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Abstract To obtain high precision wind profile and turbulence products and fully understand the application potential of wind lidar,
quality control of Doppler wind lidar with five-beam swing (DBS5) mode is investigated in this work using radial velocity and signal-
to-noise ratio (SNR). Three-dimensional wind and turbulence measurements by the DBS5 mode of wind lidar are systematically
evaluated based on measurements of a three-dimensional ultrasonic anemometer mounted on a tower. The results show that the wind
lidar exhibits excellent observational accuracy with root mean square errors (RMSEs) as low as 0.4 m/s, 0.1 m/s, 0.1 m/s, 0.1 m/s, and
0.5 m%/s? for horizontal wind speed (WS), vertical velocity (w), standard deviation of vertical velocity (o), friction velocity (u.), and
turbulent kinetic energy (TKE), respectively at the height of 140 m. Moreover, the impacts of time scale, elevation angle, and spatial
scale on observational accuracy of wind lidar are investigated. The results indicate that variations in time scale have little impact on
observational accuracy, while elevation angle may affect the accuracy of TKE. Additionally, the RMSEs of WS and TKE gradually
increase with increasing spatial scale, while the accuracy of w, o, and u,remain relatively stable. Further investigation of profiles of
turbulence and vertical velocity under clear-sky conditions in Beijing indicates that the power spectra of vertical velocity is consistent
with the classical —5/3 scaling law at different periods and heights, whereas white noise appears in the high-frequency region and
intensifies with increasing height, especially above the boundary layer. Finally, the vertical turbulence of low-level jets (LLIJs)
observed by Doppler wind lidar is stronger below the jet height and weaker in and above the jet height.

Key words Wind lidar, DBSS5, Quality control, Turbulence, Low-level jet
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Fig. 1 (a) Distribution of observation sites and photos used in this article (the map is Ovi World map image; ITUM, IAP, and NJ

are respectively the Institute of Urban Meteorology, Institute of Atmospheric Physics tower, and Beijing basic meteorological observation

station; EI—E14 are the observation experiments conducted in this study; see Table 2 for details) ; (b) and (c) are schematic diagrams

of DBS5 mode and vertical LOS10Hz mode of Doppler wind lidar, respectively
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721  WindPrint S4000 % 225 XUHOE TR A U PERES 4L
Table 1 Parameters of WindPrint S4000
bR FEPRIERE
WO 1550 nm
Jikh 5 e 100—400 ns( AT )
PR e >100 pJ
75 o) S T A 1—10 Hz(7] )
IR I 5 Rl 0—75 m/s
A8 I R T <=£0.1 m/s
T R R 25 60—4000 m
MR PR 15 m/30 m/60 m(A] )
R ARG B £0.1°
e <500 W
B 7 TR BE | (FWR L (SNR) | AP U KPR, 3 B 3
BT i 95 kg
2 WAL
Table 2 Observation experiments
KI5 44 P WS B (4E . H) pURIUEERS RGO TR 35 IR
El 2019.08.17—2019.12.12 IAP BDH: DBS5
E2 2022.10.12—2022.10.24 IAP BDH: LOS10Hz
E3 2019.06.28—2019.07.28 UM BDH: DBS5; BDJ: LOS10Hz
E4 2023.11.20—2023.11.29 BDH: DBS5({fiifi: 40°)
E5 2023.11.11—2023.11.20 BDH: DBS5({liffi: 45°)
E6 2023.11.05—2023.11.11 BDH: DBS5({ifj: 50°)
E7 2023.10.30—2023.11.05 BDH: DBS5(fiiffi: 55°)
ES8 2020.08.25—2020.09.02 BDH: DBS5({iffi: 60°)
E9 2023.10.15—2023.10.30 1AP BDH: DBS5({ifj: 65°)
E10 2023.10.07—2023.10.15 BDH: DBS5(fiiffi: 70°)
Ell 2023.09.05—2023.09.15 BDH: DBS5({liffi: 75°)
El2 2023.09.24—2023.10.07 BDH: DBS5({1£f: 80°)
El3 2023.09.15—2023.09.24 BDH: DBS5({iiffi: 85°)
E14 2020.04.08—2020.07.03 IAP BDH: DBS5
5 E1ZE, {H 275 35 DBSS #EX B & (40 £ A ) Vig = ucosf +wsing (D
(40°—85°, [ 5°), EE2 Ny 1 WF5CA [ 5 Vi = —ucosh+ wsind 2)
23 ) ROBE R KA T S AR D PERE RS2 . 76 E1. E2.
E4—E13 1, (UM T RS EIE 140 m 25 1 40 Vi = veost+wsind 3
thm kL, fEE14 i T 80, 140, 200 1280 m Vs = —vcosd + wsind (4)
X4 )2 09I Bk, TS AR [RAM Af T A [R] 2 (] 5
Vz=w 5

