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Abstract : Asan emerging form of new quality productive forces, the development of low-altitude

economy relies heavily on flight operations within non-controlled airspace categories, such as Class
G and Class W. This airspace predominantly resides in the lower atmospheric boundary layer, a
region highly prone to aviation hazardous weather phenomena like turbulence and wind shear.
Meteorological conditions, together with Communication, Navigation, and Surveillance (CNS)
systems, constitute the critical foundational support for the high-quality development of the
low-altitude economy. However, there remains a severe deficiency in the high spatiotemporal
resolution monitoring and early warning capabilities for aviation hazardous weather within this
airspace, posing significant challenges to achieving efficient and safe low-altitude flight operations.
To address this, this paper systematically reviews domestic and international research progress in
low-altitude economy meteorology and analyzes the key core challenges currently faced in key
scientific and technological domains, including coherent structures in boundary layer turbulence,
low-altitude wind shear, monitoring and early warning for turbulence and microbursts, and Large
Eddy Simulation (LES). Furthermore, the paper explores several frontier scientific and
technological issues in low-altitude meteorology. Key perspectives include: new theoretical
frameworks for near-neutral boundary layer turbulence; moist boundary layer processes; the
development of intelligent meteorological sensing equipment for low-altitude aircraft safety;
artificial intelligence (Al)-powered early warning for low-altitude aviation hazardous weather; the
development of intelligent Computational Fluid Dynamics (CFD) models; and the synergistic
optimization of low-altitude meteorological prediction and unmanned aerial vehicle (UAV) path
planning. This study aims to deepen the understanding of the underlying mechanisms governing the
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interaction between low-altitude aviation hazardous weather and aircraft. It seeks to provide
theoretical foundations and technical pathways for enhancing high-precision intelligent sensing, as
well as rapid early warning and forecasting capabilities for low-altitude aviation hazardous weather.
Ultimately, this work endeavors to deliver crucial meteorological science and technology support
for the safety and sustainable development of the low-altitude economy.

Keywords: Low-altitude economy meteorology, Atmospheric boundary layer, Wind shear,
Turbulence, Microburst, Large-eddy simulation
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[

FERBE R R dr 5 AN A 5R IRE L LE K
(R R JR T FI A0 32 IOV RE RO, L SRS Wit 2 Dl Jod A 7 7 I B AR, O H 2 Al
NIRENAKZ GG K T FEIE 585 . NS ARTHE N R IKIT T #E ®EZ 1000
KENR G S2BR R 2L nT 4 2= AN 3000 KD AR A8, PAEAA NS5t
ANTE N2 B 2 45 AR 2 AT B v AR 5| i iy sl AR O Sk & e 1T 72 7 1
LRETERTONS . P R E R AT 2023 4 12 H RAGM (HE K 2 LAl 4328
JREY » AR RO AT IS E 2R AERAE G 38 (s 120-300 K) Al
W (HE 120 KUK S8 RE fl e sva Bl LK D o 0% T2 221K
TR ER RN AL, BB R, EAME, REERT, EAFARR
—IBAE— Sl — AR A R RS SR At it S #E (] 2) o e, w4y
e CRPAMGD RRFM RIS WIT M EERNR, WRIREH TS
& RS R B I AR A B AR . SR, ERRARAT RN, dmfEK.
BRI B W R TF MR . B RMERES . L
RAHE BT R IRA Bt AR AT 2 2 i el R Ul
DT Re AT AL, WHIRAS 225t e ot B R e ) ™ IR PR

R LFFR R A ASBYII  RAMAE LR TV VA 205 NS REE -
SiRRG S AR FEESR SRR T BEREE TR, PR
S GEMATE IR S8 SIS R AR TAEA AR E AU Tk il
BT, ARG PRI AR 2 & 0% = B R R IR N S R (R EAR SR, 2024) .
HEF R ESERE TTEUARE (PBL) PLEH H K S)Z. PBL LURR
BN ERFE, MR fEEAKIREZ M EE T, o EE
=K, FRWEZ W BHER . oA PBL S = E WL 2 R A+
HAER, BIm—X i R A B A ZART, it — 0 R 2 R )28 Al s i o A
Wi, FEE R AT A

