3 f Ry m ™7

0501002-2



3 hdtry HiE

3.1 NFBEHEZE

KT HEL AL (PSO) Bk 26 B AL &0 B 22 K
Kennedy #1 H R, T. 2 il Eberhart F 1995 4% &[] £
U AR T SR BTN R R LT
PR RE 1) B AL 42 Jm e Ak B33 | 3 2ok 4 AT Oy A
EMR B = A RS N A R A Rl (U B A R S I
F D0 A R SO0 e 11038 7 R 3 et A R AR IR
7B RN Rh R 4 Ry B A0 B, PRI 4 R B R A DA AR K
ML R S, PSO B B #2410 Lok, HH faf 5. 5
A1 WSS R PR A AR R 2 W RN R B A
Nz .

PSO 55 1 B A AR - B0 7E — > D 4 %5 )
oL H N AR A AR X = (), x,, 0, xy)  FE
iR FNE N e= (2,2, 2 HHEE R
LE’Jﬂiﬁ?uﬁi‘&ﬁﬁp—
(p,»l,p,»z,m,p,»p)l,ﬁﬁﬁﬁéﬁﬂiﬁiﬁfiﬁmﬁﬁpg—
(ParsDos s pen) "o BE XS SR AR e /M )L, 152 /()
T VTR BRI, DNDRE 5 MR AR 2 A R (RS AR E AT
Fp R p, 0 p, WO, T RE N

pi(k).f (s (1)) =1 (p, (2))
2y (k1) f (a0, (Bt 1) <1 (ps(8)
(5)

VR AR BTN

Vf:("Un»v;z ° Ui))

pi(kt+1)=

2a(8).f (ps (k1)) =1 (py(R)
pi(h1).f (03 (A1) <f (pu(®)

(6)
R SRR B = 1.2, Ny R
RS AN wE, BEj=1,2, ,Dsa,(k+1) %
TR T AR et 1 UK I A5 4 AN T A A 1
Do) P k)4 BIFE 7 e A R R I 565 £ T 19505 A
30t B T3 R B 4 R 9 5 4 it
o (e IS S 4 S R T 0 S A
LT BB OB T £ 1 AL T TR

pu(kt1)=

$595 E5H/2022 3 B/BAERETFRHRE

KA, (k) oy (B) 910, 1] Z 18] 53 A B4 BEAL AL 5 w0

RPEALE 0 o AT T N T, o, Wik & T 1
0, () 27 IEAR R U 55 0 AR (9 265 A 73 4 1)
JEH

NCT) AT, A AR B4 380 RE ey =30 73 2 A 265

— TR A AR TR 3, RAEAL T HAT GRS A B e
JEE A A5 25 R S ARy, AL A 1)
B Dy s doe A o7 B T A A B =R A 2
g3 RALKLT A [0 it 2 e e A BB B 5. 15
AR A9 7 5 SO 77 3R P 1 s

) group influence Py (k)

influence of self memory
1
X 2,0

impact of current speed

x;(k+1

P 1L o Ry X

3.2 MEHWBENKFEREE
PSO Fk 19 2 BB 52 W 5 1 1 fE A Ak %
s . TSRO A SR N BORL T RO
A ERE G TR R R 2R, X
BN RSB A2 JR e A o AR SO B A A R
w., {3 T o fdt 22 2 T e, BEAT A S
At = A2 MO e K B R 2 SR DR A B T 1)
HEARAR , BE A AR DRI JEE A ] It B2 e i S50 I
3.2.1 BUMARE weh Hit
TEPE A wo 3 B A R BE T R AR,
{H -5 530k i s 5 A 4 Jm) 1 R BB T RE TE , 5 JR R
EL N A S A TS (£ AR A AT R
FHEAE B A 1 J5 %, PR B ACE n] R Oy
W (£) = Won + (Wae = Wain) * (Boier = £) /P (9)
A w, ARG B RAEAE , w,,, MR E R
FRABR B B /NI PE AR 5 AR B R AR IREL ; w(&)

v, (k+ 1) =wo, (k) + crry () (py (B) — 2, (k) + S AR I R (.
c:r (&) (P (£) — 2, (R)), (7) 3 o AT A 2 R R L R T
x,(k+1) =z,(k) +v,(k+ 1), (8) &) B B B B % w HEAT B A5 P 8, ik W
'maxi Ymm ) k 7 ;nin k
i~ Ll O LBy <
w(k) = e S (10)

(uymdx
W max +

— wa) [/ (8) — fon (B)]

o (R) = 1.

