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TSRS Ry s Ty 22 ORI R R R A2 356 . Bl AN TR A .

R W AR E AU IR R BT, KL 312 17 T UiF
b X XU BH 52 98 /)N ( Barthelmie et al, 2009) , 7 XL
Wb 4 ek DI R e Bt e 32, R AR AT B L s i 5
BERE N (B a5 FEAEE, 2017 HES, 2022)

H T IXUHL 37 %65 XU 52 e 13 X000 BfF 5 K 22 44K 3t
TR o Z R TEBNA, RZECFOLT IS
{49 X0 S BT B ) 7 24 100 m 4 8 B8, A T 345 100
m DL B A XUBRER , ol P BSOSO B8 8 Bt
74 (Gryning et al, 2007; BL/NJE4E 20115 2508
55, 2020) , {H3% L7735 LA LEATS A — 5 AN
FEME(Cao etal, 2023) . AR, 23 #HEOEINA
T ik (Light Detection and Ranging, Lidar) i F H44
RS FZ e I TR 3 BEASs SEA0 R, IEAEAUE AR
AR RGBS, Bl T UGS PP A DL S XUBR 2 R ik 1Y
52 " (Huang et al, 2017; Dai et al, 2020; T [F A,
45, 20155 WK A, 2018; IBkIGE S, 2024), £
7 50 RO T XU A ) RS LA LK B L
HoK, 7ERIFRAAM T 1 km DL L (Emeis et
al, 2007) , {HAEALAS i -5 SR flA ZCR e JE OL
Tk ZBIJUAEK) Z BIFFE SR X (Bianco et al,
2008; Srinivasulu et al, 2012), 3 %5 T X KALH

S X 57 XU 2k () 4

FA PO JRUEE 3R AT DA A I A A 45 4 v Ak
T IATE BRI E X 9 R (Vakkari et al, 2015) . H
THOEI TR 5 HAeil s s g gy i ny KU, Bt
] R, BT 58 N DA R ) i s M4 i T BT
AN [E3AH T7 2 XGH R 07 v, I B 5 v R 12
(Velocity Azimuth Display, VAD) . R4 & 4b F 5
(Volume Velocity Processing, VVP) L) K £ 35 & i
W% 3 ¥ (Doppler Beam Swinging, DBS) %
(Browning and Wexler, 1968; Gao et al, 2022; Bai-
dar et al, 2023; M HIIL S, 2015) . Ay ik KAz
P2 R ] R A R KBS Ze i,
Smith et al (2006 ) i iz XJ L 75 35 S 45 5 5 A0
JEE B UL 54 0IE T BT g B2 100 m P E 3K ST XL
S HERGYE ; Paschke et al(2015) 38 15 X} b 2232 #)
WOLETIR  KUBRZE T A FR 28 A 1 235 R 22 ] 7 —
e, UEHT T 23 EhOGER Ik AT U] T KU
Lundquist et al (2015) & fk T XUHLE i % DBS 494
25 B3 AR 2% 5 Lang and McKeogh(2011)3# 13 5
TG I XIS X FEPEAS T Lidar A1 B 35 76 W & 24
HiJE XU 37 oA XU 1) A PR AT S . HR 24K
WFFE IR 25 0 A X s e 5t o v 4 o 4 o 1)
T, FIEOGTE IR AT A T XL N A2 2 KU B
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2 HEKIEMTTENTAE