TR, RS AT A A L. fmA S SR S iR, Hoae 4 WAT IR AR
AR S AR R R, EREEF ML e s (NTSB) gtit, BEEAEE
L 309 MR AT Sl B 2 D AR AT A5 LR IR 51 % (Gultepe et al.,
2019) . G/W ZHmlETmit. YA T i BRAFNTE R TR, H5a5
JRIRAEEN JJ R CUnim A BAE T . 22 N AR omaE ) AR S AL i A B
BRAh, ARZE A A A 5 DT AR i A AE 2R AR OCHE . LA SR b (eSS
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10 KEERRIELR, WNELEHREE G FEAAMEWNME X, 288l X oL E
RToikgs ST KA = AT TR R (FREE P45, 2021) o AR, Bl
b 55 BUE R TV H G/W SN & 0 HER SR R HE T
TR T AT R ERE, RFEAET R —H NS R KR
PUIREHAT RGP, H m HS KRR Zmi Al T4 e RS mfa RS O
YIAZ /idie /i N 2R ) MM R . DL @ HER BB R v, an K ims
#) (Large Eddy Simulation, LES) Flit+HIRiA 1% (Computational fluid
dynamic, CFD) [N i3 fe S B AU M Fe bR, b 4 B S0 e, FF
SR TR R A, B RS S5 R MR A 5 H R R R A Er L .

:|> ) AR

W ez
o T oaemmmmsn

1 ExR=HEMPERER (FERAMZER , 2023)

Fig. 1 Schematic diagram of national airspace basic classification (cited from Civil
Aviation Administration of China, 2023)
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Fig. 2 Schematic diagram of the integrated development framework for
meteorology-communication-navigation-surveillance affecting low-altitude flight

safety

VRZELTF BT AEE R

R AFARPAFEL T Z TR R KR AR UG R I T
BORTTEQSHT LU ARIE —F Bl PR B SERRR A, 4T DU 7 B, A
PHESR LB 3. FEBACABLHE T, 3 SRR KR R A T4l Je
FARHLBI IR AN s, ABORH I 25 10 5 R 4540 5 i A LB A VR ] FEROR R
1, HR R AR IR UG R CUROIAR S dm it A b o B9 AR
S U U B AR R LSRR B AR 2 Sy, RA I GPU 7 2R 14 i B i S AL
L R T SR AR 15205 % AEN R, DRSO TSR I 5.
SRS AT BRAS R RERL R S A0AE . MR S ER =R, RGBT
VPRI LR .
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Fig. 3 Theoretical and technological and application framework for meteorological

research progress in low-altitude economy

1.1 RRBREmARAETEN

1T RILFEZE (PBL) A FIs e AH T &5 44 52 15 S A0 AT AS 2 0] B 4 P fi 1) 25 R
X —k KRR R O 2 ST (LeMone, 1973; Weckwerth et al., 1997;
Moeng and Sullivan, 1994) . AN R/ T U7 2 AR e kA, it
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T 5 M0 52 imii Al T4« FEK PSR HE A S E T, AT RHiE S
R 2, A BRATE K ¥ (Obukhov Length, L) HAB -z, /L 2 P45, Hr
L &V Al = AR R BT A AR B M TR DL BE S T -z /L W e A IR A
RIZERARE NS

SRS H 8] 34 52085 b T AR e RS, e L < 0, §3-z,/L > 0. BE%-z,/L
(R30I - RAE R E BTG 0 o -2,/ T T JE 55 KIS CF BRI R D
WA EiwRREEmFEAES: MH-z/L LT 0 i CoM i) , P
J% AT IR AR I ME— SRR (Panofsky, 1974; Kaimal et al., 1976; Wilczak and
Tillman, 1980) . H P14 528 % HWE 2 o7 B KA 8 A R KSE KUK
3, HERME-FI BTVl S R TR E ST, TR R 3 B T e B ) A

“% 40 (Rogers and Moin, 1987; Lee et al., 1990; Robinson, 1991) . & H[E]X}iitiZ

Gz, bR HE B G T 2 I AR AR, i i 1) T4 2K R I )
#HE—4E45H) (Youngetal., ,2002) , JLXU[A) 38 # 55 b2 BRI U XU R A ZE 10-20°
(LeMone, 1973) ; AH/x, HHhRHGE R BT HF DI RAN, 2 T8 st
IS EAR (Agee et al., ,1973) , IS 5200 5 24 WL 2 ¥ 3 F1)- DL4h
BT i AR o