(%) () < fue(B)

0501002-3



A2 fUR) F R LT T A 35 AL £ () S (/e)é:r\
SR 2R/ AT A R T 3E N BE S Y E R/ ME . 5
G u(/e%%#%iﬁr”ﬁ?fﬁmﬂﬁ“ﬁﬁm%é’u
KL 1) 385 0L BE 43 B W A DN R 2 5 P AL
HAE [ Wi .mlﬂﬁﬁtﬁtﬂil_ﬁTDﬁJ%A EE
A R T 58 B 4 Jm 1 R AR R R T RE 9 H I8 N FE
e, AU w,,=0.95,w,,=0. 4, KI5k W] Y
B Rl B R 1 4 s SR MR RE S A B B A T
3.2.2 FIARBF okt

¢ M1 ¢, 22 7 K 45 BL 1 HE [ p, F p A2 8 9 e
PR, (R 3 R RO 8 0 R T, — B e AR
T ARAE HAELO, 4] DX (] IR 22 {8 o A SCOR BUN

PREAEAS A AR AT BT, o F Y LA o A L 7
WA (8 A 2B Z (R AT Ze PR AR 4, ARy
Clostan = Co,end = Comia T AC, (11)
Cogart = Cloend = Cmia — OC, (12)
C1=Cram—F ((LW* Cl_end) / feay=Criat
Ac—2kAC/ Pras » (13)
szcz,mm-i-/e(czvcnd—fz‘mn) / P =
— At 2kAC/ Ry s (14)

FE s IO | W 31| b=t O TR K (I I 2 S [ T |
Corena T3 IR ¢, BT 465 (DR AAEL 5 A S il B R &2
B3 BBl R (0, ) o AR SCHL ¢,0=1. 875, Ac=0. 625,
W Bl AR KB kB3 o R 2.5 kM &
1.25,¢, Ml 1. 25 M m = 2.5, W1, e, >c, B0
11z Bl G m] TR A ), A R R e
R E I, o <lc, LT I35 Bl B 1] T AR B
RI7 1], Ja 48 R Ge )% AP 1 i

4 MFREBAEEEEAS KA n
5 TR

4.1 "X HVimintERX
Hufagel R #ig SC 5 % B T 2 M L& A
KN HENTZ RO SRR BN X
HV =, o & 74l 83w 5, #3650 h
Ci=a,h" exp(—h/bl) + a, exp(—h/bz) -+
a3exp(*/z//)3), (15)
AP h R L B km CF A R m 5 a, a0,
b1 b, b, F e ¥ R R G B, R IA U 34
A s 5 1 I FEAE X E 05 i i B R 2, @, 35 4 5 Tt

WIE B IREE , by A1 o 5K -G AT I 18 55 3 I 2 1Y = EE A
JEJE 5 2T FRAE A ZE s RS e, B0 LR

NN S

$£59% F58/2022 £ 3 A/HAERBFEHE

it UL 5 L, b, 71 100 )2 i 0 36k RS 5 2R 3 TR AR
FIFR R AR i T ARIR 2, 12 1) 8 T2 DR i WL o B
by 37N BE 2 R vy L 3B 08 R o SCHR [ 21 10T 58 &
B, 34> 73 il i P A AL BB S AN T 2 s
30
25

23 22 -21 20 -19 -18 -17 -16 -15
Logarithmic C,? /m™*
P2 i R a5 H s Hh 5 A Ui 2
Fig. 2 Curves of fitting formula for refractive index

structure constant

TEE 2 “part 17“part 2”“part 3”3 25 12 5 1 3
7N 343 T B e AR AR A OB AT 2 5 1 IUAE (e
J& 2. 5~30 km DX [A], B 5 5 BE RS I, €7 56 10 % m
WO 2X10° m Y, BRSO = 9X107 m
o5 2 TR AR 5 B 0~5. 1 ke X (0], B %5 5 B8 888 m , C2 4
H 6.5X10 " m 39 2 10 “ m 75 5 3T AE i
0~30 km X [8] , B 45 = FE 3G A0, €l 1. 210 " m ™
B E 3.3X10 " m 7,