2.1 HHEFRIE

A F T F O SR A T A ik R E T R K
FL 3 7 JR 1 o 1T — R R 2 25 RS2 55 (T 1)
ST I B ok 2020 4 4 H 4—=30 H o #F 7% X 3 ifg 4K
1400~1600 m, LAl Mok 3 o 4 359 KU
7.60m-s™, FZ(3—5 H)BATIILR, KRk,
ZR N KRG ILE 217 §H E YR R 1.50~2. 0
MW ., B2 (D) K 82~105 m B XML, KUBLE %%
1 B 65~80 m, YA FIY]H XUGE 43 51 3 m- 57 Al
20~25 m-s™' o IR IEFE R B XU (S1) L 55—
HEXAL S (S2) FXLHL I I (S3) Al B 1 5 480 FE W
MR BAIRBER Y ZEAWE R A3
K40k (MetPak 11 (2 m #1110 m) . — 2SI &
4t (Campbell CSAT3+ Li-COR Li7500) (5 m) LA S/
ISR, 76 S1AIS3 AR A 25 B0t X ik
(Leosphere, Windcube 200 s F1 100 s) . 7E S3 4b¥#%
SO XUE K PG R 7 ] KT BB S 64 m &b ik A — JE
70 m BRI, DN XIS A S R RE (10, 30, 50,
60, 70 m) . 2)ZX[H (10 m 170 m) F12 2 (8 m
F10 m) I e JRU ] AR R B AR 35 4 1 Haz,
KEEE 5000, 1 mes™ A 10, REGIIE], P65 oG
AU I8 R AR [ A 44 SR, BV 30 min KIRGHAT
03461 43 5911 4 10° 1 30° 114 24 > J7 v £ 19 VAD $394
7540 1 B9 S B R DBS il L B B & (Range
Height Indicator, RHI) 434 . 6 DA [al400 £ 1~ [ 137
E (Plan Position Indicator, PPI) 9 # L) K& K &4
15 min B [H %2 K T (Fixed) F3 , 38525 8] 7 9
N5 m IR G . ZREAN, e R
e BEK AR S M, SO TR IR e R AR DN R B
1000~2000 m. ASBF5E HAHHT T PR EOGINXUE 15
() VAD F1 DBS 2 ] R4 LA K S 1A 505 B 1
F1S3 4b 70 m I XU Ay AU i) ARG B8 o S50
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BT KRB (L=, S1. S2FIS3) . Z W OGN (ST S3) FIXIT i R HL (FE ) 73 A
Fig. 1 Locations of observation towers (S1, S2, S3, red triangles), Lidar (S1, S3) and wind turbines (black dots)
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TEKSER A A3, VAD 42 ) XUk B o7 £
(A8 AL A 1E 5% 2k (FE TN 22 RS2, 2013) . 18
I X RS 5B VAD R AR i) XU A5 67 R4 T IE 5%
LA AT LLAS B 7K P KUK 12 19 3 56 26 (Browning
and Wexler, 1968) . H &2 30 41 F (Weitkamp,
2005) :
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(Lundquist et al, 2015):
V,- v,

=_£ "W 4

! 2cos @ (4)

y= Lol (5)
2cos @

Uy = v u* + V7 (6)

Kb o WEIBMALRAL: () |5 uy, KT HGH
(PAf7: m-s™)

BEAh, D9 1 IR 5 R, R R
753 59 XUT8] (D4, 5 0 XU LI 4 U] (D) B
X 7 A5 2 B KUl #6471 AL 3 (Jiménez and Dud-
hia, 2013; Xingetal, 2016), EA&T 01T

Dy if [Dywer = Dyl < 180°
Dy =1360° = D, if Dy, — Dy, <—180° (7)
360° + Dy, if Dy = Dy > 180°
2.2.2 HitE

TE A WF 5% v 48 FH I 22 (Bias) | 35 J5 A% 22
(Root Mean Square Error, RMSE) . #l & 1 J&
(Goodness of Fit, GOF) . #H X 4 X} % = (Relative
Absolute Error, RAE) Hl Pt & & % (Coefficient of

Determination, R?) PEAL 4k 7732 S 78 iR XU | XLTa)

tower
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RO HERG T, I F) HH Kolmogorov-Smirnov (K-S ) £ 56
B AR TAE S 7 ik i RO 25 3L, oAb T ik i) B i
SR REA B ERT

Pt 2 F /s AR 5 WA = [R) 22 S 1)~ 3418,
AL DL T e Bz 16 45 R - B -5 0000 /AR B s R
aCE R/ N AR o HA AT

. 1 &
Bias= - -y
1as m Z( Vlldarvl Vlower,z ) ( 8 )