PBL H it A T 435 440 P A7 AE S A3 R 00 I T 5B ASALLATE 7 BT AIE 5 - Deardorff
(1972) B RAEH RIRBERIIE T 1 0 v SR g 4, B 1 AN -z, /L (B
Sz 5 Z (Convective Boundary Layer, CBL) , FFWi 8 317 i i IAELE o
Schmidt and Schumann (1989) #— SR LES 4R ZE 1 LB Y] CBL HHIAL
RXTFGE, o 7 AR/ CBL R LA . A A KIS RE.
Khanna and Brasseur (1998) #ff 5t 1 ¥ /318 V)™= AL )i 8l 6 (Turbulence
Kinetic Energy, TKE) 3L [FEME#E CBL 412K, FFi@id LES #ifl 7 A[F-z,/L
5K CBL, KIKFRIRAE-2,/L = 0.44. 3 A1 8 I ik fF(E. Hastings (2009)
M EFr H20 TTH (IHOP) MR I, fE-z, /L = 13 F1 27 I, XHAIR i
1B 25 R FL A7 . Park and Baik (2014) 7 5% 35§ 117 3 T ARG B2 1) LES #F 70 R R I
TE-z;/L = 141 () CBL "AFTESR IR Hu ik 2 (A (k25 0 o AR WL &5 2R,
Weckwerth &5 (1999) & i MR I 45 44 1) B AR S5 /) i 46 7% e AR AR I B -2,/L = 25
Bififr. SR, Grossman (1982) $EHIII5IEH, MR iim 45 Ah) A1 B A4 25 ) B AR
GER AR e HEAE -2/l ~ 21 /45, Hastings (2009) M MLIINE s & I T IR AN
BTSRRI, JE LWL (Brimmer, 1999) A% {f #4548, (Park and Baik, 2014)
B 7RI AT AR 2 ] I VR G, IX R B AR AT BEAE -2, /L Y R P& R A

& A WSO A TS5 1 R AR WL AT TR, (B3 AR AT 75
—DWt5t. Salesky & (2017) & RN I A) BEAR S5 M) 3648 AT T REEH KT
B, b TR (-z/L = 0) BEXTRIAFE (-z/L = 1041) 1) 14 4~ LES
S F5BUh, Jayaraman and Brasseur (2021 ) 7E /N & g P3Gl (-z,/L = 0~10)
PRI 2 805 X R i S AR VE AT T VE4RR) LES BF5L, (HAT5RI RSk
bR PBL B U454 BEAEFRMIED, XU I AN I e 1 37 W0t B A 1 it
&, Gndth B s « AL MG RN T2 AL 3% 8% (Christian and Wakimoto, 1989; Kuettner,
1959; Young et al., ,2002) . Aksamit 25 (2024) HEH 7 — RT3 k& B H A T-45
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FEERY3RI 73 4, JE I WA R B A R AR S5 A B SO R AL AR B R AN I A
FRIMER, RGEE R O E AN SRR 1@, SR, H ATAIHE 7T
I TP L FZ AT PO 26 T T 45 F SRR T2/ L, (07T
X TSR BRI TR B 2S5 (AR B I 20 B AR 8 25 R OB L AR 59 7 BT
B 5 USROS . WA RAN L . B Aksamit 55 (2024) F AR
ACERE 1A A, AEARRAIFIT R E LT, PLRN B AH TS5 H e R
ST 2% TR BRI AR S S 30 B )R B 70 A Bl AR S RO AN
&, 2021) .