JRUBE X6 RS it D P 000 12 8 14D 52 1) o
22 ZHNEMTERIRESH

DBS5 R M5 2 Y A £ 2 B i XU K 3 5,
FR 4R &1 1b, AN ] 59 48 ) 33 5 = 4 X (u, v,
W)X RN

Krr, v, A ) B, T S

WA N IE, 15 17 H Ay

i, T4 E. W.N. S, Z/ 3 A& . V. dt. /.

ELUEH, 69 ik

(z0(4)), T = 2 KUk

K. S (R (3))MER(2)
AR
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u=V,g—V.w)/(2cosh) (6)
v=(V,n—V.s)/(2cosH) 7
w= VrZ (8)

H 2 (6) —(8) Al A1, K KU 1 1R 22 (e, Fll €,)
FEE R WHR 2 (ey,) AU AR 2 (8)) A K,
HEERIRZE(e,) FESe, Hk. RHTIRZEA
i 2 3 B R R SN, R D e, R 26 1) K
M2, AR ZERAKX (D) —(5), A

Vietey = (uze,)cos(@+e)+(wxe,)sin(@+g) (9)
Viwxey =—(uxe,)cos(@x &) +(wxeg,)sin(@xg,) (10)
Vinztey =(vxeg)cos(@xg)+(wxe,)sin(@+g,) (11)
Vistey =—(vxg)cos(@+g)+(wxeg,)sin(@+eg,) (12)

Viotey =wzxe, (13>
X)W (10), A

Vg —Viwx2ey, =2ucos(d + &) + 2g,c0s(f + ) +
2¢,,51n(0 + &) (14>

A, e, =y, M u KATIRZE N

cosf
+g,=|—— - 1|u=+x
cos(f+¢y)

1 +sin(6 + &)

15
cos(f+¢&p) 2y, (13)

(A B, v XU R 22

isvz(ﬂ—l)vi
cos(f+ &)

& 1n] 5, e, b 0.1 m/s, gy 0.1°, X (15)
M(16) %5 5 k58— (S1) 5 XGE M fAA &, £
R I(S2) RS MMA L, S1 A S2 FidE s
£ HE KGR (KL 2), 7ERK (20 m/s) KU 1Y 16
LR, S1J& S2 1 1/6 2247 o BRIk, >4 KU B A K i,
S1 H S2 il H /N 1 N ECE G, o] LAZBEANTT

P T B (w) 3 PR D R0 4% )
AR, HR 2% e, B AR 1) 3R B R 22 — 3 (K (13)),
“H+0.1m/s.

3 DO H s GRS i R I 1T

AT R O R ) S R o O
FLAE 3 45 A4 1) o Jo R A A AR 1 R T A XU
2, TP X KU R ™ i 3 5 T (181 3) 6

1 +sin(6 + &)

16
cos(f+ &) e, (16)
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F(16) HARSATHISS | BUAIEE 2 350 Forp S1UETE 20 m/s Wi
TEOLF A4S SR, S1 Al S2 (1 +5,H0+0.1°)
Fig.2 Variation of horizontal wind speed error with
elevation (S1 and S2 are the first and second terms on the right
side of the formulas (15)—(16); S1 is the result when the wind
speed is 20 m/s, and the value of +&, in S1 and S2 is +0.1°)