O Vi J9 R 35 B8 38 45 2 B0 KU E
V cower 9 UEE LI P XA 5 m A REARS B, 45 Bias
O IEAE, TSz R g i T LA, 75 Bias o 11
{EL, U] Sz 9 XU AR A T IR, JF B Bias A9 {FL K
DR A5 2 68 23 S v 5 O {1 P e K

P77 MR R 2 R A i T A 15 52 Pt 25 1) Y
FHE bR Z— o A SCHI RMSE 5K 3R S i 15 31 1 K
X 1] 50 A LN 2 18] ) 22 5% . RMSE Y HUE
TWHDY 0 FIIETLTT , HAEMEEE T4, Fon R iHss
SRANSZ B VLI 2 1] 64 i 22 871> . RMSE T2 X
LE

1 &
RMSE = /Wl Z(Vlidar,i - Vtowcm’)z (9)

A BE 38 H T R AR LA 18 -5 I AE 1Y 42
T FE R, A OXF 45 X 12 22 (Relative Absolute Error,
RAE) f& Gt 1127 v ] 74 5 11550 45 SR o off 1k 1 48
b, ZEBIHRAXUTE

E(Vﬁt.i - 70)2

GOF = —— (10)
(V= 7)
i=1

RAE=|V”V_V| (11)

tower

A Vo LI E A5 § A AR ) R 5 Vg, T
I8 7507 A1 i B G UL (B 5 7/, 2 — K VAD 14 24
AT LA 1) AGE - Y4B . GOF 1 BB 6L A (0,
1), GOF B #3n T 1, 05 KU 590 XU 3542 ) X
BUBREIT , SUA SR )Rz, RLLEROER
7% o RAEMEBZIT T, 7 S KU 5 i K%
LI =2 [] 7 26 S A/ DN, T Y 235 TR B M

e & Z B (Coefficient of Determination, R?)7E
Geitrh g iz N T BONE 5 52 PR AR 2 1]
MIARDCH: . R B ERE S B T 0~1 Z 0], fHBk R
71 T B 55 S B 22 TR] ) A S P A o AR SOl
R* KRR R 45 5 5 SE B ULINAE =2 [ () 2 M AH DG AR
. RAIHEALT
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R=1--+1 : (12)

Z( Vtower, i

3 HEREESTENRML

3.1 FREREHENREES

FEME RIS 2. 2 1 07 vk R KT KGR AR ) 2
T, T B B UG A 1) K B 64 7 0 B 45 ) . Lidar
0 SR SRR B AN AL FR DR A2 1) XU, I8 4645
7~ BPE P15 PE Y {5 5 24 (Confident Index, CI),
e FH o 38 5K CT=0 B8R HE 7 77 ./l TRk i
SR IREREA BT, & 57 12/ BRIk
HRT 1 mm BHRAGEE . 2P, 32 =8k
Rak 7K 1 5 ) LA B St 6 4% [ AT BB 23 9k UL 8 ) XU
SRR ¢ A R A ME R, RF A VAD A L
A2 1a) R 1Y 2 1Y ( Carrier-to-Noise Ratio, CNR ) 4>
HEL SR E a2 () PR R o A T X R A
PRI A i b 42 1) R BRI iR 47 I d 4 il , DA SE
HH % B CNR >-27 dB 8 {8 , 4 % CNR <
—27 dB 1) %4 (Vanderwende et al, 2015; Bodini et
al, 2017) . IXFhJ5 i BARHRAE T 52, {H K CNR I8
S3Z W KT L RS B AR 2R I SRR A
RS, S EEH CNR X s 1T
1 UEAA T RS S bR AR 4 o R AR B A I,
ARG AR = 58 % VAD T CNR 1Y
BRUEZE o one, XA ) KGR AR HE HE AT i 45 . 104
AN

N 1 &
CNR = — >'CNR, 13
, Z ; (13)

am—/;i(cme,.—m)2 (14)
i1

2P . CNR 5555 B AT 577 CNR H-F-359 18 ; CNR,
J R i T LAY CNR A, =1, -+, n(n=24),
ABFGEHS | CNR, — CNR 1. 200 FIEHRAE S 575 (1
SR