1.2 BB R BEWFETHIE

=R ZE R LS & R PBL, HMFRES LS. HERE,
REL AN A EEE L. R RY, TALAZEEE (PBL Height,
PBLH) EZEAKI T =M E LRSS KRR HREME, 2001; iK5%, 2003;
fK AL, 2020) o N Guo &5 (2016) Al Guo £5 (2024) 43 HiIAH) H o [E A4
BRI RO IR A, AR R 7 R R AR N R T WY PBLH A%
SEHFE. AR, LR LIRS S EREE HANAE L BT[] 08 B A 20 i Jite iU vk (AR TR
FR5E, 20200 , AMUTCVEAHEE] PBLH Hf RE, X AR b4 Rk il 742 i
T o TR, BEEHOCTRIA . XUBR LR T I8 S5 I 18] 7 HF 2 BE A 1 R e DL K
TANBLE S Z M EAR BN, O B SEE A S imnoiil . Liv 25 (2019)
i Bl 3 XUBR 26 B I I, R R 1 —Ffogn R 28 T 15— AL 5 M LU R 2 1 52 2 = B
SR, FRA T R A R R ) 28 0 )2 v PE VAR IR ( Liu et al., 2020) .
Della and Demoz (2025) C&HFIH S BB L HEE (WSR-88D) ZH M 1) %77
SR, M E RN PBLH A5 THE R 5. @ik 5 B 3T I 5 480 4%
(Automated Surface Observation System, ASOS) WhEVE Y, X— A HiliE
P AT IR PBLH A5 THE SR, NIRAN T ML 2 st FES 4t 7
] o

Iz 3 2 I 25 52 IAZ DARAE , 5 BRI 9 32 225 T 210 43 b A 8140 1 2
EART, FOmmBRIERIR EE R, IRk, LES BRI V2 N 1S 6L A2 i
TR 0SB IR MG #E (Xu et al., 2024) . LES 7] B LA G H 18] KR 3h
AR, FEEEMAT VI, iR & imin s e 55 55 sh 124 (Song et
al.,2020) . B4h, WU R)ZE S S5 RIR AL R IE R RS 2
— (XA, 2020; E2RES, 2021) , SHMES WATR4E LIRS AR &
ERM . PBLH 1284k ELEERZ MRS Wiy BRI 28, B PBLH 2= 535075 4+
IR MO E ARG, NI PRI RE I, B8 0AER 25 T 25 28 (A RIE 1 IXURG: , (Rt 2 5
Wi e e A . K, PBLH 53Ry 4ed 8] i R g KEouE,
Su %5 (2018) W5 1 HE PBLH SHhaRys YRRk E 2 IR R . SIBERAE
NESRG YW EEARE S, 5 PBL I8 B A B AEH B 3KE R % E ik
(] &%, 2022; Nair et al.,2023) .

1.3 R imm e s
2 WAT 1) 22 4 AR Bt s 55 AN Ko Vi 9 ) MV 0 0022 A IR B R, Wi 2
F4 NS 2 (Clear-air Turbulence, CAT) FI 34 iy (Convection-induced

7
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Turbulence, CIT) o FHA G LI I 3= E AK€ AT 2 k% (Pilot Reports,
PIREPS) , H i HEEH M MR Xy CHLI 2 e, (H A7 AE = M ol HAFAE R S AL
%1% 7% (Schwartz, 1996) . FHAERARKE, #HH LR E Shik i il 2 gt f
WL R IR AR 2T 2 N i e i B2 A 1 B R0 I 22 (1) £ PE Y5 (Cornman
et al,1995, 2004; Cornman, 2016) . MMM 5TH, FHiXNEZEHFIL (Yue et
al,2010) . WOLE X (Oude Nijhuis et al, 2018) . XM MEFHEIE (Maetal, 2021) .
AET- 22 i KOG T 5 (Xian et al,2024; 2025) T RN R S 7 AR AR A
FE.