1o 25 KU A 5 B AR 25 5 e 5 B 1Y) o 25 i
X 2 T A F AL T g R B KRS T R
T v, 5 XFALZ TR 200 hPa 1Y XGEE v, B AT 1R 4 (28
PEAR G, 1D

0,=0. 4 X vy o (16)
PR S KUY I 53 AT SR A, T 2 s A, KU i A
FEXFIRIZ AL, 5 as KUE o, i i B8 am , b Je XU
Wi v 3 U i AL R 5 o
4.2 MFHEENER|IHRRBEEITELXH
4 A AN A

PR DA R 5 = R U B Wl A R VA
Fon — A, 4w R T38 3 1 7 & X (8] P'CEp
A B0 (IR ) R R DX v, B 2 A BR Y
P HEAT 4 )Ry 48 2, 4R BRI S A0 B S BRR X
WA IEE . (15) XAy LG o B A BT b2 - 4k i
B R B ok R B 0L A 1 B A i g i T
LAH . LAGEIT 1 B 5 48 5 1006 18 19 5% 22 4 X {H
I S5 /IMELAE SRy 3 N7 2 o, B

( = min E‘

(x.n)]. (7

0501002-4



PSRN
x, €P'
v, Ev’
K C(h,) RRTER B b0 CLEE TV 1 B
{8/ (xy h,) 3R (15) ZBUH B G x, B2 Ay, B
XF IO AR 4EL G B, MR i JEE h, 1) S 2H B
g b AR SCHLA KA Ui 2 e 1A Y i A
W 3 s BB BT
1) B R N 25 [ 4 50 D 3 RE X JE] v AL
B X JE] PRt KRB AL ko W IR AL TP 25 KL
T x, AR JE v,
2) AR 1Y 3 N A .
3) W 25K Y& R S H 2 o Y SR

@>

Initialize the velocity and
position of each particle

.

Calculate the fitness «
value of each particle

}

Compare and update the historical
optimal position of particles and the
global optimal position of population

i

Update the w,c; and ¢;

.

Update the speed and
position of each particle

Meet end
conditions?

P 3 ik kLT R
Fig. 3 Flowchart of the improved PSO algorithm

(18)

$595 E5H/2022 3 B/BAERETFRHRE

p AT LS p A% (5) AT B8 .

4) ¥ 25 B0 00 18 N BEAE 5 AR T 28 0 1Y e
{8 p AT HLH ,p, 3% (6) AT B HT

5) M (10) 20, (13) 20N (14) K H T w . e, Ml
¢, FEARAE (7) 2N (8) 2 BB s BB R

6) H W & A Ik B Ak K AF k=4, 5 f(x) <
1077) o EPFE A WS 1R 38 2 6 25 251 5 R
ML 2) .
4.3 WEMRTM

Ry e A AR B LM DX C 28 e s X AL A RO
i FH 2 %2 2 80 R*(Coefficient of Determination ) 1
25 Egps X LG RBCR AT G2 b o Stk

R2:17 ]“711 - , (19)

Euns () = X () — X (h.). (20)

A X (R) B X Chy,) 50 AR 2 085 B A, 6 7 FG 48 25
JELAE C2 5304 CHE 3 X R 128 B R H 1 B AT
HI{E .
5 Jm LB AR S 0

SRy B8R A SCHE H A R Y [ 38 R R R U
B KA i T B 26 e A XA A Rk AR I STk [ 30]
HH AR A5 11 G BT L Ml X (0~30 km) C; 38 B 43 A7 1
G L I LU SCHV i R S SR
AR SCR R R i O TR B B (R = R ) AN ] 2
WOEVE B By T T R 2 T LA AR
38 2o X% 43 AT L b XA () U s 1) B2 Y C et
TR, R )T L HV ALETE TR 28 i 0~300 m
o B LA R A (DL A R U M T i TR P 2 R
R K, M M SR B b A A R
X6 3T b T )22 3 5 1) b ) RGEEE  E RT I R Y AR AE
S K, B 22 5 B0 WAL AR AR AR, Ul T
HV A A RO R . DR I 7 T b T R P 28 00 X
A BARE AN

arh” exp(—h/6,) + as exp(—h/b.) + s exp(—h/b.). 0< A< 0.30r hy < A< 30

N2

T ,/1‘
105" 0.3< h<h,

(21)