XFECPE 2(a) FE 2(b) AT AR BR, 65k mT LU
ACHb F B CNR S8 0 il i [ &1 2 () B B i s S
HWAHTER 2(0) g Bx |, dEmiE A 7 HE mak
W A1 (Goodness of Fit, GOF) MK 2(a) A
0. 847 NN K 2(b) AY 0. 866, FHX 4 X% % (Rela-
tive Absolute Error, RAE) M 0. 368 I8 /N3] 0. 331,

TR B I8 AR A A 1) G B 2 A AT AL A7
KGN, FEDEAT IE LA BT, IS s
B 28 1 B S, Bk VAD P A
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&2 202044 7 4 H 23:30 421 BEES S 13 m Ab A4 [ XU Bifi 557 £ A 728 Ak OB 8, 05) BOE 2 LA S5 A (92 2k)
(a)fiiJ CNR <-27 dB i€, (b)ffiH|CNR, - CNR 1. 200 i, HE2R M5 SO0 A9 CNR i,
[ B B i S CNR S A, 7 AEAR 0 A CNR A T 3 F 8 B R A B8
Fig. 2 Radial wind speed variation with azimuth angle (gray dots) and the fitting results (solid line) at 23:30 on April 4,
2020 at radial distance of 13 m. (a) Filtering using CNR < -27 dB, (b) Filtering using ‘ CNR, - CNR '> 1. 200

The dashed line represents CNR values, the circle indicates the abnormal CNR, and the box

marker indicates data points with normal CNR but high dispersion

BB AP T 104, BB 5 Y B 2530 Bl 2
T 1500, T XF 2 v B B4 A3 1o JRGE 147 400 R i (—
UAUA ), A5 WA k% s B 1R B Hl 2k (Yamada and
Chong, 1999) . FELFRITAPIATL M, Zid CNR
Vo {145 ) S o L PR AT A AE — S B O [ an &1 2(b)
HIEJT TR ], A% 1) G B 5 037 A B4 722 A6 i 25 1E
AN . A TR X S B, TR IR A

RPREIRTR 22 (Ze) , 52| Z,| > 2 B9 %E 5 . B
AP E IR
o= ST (15)
— 1
V,= ;2 v, (16)
Zel- — Vﬁl‘i VOi (17)

o

P o AWLIAR ] R PR E 2 5 Vo AR i
ARG X3 s v, R 5 i 5 00 i Lidar 42 ) XG5 7V, ok
A 7 AR ) KGR 17 24ME . IR Z, 071 B
BIHUSUS FIR LA R 45 R (B 3) AT LUE B U R
M HAIER , TR M 0. 866 $2 %1 0. 900, A
eyt 22 0. 331 FE % 0. 289,
3.2 REGRMREET

GOF i & H T R AR LA M 4 5 U IAE () £ 5
FERE, FEAMFSE H , fi H GOF XHBLA 25 ik A7 ik —
Hitb. B4 BR T =FORFEBIEIE T R84
Mk, X4 GOF#:ix 1 B[ Bl 4(a) |, ¥l 816 1 5%
&A1k, AL RIRY:, H CNRIEKK; 24 GOF
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3 202044 F 4 H 23:30 42 1 FEEG 2 13 m AL 142 ] KUk
2:3F|CNR, - CNR |> 1. 200 M| Z,,| > 2 5 38 5 b J7 37
FAE A OB €8 170 BB SZAUE 4520 (9248
Fig. 3 Radial wind speed variation with azimuth angle ( gray
dots) and the fitting results (solid line) at 23:30 on April 4,
2020 at radial distance of 13 m after using | CNR, - CNR |