{45 CAT HABEZ T HIE % (Abernethy, 2008) , il 8% R
A WrITVEA R ™ S 0 NCAR R B imii 5l 5 (GTG) %% (Sharman
et al,2006) . BE#H N LR REFIVER HBIAUK B, BENLARMREE N et A s 5k
A N TR 5] CAT (Abernethy et al,2008; Williams, 2013) . #4Esk, FETF I
M3 S X B ME TR A CAT RBIF ARSI R, » Adbti X s 7
CAT R S5 H A B IE R 2k (Maetal,2021) . T CAT, CIT AHEA i
B R, AR IS 05 Hik 60% (Cornman and Carmichael,
1993) o X B9 AR AL 5 B D R . TR SC-ZX R 2h AR E T A
RIFRE I SE, Hoh T B AMNRL R 5 R BN JR B AT R KR 200 km &b 175 K 5
i (Kimetal,2021) o [ 20 e hntiEd, B A0 g e fd AL Bk I iR CIT
KI5t . Press and Binckley (1948) T kI H Ik 7 I [m1 8 2 AMFAE <R [A] X,
Z XA A I N T TRk R X SR B 2 H . BEE 28 FHIEMEIN,
Doviak and Lee (1985) &I, 4 CHNLERESE A0 HERARTE 1 A AR, Hikt
T IA IR B8 P AN AL 32 35 0 P ) R o (AP — 3, ELAE P B ™
HGI X IR, 1 TE I 5 mis. SR, WA R IR SO R AR 55 B R B R A
it 60 AHL, NEESEIFEATREAER (Brewster, 1984) , I HHhEETR & L3
KL 7 B T

PRI ik, EL A 0 XL D)% B 77 (RATL 28k 7 s B J SO 06 5 92 [ /R 2000-2001
TR T I MO B LRSS, R 53 IR CIT HAEMI R 58 /N T 40 dBz,
Hmm s B 5 ok e i R A R 9 AHOCME, B2 0 dBZ Xt A7E S, 3K
6 RAT B E S R IEIR AR oON CAT 1idE CIT (Hamilton et al,2012) . X-Fitk, H
TR & RS K2 BN Lk, A WL ENmRik S S EEHIEE
3 P i A B S 2 4 0, S 3 X i A P A T A A e R S B TR Y
fH. Hitchcock % (2025) it bhi 36 [ LA ) B W S EU I im i Ak, 15
O T R S A AR AR . EEB LS B HF  (Federal Aviation
Administration, FAA) KA RmM UL fe . B HIARR 32 A HA/MLTF
TEBEIGIL, H AT 100 A B A4 A B IR G sl

A, WA= IR T G TS T R, T N TR R pi
PERE 20 T840 L FERTFES 10 BUE RS T4k (Numerical Weather Prediction,
NWP) J5¥%, 41, Mufbz-Esparza & (2020) fi A6 & T [HVAH (GBRT)
1 /NI R IR A BRIR IR AR s Shao 25 (2024) Mg T AT 45 /N B HT
BENLAR AR o (BRI, 2T 0 8GR B 2 ST it = A2 T T L H S
TR, AEBCN R EATNA %077k (Patil et al, 2024)
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JEARSRHIETE A6 i A 00 S A A%, {25 47 s D O 00 A [ = 1)
o — 7T, BT R AR IE LI Kt df AR AR HE S 18 55— Dy, JRUfr
O 52 AN A S o 1 SREBE s R D R 2 AT ) I i S5 R N 90 28 7 Ko 1) KR
SORE A AR i YA M 0 T B 7 ) B T 1A

1.4 WMTIESRMNTREE

N i B AR S NUAT 22 5 — DR R N 1, HWtsas T 20 i
20 60 EACEH FH AL — RIUA B R (AL A . i S [E i 2 22 7
2= (NTSB) X Z i b ) & R BE AR 4518, (HI9F5 H fE R R B 252
X —ILR G 7 2R Fujita 08 10 m BEOGE, MG A B, Xk
A8 H I RR A B AR AR B R B AV AR T 3. i 1975 4 R 75 i s FH ki
RN, Fujita B3R T HRRR"E, HEHPESDNT 4 2RISR E
SONCR BRI (Fujita, 1976; Wilson and Wakimoto, 2001) . 936 iEX —JF6
PR, RET 1978 et 7 RIvE N ILE S 258 (NIMROD) . Fujita
P 22 5 1A T R EEOUI B R T R AR . BT Pl R RR TR (2
BREBEE/NT 1 AR<L A, 1982 4 XA 3 7“Ba Lz R T "(JAWS)
TiH (McCarthy et al,1982) . %5l H AMYUESE T T oy B AL & P 5 A% X
B, SRR T HO RS 2 Ak U UM B AZ OB« 2 T R AR 3 3 T T
9o BT RIS 1 22 57 880 7l S R RGO T DX 245 () M I T AT, 53 00 1) 1) 1)
TN BRUURFAE,  WIBAHE Y 75 2T AP BE 5 ) H B & R4t (McCarthy and
Willson,1984) . XIISLIEA: T — RIS T Tl F RIS 8 . AT Bbl
PRI EEAF 7T ()40, McCarthy and Wilson, 1984; Fujita, 1985; Srivastava, 1985;
Wilson, 1986; Mahoney and Rodi 1987; Kessinger et al,1988; Hjelmfelt, 1988) .