BHERTARHEE, SNR

a3 SIIER
QRGN

AR
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Fig. 3 Flow chart of data quality control for wind lidar
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10° 10! 10? 10° 104 10°
SNR

Kl 4 FRIEEES SNR KR BIBUMIE (KA SNR B
FESIBR BB, 215 SR A 1) DR UT) 22 R 1032 5 Sl 0 28 1 5B 1
T 530 e B B , 2 R R R B R OB s SRS AT
SNR T B4 ) BERREZE (oy,_sni), SR SNR=8 HIZL)
Fig. 4 Relationship between radial velocity and SNR
(gray dots are excluded data by SNR threshold quality control; red
dots are excluded data by quality control of radial wind shear
threshold and maximum missing gate threshold; green dots are
effective data after quality control; the cyan solid line is the
standard deviation of radial velocity under different SNR; the black
dashed line is the line with SNR equals to 8)
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0 L e R N A A ) S A R R B — R 2
PR I 7 7 331 5 A e R R e 9 SR A A i XL ) R
B {EL .

A i) YDA R T4 1) MU BAEL N, A6 2
TP A, O 00 3 5 sk ) PO PR 1D Sk
SR ) P 1RO R I, R S B A A28 1 XL A%
A RER K, AN RE LAAR 1] KU AS B {6 AT B4
I, 5 0 RE 5 T 00 S B R T BB Sk
I B 1) AR T I N, ik A A AR A, Ak
A7 SNR |3 fELAINAR i) XU 78 [ L o 475 >4 322 60 ke ) B
B TTRCR T B I, AN R R AR, AT
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[VROE B8 S A RO B T VBB (BN, - 2E4T SNR
(EL AN [ XUDT) A B R o 445 25 14 2206 2 SNIR [0 {EL
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P 0 BB T BRI T A O S T TR B (B, B
SE SCRy e

25 I, A58 ) R B 4 R A A E 2 (E .
It AN [) ) 1 2 B0 SO 43 B (T ), SCH SNR Y
E L 8, b (T B Il AR A% ) KUY AS B (B B S m/s 4
30 m(2 m/s B 30 m), % SLHIBE 1185 1 E FN 3%
SEATRC S RN 5o SO AR I A BER N 30 m,
NS ASFEES T T 150 m.

3.2 RERREREREITEXELZ

DBSS A v, 4% 1] 3 B T F 53 RUJEE £ — MR H
SPWHR L (K (1) —(5)) ., H, AR T M
e B I AR AR BUAL, 38 AT LLE T 4 A RE DR R H (X
(1)—(4)AfHm)

w= (Vg + Vo + Vyx + V,s)/(4sin) an

AW GERE W R0 T T E AR w Mo, 5 = 4E
R P R A AT 0 b (T I ) o E ELJ ofR RH JB B
BRI 35 w 5 = 2 75 KGEASC X 25 5« 4
K RZB(R) 4y 50 0.77 F1 0.76, V34 {22 (ME) 43
%) 4 —0.03 F1—0.01 m/s, 4 Xf i 2 ( MAE) ¥
0.11 m/s, ¥ J7 M % 22 ( RMSE) 43 Jill 24 0.18 #l
0.17 m/s; I BL % A AURHE FOAR IO o, 5 = 24
KA 6T L EE 50 R 435028 0.98 F10.97, ME 43
W1 0.04 F1—0.12 m/s, MAE 435114 0.08 #10.12 m/s,
RMSE #°25 0.11 m/s. Z5R R, WA kit5 W
w R LA A 2, (R TR R A o, =
A8 7 KA P IR, 3% 322 R T L T Rk AR Ak
B i L SR A 2 25 () 1 349 1 e B, R AIR
THARS . Uk, SO R A T R 0 A8 e
JE AR 3 R, I L3 1 B U RO O
A4 PR D 55 B b R T AR D TR R B R A R
24 28% (I ) .