> 1. 200y and | Z,,| >2 filters

BN 4(b) ], Bl S THLE 4Bt ,
BRCR— 5 24 GOF BEAR/NEF[E 4(c) |, i 5
BB, WMAROR %, HCONRIE K,

GOF [ BUE & A [ An i, LAIAERESE H
GOF #5371 B2 2R UL W5 45 2R 19 472 (Singh
et al, 2019) o AW 5% 38 & 43 Hr GOF Fifi $Ul & ALk
RAE 1925 4k >k fff 5 16 FH F A 58 WL I 24 5% 1) GOF
Il FE o 52 10 mosy B2 4805 XU S5 0 XU S
G 2 [8] /) RAE BERLA L EE A8 4k . DAL S ]
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(a) GOF =0. 980, (b) GOF =0. 792, (¢) GOF = 0. 504
Fig. 4 Fitting results with different GOF after quality control. (a) GOF = 0. 980, (b) GOF =0. 792, (¢) GOF = 0504

PE5 RE 2o 5 22 AT IR Bk 7y 203l U5 0B 7284k
() ML (S3), (b)XELIAFN(ST) . BRELRNBHR X701 771 0. 05 GOF X [H] RAE -V K {H A RAE bR iEZETE
IR AR R ] T B 43
Fig. 5 Variation of RAE and percentage of available data with GOF. Within the wind farm (S3), (b) outside the wind
farm (S1). The black line and shaded area represent the RAE averaged within the 0. 05 GOF interval and the range

of RAE standard deviation, respectively, the gray line represents the percentage of available data

DL, b5 GOF [34 I RAE B4, AR A4 ] %
P . FEXHIZ N ER (S3), GOF<0. 65 I AH
X2 X 1R 25 B 1t 50%, UEBR GOF<0. 65 484 45 3
J& , ATIAT R B KT 90% MBI . PR AR SCAN AR B >
0. 65 LG 25 A N e A 25 5L

AT FE AR 1 A D s 5 o o s ) A A 5] 6 o
7, B 6 A 45 T SCHER Y (Bodini et al, 2017
Debnath et al, 2017 )% FH 0858 o 4= il i A2 (& 6
HBELRAE ) o 7 5E K bR Z R K s B SR )5 A
JHI| CNR, - CNR | > 1. 20 5Bt CNR 5% ffi K 2 G
ANAUEAE o ORBEATAE — B BLG IHEILG
SRR EIRER 22 (Z,) , BIFR|Z.) > 2 (% o5, i
755 IR VAD #8145, IF31% GOF i, 4% GOF >
0. 65 A L5 R

4 REERIWIE
4.1 XU F0 X [E) 38 3E

Ko s il A&l
Fig. 6 The flowchart of quality control
(10 m 170 m) KU (¥, ) -5 90 KU I R ()
XF HE A HOR L, Horp N X AR AR, DAL 7 rha]
LUA , RO 45 SR S5 /ARG, vV, 5V, 3k

r [ %71

7 26 T A AR T 2 AP AN R £ (10°
1130°) VAD 42 [i] JXUHE B¢ 48} S5 38T 75 210 (19 A [7] g
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7 i R Ve, S5 M RGE Ve BIXT EE
(a)S3 4k 10°114f VAD Y 10 m G, (b)S14b 109401/ VAD S 10 m XU, (¢)S34b 109401 VAD i1 70 m X3 ,
(d)S3 4k 30°44f1 VAD S 70 m XGHE

Fig. 7 Comparison of inversed wind speed V', with the observations V... (a) 10 m wind speed inversed using VAD scans

ower*

with 10° elevation angle at S3, (b) 10 m wind speed inversed using VAD scans with 10° elevation angle at S1,
(¢) 70 m wind speed inversed using VAD scans with 10° elevation angle at S3, (d) 70 m wind

speed inversed using VAD scans with 30° elevation angle at S3

gL, R4S 1296 I VAD FHii 8t , 2ead ot B (7) [ R B ZRe ek, oA X R
EHE, RE T 12771), T2 RS L R i 22 AT R0 o AER 281 T8k
HRGER NI, B84k TR L B RET R ST AR, IR AT T 22 R B PR
FUAS AP A (10°F130°) VAD A2 i) WG S s A5 B g 3o MR2ME 8 T LA, Hegrikmitt, i
AT R (10 m A 70 m) B9 U (D) SIRASE S A5 3268 XU A S s AT AR RSt , A1) 7 AU
U (D) AT BLAL B X LR B L LR AL S, TR ik i R A 5 4
R 10°0F VAD f 88 X5z 5 0 [ T R B b 2