AR Ao S e B DX B, B2 k5 3,0 22 305X
HH R R B 4 YRR IV FR R

AR T B I G T X S A R B R g [
W I B AR S (R, DU G BT R i X

0501002-5



5 2 S 0 Y (E 5 R 04 i B kg R KT Ml T R PR
g km
5.1 MEBMXB®GHERBEFTEIHBEERS
S
A BT B PR 4 R4 Y R O I R] B Y CF e
b a2 R DA L v U NS BT I VAR ab i R P R

$595 E5H/2022 3 B/BAERETFRHRE

e I N 2 X N R 2
B BB RB I WAL 1 R 2,

FH 7R SC L LA 19 20 0 i i B X 4 5
SPGD 5k A 15 B 0 45 5% LA SO I I B ) 42 1
Lk UE AT 0 EE, S5 SR 4 R B e R RS R
WL 3,

F1 F U U R LR = L
Table 1 Turbulence profile model constants in the morning and evening
Time a, a, a, b, b, b, [ hy
Morning 4.435X107"  1.302x107" 8.629Xx107" 2.064 3.061 0.032 3.881 5.3
Evening 7.453X107%"  2.456x10°" 1.162x10°"° 1.978 5.195 0.028 3.743 5.1
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Table 2 Turbulence profile model coefficients in the morning and evening

Time ﬁo 181 ﬁz ﬂs ﬁi Br) ﬁe ﬁ?
Morning —16.66 —1.479 1.416 —0.569 0.1023 —0.00692 0 0
Evening —18.46 2.167 —2.289 1.034 —0.1997 0.01376 0 0
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Fig. 4 Comparison of the fitted profiles and the statistical average profiles of C; for different periods in Ali. (a) In the morning;

(b) in the evening
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Table 3 R? of turbulence profile model in the morning
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Method Morning Evening
SPGD 0.9983 0.9707
Our method 0.9997 0.9976
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Table 4 Model constants of turbulent profiles in four seasons

Season a, a, a, b, b, b, I her

Spring 1.702X107%  4.013X10°" 3.812x10°" 1.376 5.964 0. 030 5.385 10.4
Summer 9.587X107%  6.411x10""* 1.772X107"° 0.813 4.727 0. 0207 15.399 10.3
Autumn 3.571X107*"  5.081x107" 2.423X107" 1.402 5.102 0.0293 5. 967 5.0
Winter 3.701X107*  7.590x10"" 6.098Xx 107" 1.391 4.994 0.0329 6.014 9.8
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Table 5 Model coefficients of turbulent profiles in four seasons

Season Bo B B Bs B Bs Bs B
Spring —17.3625 —0.7477 0.779 —0.30482  0.05486 —0.004568  0.0001425 0
Summer —17.39 —0.2824 0.3231 —0.0981 0.011 —0.000421 0 0
Autumn —15.607 —10.598 18.91 —15.95 7.145 —1.74 0.2176 —0.010954
Winter —16.799 —1.47205 1.25 —0.4465 0.07668 —0.006254  0.0001944 0
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Table 6 R? of four seasons turbulence profile models

Method Spring Summer  Autumn Winter

SPGD 0.9989 0. 9895 0.9918 0. 9989

Our method ~ 0.9995 0.9977 0.9992 0.9996
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RSO AR

Table 7 Convergence accuracy results unit: 107"°

Time Method in Ref. [ 36] Method in Ref. [41] Method in Ref. [42] Our method
Morning 1. 4808 1. 4808 1.4796 1.4795
Evening 0.9471 0. 9468 0. 9469 0. 9465

Spring 1.2292 1.2296 1.2286 1.2277
Summer 1.4931 1.4945 1.4921 1.4916
Autumn 1.6139 1.6143 1.6131 1.6122
Winter 1.7725 1.7725 1.7725 1.7725

*8 WSUE A5 R

Table 8 Convergence rate results

Time Method in Ref. [ 36] Method in Ref. [41] Method in Ref. [42] Our method
Morning 89 196 203 57
Evening 184 209 202 186

Spring 109 201 202 103
Summer 62 206 201 103
Autumn 206 220 209 65

Winter 132 198 219 55

11.0% .49.0% .48.8% .68.9% F158.3% . 444> W TE AR DR USRS B R R — 2B R e T SR
M a0, AR SCHR TR A 45 i i A X0 R 0 4L G ad R B
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