DBS5 #3H, B N i A A B[] (3] B 3—5 s,
FUE 5 AP AFERT 29 20 s ) FH AR 1) 3 5 3530 XU
LR, BR TR S AN A, JREL 20 s B [H] 43 BE R
A XU £ A1, T LUR) A Y i ik o R I 4 A4S % R
PEAT I SN H54, ARE 3—5 s B A] 20 B R 1 KUBR 46
PR A 43 B 23 0 XU 2 11530 Y 30 min ~F- 349 1 XU 2k
TR D0 R AR — B0, (EL W Bl B 0% I 2 A i A Bt
B T R A 8] B (s ) . Kumer 55 (2016) ifF 57 32
B, sk bk I pR T Be S Sh A oG, B, Sorp
FFHAE 5 ANl s AR E 20 s BF 8] 43 38R il XUBR R



FEARNIAE 0 RGO T 328 TR B e 2 ) 0 L A0 PR EDE

3.3 FHRERLENHRT @A

P A% 1) 38 B T 50 XU RS 6 (B[] 43 2R 20 ) ),
— P LR XU 8 2 AT IS [ SF- 357 35 JROT- 2 XU JgE £
7 g, TR A AT T S 8. 3T = 4 K nT L
THE Z Mim i 2 80 &, R4 Stull(1988), i 5
3 M E G R S80S ey oy w . TKE, HOFEA
XH

A=A-A (18)
o= ()" (19
u, = [(u’w’)2 + (v’w’)z]l/4 (200

1 1 — — —
TKE = ?(O'i+0'f+0'i,) = @ +views) 2D

A, AMREEFE u, v wiE, 7RI &, AW
“OR AR O LK B . AR TR 34 KSR £ A
L1 R E S 117 Sl RN i D)
Bro MRAEDER AL, B 5 5 E AR i ol
3.5 f A o 25 AR, IR BRI R K T 10% 9 I B 7
DL G B o 3 H S #5 KSR £ Al i 3 7 fb o~ 30 min
RSN

4 D XEOE TR BRI E BE 2 A

gt BRSNS, BRI B 150 m fedE i
TSI BRI T LI 755 R 140 m, ¥ E1 3 [E] FR A 0
W45 5 55 = 4 P XU ASOUL I 245 2R 33 47 X L 40 A
(E5) . 5 g5 17 XWBOG I8 5 = 488 5 XU
X} e B R TRl 28 B R, ME, MAE fil RMSE. M
=Y KGR X LS5 SRR F, ACE K (WS) [ 47 56
98, Rk %] 0.989, RMSE 4 0.4 m/s; w Y AH X 4%
55, R} 0.713, RMSE 5 0.1 m/s. M it i 50 & A4 XoF
A5 SRR E, bR T u. i R R 0.869 Hb, HAx i it 5k &
B R YT 0.9; IR 2EXT LA R, B T TKE WY
RMSE 7 0.5 m*/s* 4b, 4% it 3 2 1) RMSE ¥4
AL 0.2 m/se MIH—Ak B 2 BE AT LAt X
WO B A LI 5 = 4 R R ASOU I 32 AR b e
1:1 2R BfH .

AT 5 RIE = A KUGH SO L, RO
A DBSS AR ZAF I i = 2 KRN it LA 5 4R
DRGRE . (HJRAERRIE @ DL L, B = 4 Kk
ASCRA ORI, TG 32 T 2 it 7 194 L %o ORI o 3000 XL

1319

Y675 35 DBSS A2 E I ) RO ANz [a) U | 5 = 4
P R AN AR B R 25 5, I L Bl 35 80 v B2 17 T
1o, B IS WL £ 7 (] RUBE Bl 2 S R (18] 1b) o ARWF5E
B[] R 0 s ) RUBE 1 7 1T B 5 I RGO R Gk
4 LRG3, DDA I XU TR A 7R R = DL
(A4 I 1 B
4.1 BB R E X E AR M g8 89 520