Table1 Comparison between 10 m wind speed inversed using VAD scans

with 10° elevation angle and tower measurements

BURIUP=S R /m Tk e ZAL fi2z/(m-s™) PiRiR2E/(m-s™) R %
S1 10 et 0.965 0.356 1.029 90. 3
(D 0.934 0.399 1.433 96. 4
S3 107 e 0.932 0. 454 1.240 86.3
1&5¢ 0.826 0. 500 2.116 90. 4
70" Ak 0.958 0. 034 1.102 91.3
165t 0.926 0. 063 1.470 97.3

*FREA T TR R A R S AL 8 )y v RO A R 2 A A 252 Sl T = 0. 05 19 B PE K5 (indicate the difference between the inversion re-

sults of the optimized method and the traditional method has passed the significance test at « = 0. 05)

hE4M  https://www.cnki.net
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F2 10°FA VAD S i R[] 55 i) XU L)L 1) 9 b 288
Table 2 Comparison between 10 m wind direction
inversed using VAD scans with 10° elevation

angle and tower measurements

g 2 % /m Jrik G T AR

S1 10 etk 0.993 0.987
gt 0.990 0.977
S3 107 et 0.958 0.992
st 0.918 0.978
70" ik 1. 046 0.995
5t 1. 044 0. 983

* AL T IR R A B AL G IR R A R 2 R T

a = 0. 05 1% {2 A 55 (indicates the difference between the inversion
results of the optimized method and the traditional method has passed

the significance test at a = 0. 05)
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Fig. 8 Comparison of inversed wind direction D, with observation D,... (a) 10 m wind direction inversed using VAD scans

with 10° elevation angle at S3, (b) 10 m wind direction inversed using VAD scans with 10° elevation angle at S1,

(¢) 70 m wind direction inversed using VAD scans with 10° elevation angle at S3, (d) 70 m wind direction

inversed using VAD scans with 30° elevation angle at S3
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Fig. 9 RAE between the wind speeds inversed using the tradi-
tional method and the optimized method at S3 and those recon-
structed by DBS. The shaded area represents the standard

deviation with 95% confidence interval
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Optimization and Verification of Radial Wind Velocity Quality
Control Methods for Scanning Doppler Lidar
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Abstract: Information on wind profiles within a wind farm is crucial for predicting the output power of wind tur-
bines. As the size of wind turbines continues to increase, commonly used wind towers are unable to obtain com-
plete wind profile information within the wind farm due to their limited observation height. This study proposes
an optimized processing procedure for quality control and wind speed inversion of high-quality wind profiles
within the boundary layer, based on the Doppler lidar Velocity Azimuth Display (VAD) scanning method, by
comparing data quality control and processing methods of varying strictness. The complete vertical wind profile
from the near ground to the height affected by the wind turbines is obtained using this method. Compared with
the traditional method of only using the Carrier-to-Noise Ratio to control the quality of raw radial wind speed da-
ta, the data quality control and processing method proposed in this study can significantly improve the accuracy
of wind speed inversion. The correlation coefficients between the inverted wind speed and that observed increase
from 0. 826 (10 m) and 0. 926 (70 m) to 0. 932 and 0. 958, respectively, while the biases decrease from 0. 500
m+s’ (10 m) and 0. 063 m-s”' (70 m) to 0. 464 m-s" and 0. 034 m+s”. Furthermore, by using the optimized in-
version method proposed in this study, it is possible to obtain a complete boundary layer wind profile from the
blind zone detected by the Doppler Beam Swinging (DBS) scanning method to the height affected by wind tur-
bine blades. This can be used for research on wind resource assessment, wind power prediction, and the develop-
ment of parameterization schemes for wind farms.

Key words: Doppler Lidar; wind farm; inversion methods; quality control; wind speed