X% 7 35 DBSS #8550 | 2 B LOS10Hz %
A = G 8 7 R ALK I IR s ] 4 B 2 4 )
720, 0.1.0.1 s, BT XGHOLHIAHEH LOS10HZ
iU BB B w( ] 1c), BRI AUXT e T w Fll o, 15
MHERE . E3 JFJR T I X0 5 i5 DBSS 5 X Al 1
L LOS10Hz #5228 5 X Hb XN, 25 5 2 0 195 00 1
AR U w Ao, A AR A 1 — B0k (1] 6a. b) o
E2 JFJ& 7 I X0 7 ik 1 B LOS10Hz # 5 = 4
e DRGSR X B ORI, 2% SR 2% B 4 1§ LOS10Hz
AR B w il o, 5 = 2 8 7 XU S A0 08 T A 7R
T — 2t (| 6¢. d) o E1—E3 AT FL &5 %1,
I X' 75 35 DBSS AR 2 FT 2 B LOS10Hz £ =X |
R P K A L, B R B[R] 2 B RO TR (L
HARI ) w Fl o, —F

MCEL FLE2 i HRURS E J2 45 FAR B2 2 46
& T R R T R A b, WF 58 I RO RS
DBS5 £ X A 3 £ LOS10Hz £ 28 35 B4 T 75 45 ¥
AR . I ERIE T 45 5 (K 7) K F, DBSS5 2
{LREF K 0.025 Hz LA K S ARAR 04 Tt 0, 1 EL LA 3K
AR A0 R 25 4 55 = 2k e KU AR — B .
1 DBSS5 A5 X Ay Ty 833 25 3 L — 4kl 7 XU A7) i
EOEA Y, X BT w TSR 2R
e 1 )5 2% (02), DBSS B3 5 = 4 7 XY
() o, e AR — 2, 1 DBSS B X TG Bk il 4K 1 A8 64 i
W, BT RE R ST AE A9 JFU, DBSS AR 7R AR R
TR s o P e, d R, XU Ok TR
B LOS10Hz f5 5 = 4 7 XU AL —#F, 7] DA
ik 5 Hz LUK IR 04 T 104 o HCA % 0 A8 R
i 10 118 T 6 2 i 5 = 4k 7 KGR A AR — 2, 7
B DAL 2 —5/3 FF R A o EIR A g A DX,
H LOS10Hz #5221 Ty 28 % %5 B2 N Bl 2 28 4k, Ty
P MR P B LA A e AR A 169, X 2 A
SRy 0 XK B AR R S A ) HE R DO 4 Y A 1)
W, R — 2SR R



1320 Acta Meteorologica Sinica %R 2025,83(5)
20 360 gog
@ e Al .uf ©
e o »
i Pt P O 1 A
15 - 270 1 o o
o‘v . ./ ':~ .
o S o
el v e e Y
2 10 A 180 1o o, " 0.7 e, 0 -
A . o /’Q
R=0.989 o a-,‘} e R=0995
51 ME=0.3 m/s 0 1 VN, . MEE
MAE=0.4 m/s b o 37 5% enee MAE=T7° 11,
RMSE=0.4 m/s 7 RMSE=13° *, &, . 0.
0 4 . 0 ¥ : | : : :
0 10 20 0 90 180 270 360 -1 0 1
4 4 2.0 .
o) e
<&
3 39 L5 -
w)
2 2 2 1.0 -
=)
R=0.965
1 A 1 A 0.5 - e ME=0.1m/s
MAE=0.1 m/s
®e RMSE=0.1 m/s
0 : 0 0 ;
0 2 4 0 2 4 0 1 2
2.0 15 Sonic
L]
(€3] il (h) e
Ve . //
1.5 1 e Lo :QC/‘
oo 7, 10 /
"Cﬁ ° /:
]
m 1.0 A 5
Q ’ L]
0.869 5 R=0.965
0.5 1 ME=0 m/s ME=0.2 m¥s®
® MAE=0.1 m/s MAE=0.3 m?/s?
0 RMSE=0.1 m/s 0 RMSE=0.5 m%/s
0 1 2 0 5 10 15
Sonic Sonic
[ B
0 0.5 1.0

K5 E1 ], KDL S

DBSS5 #ix 5 =4k # 75 XGEAL (Sonic) FIXT FLEE R (a—h 438 BT RGE (WS, Bf7: m/s), 7K

AR (WD, Bfvi: ©), T HEE (w, 307 m/s), i XbrifEZE (o, B m/s), L RREZ (o, B0 m/s), BEEEREZ (0, B

fir: m/s), B

U (u,, B0 m/s) BISFERTSNRE (TKE, Sy m?/s®); BEAELN 1:1 &, G AL B

Fig. 5 Comparison of wind lidar DBS5 mode and three-dimensional ultrasonic anemometer (Sonic) during E1 (Figs. a—h are

horizontal wind speed (WS, unit: m/s), horizontal wind direction (WD, unit: °), vertical velocity (w, unit: m/s), standard deviation of u-wind

(o, unit: m/s), standard deviation of v-wind (o, unit: m/s ), standard deviation of vertical velocity (o, unit: m/s), frictional velocity (u,,

unit: m/s) and average turbulent kinetic energy (TKE, unit: m%/s”), respectively; the black dotted line is a 1:1 line; color shadings show the

normalized scatter density)

S T AT B R] 43 R i A 5 B A R, JE T
E1 W0 AT 140 m 5 B A = 4 8 75 JXUH Y
BRI, ) Bk R A X w AT R A, A5 L

WG o, I iR E e, o e, BITTRE AN
80.“_ — O-W,res - O-W,O.IS ( 22)
O-W,O.IS

A, res 48 A [R] (4 B TE] 43 BER, 400 0.1, 1., 10,

20 s . [HEEFEERE, WANTE IR 2Z e, JEATH
i 1] 43 B 23R ol T L R A o 25 1 AR R 2% . AT
FELE T (& 8) W, 4 WL A3 = P AR I, e, R
B, A LLRZEN 10% F190% 4317 B0 i Hoik 22
b R R TE, SR S BE R R 20 s B, &, 7F
£5% AT, SEISTIEE MY . K, &, &, 19
PRAE R 22 34 R £2.5% (EIBE ), /)N T 50 S o 08 00 138 25



FEARNIAE 0 RGO T 328 TR B e 2 ) 0 L A0 PR EDE

1321

2 1@ - (b) -
2 4
N
=
(=)
Z g - R=0.968 R=0.997
S ME=0 m/s ' ME=0 m/s
MAE=0.1 m/s MAE=0 m/s
RMSE=0.1 m/s RMSE=0 m/s
P 0 4 =
-1 0 1 2 0 1 2
DBS5 DBS5
7 d 7
© - (d) “ -
- o _~
1 A - o -
= i 1 32
% ® :/. - '. ".‘::.;/ﬁ
3] NI R=0.68 {39‘} . R=0.974
= 0 A J s’ ME=-0.1 m/s i ME=0 m/s
MAE=0.1 m/s . n_‘" MAE=0.1 m/s
N .-' RMSE=0.1 m/s o] e RMSE=0.1 m/s
T T T T T T
0 1 0 0.5 1.0 1.5
Sonic Sonic
[ B |
0 0.5 1.0

&l 6 (a.b) E3 B[], W XBOGTEAEEH LOS10Hz A F1 DBS5 #0173 w (a) Flo, (b) BYXF AR, (¢, d) E2
[6],  RGHO'E T8 152 B LOS10Hz KLU =2 7 XU X (Sonic) B-F-X w (¢) Flor, (d) YRS HEZE SR (B mis)

Fig. 6

(a, b) the comparison results of averaged w (a) and o, (b) of wind lidar vertical LOS10Hz mode and DBS5 mode

during E3; (¢, d) the comparison results of averaged w (¢) and o, (d) of wind lidar vertical LOS10Hz mode and three-
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11:00—13:00 BT 13 October 2022, respectively; the dashed line is the —5/3 slope line)
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ultrasonic anemometer at different heights in IAP tower
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dotted line is horizontal scale at 140 m height under different

Horizontal scale of wind lidar DBS5 mode (green

elevation angles; red dotted line is horizontal scale at different

altitudes under 60 degree elevation)
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