L RRATEZE (NEXRAD) %7 1979 £ /5 3hi (Crum and Alberty,
1993) , FAA [ 30 T 18 ] NEXRAD #2222 e AR ¢ (Laird and
Evans, 1982) . 1984 4F “/p2K. mEhi. wHRIIAE” (CLAWS) i H Il
S, R FAA L E T kb 2 385 8 R R AR R [ 2 EN L AT R
BT A Hae A 22, 3F ik, 1985 fFEIERGs) T &un L KA E 1

(TDWR) RIgit&il. HIFRHLIEEEZ AW EEAT IR, REWEA R E%
R BT IR S 2 B R AR, AwIaa H Btk T N TR REITL T o
AR BEIETF R 7 oo 1%, 1988 4F, FAA ZES-h T & il [E bRl itk
17 7 IEH TDWR B R, HORSEIL 7T 7 2 0m 004 B ShAa i Al s iy 2455

(Schlickemaier, 1989) . #Rifii, 7 TDWR AN 2 T BRI R 2 £
EbrbLgE, FAA KIERN o 20 m g 00 ) 75 2ol 25 a0 i BE S FF
T B 22 AT BTN o B, HOA R LA S NSRS, s )i 1
XIBI2 s, 0@ EE kR E oA, Rk, w5 G B Ee /1, B
{58 2 FR A A ) B A g A SR AT B R . AT TDWR B&/K 7= i 1 Fil
W& (Chornoboy et al.,1994) fFEMIE R . il F o B n g 112201 5%

(Roberts and Wilson, 1989; Wolfson, 1990) & U, 0] & i) il 75 Bt & #1425
5 kot 2 8 8 ERiAEdE, i bx 2 ARSI AN HAR TR R, #E3) TDWR JR Y
BN “AZIRRRAS” (ITWS) JEA! (Evans and Ducot, 1994) . ITWS
BT P EE S T KA LR R T 0 R S T AR s, SEE T R ER AR 1Y

9



313 SEWFTEBIAERK, 455 T BRI X A% O B I8 SO 2 AT TR s i AT (Wolfson
314 etal,1994) .

315 2000-2010 f:[8], TDWR e KA HRE KRN, HAG S BT A4
316 4kZL, BEME A | b ez BE B TR R 10 A R 2 St T R ARO[ (Cho,
317  2005; Cho and Chornoboy, 2005) . ¥t AR AR RME LI T T30 F %
318  WAIAZAI (Hannon, 2004; Keohan et al,2006) . Ja#ZE P/ “ XA
319 (WP) . “HETEIMINL” (SCOT) . “R-MH-#FE” (MPS) K& ERC
320 THUNDRER %&£ /N KA I5 H (Solari et al,2012; Gunter and Schroeder, 2015;
321  Reptto et al,2017; Solari, 2020) , # L4 & T i T i B EdEE. 80, TDWR
322 H¥EOeTEEIPNE R AT IR A S & (Kim and Matsui, 2017) , #dEsr ¥R
323  AREHANE, 24 TR UL RE 10 ER T

324
325 15 REMERXSHFIINFRIGHRIER
326 RS MYIAS L I AR 25 S0 2 FL G R AT AR 2200 B ey E A, X2

327 RNV RS L AN EEE M —, IR RALHIE 2 B S KGR E TS
328 YA UK, KFE 2 PRI T B 2= MDA AT L A 7 B2 i3k ()
329  4) . FE R4 80 44X, Wilson etal. (1984) it £ E iAW 72 N o B
330 IR, VRAL AR KUTARERI - ) 37 25 - Boilley and Mahfouf(2013)
331 (EVEE R E BRI R TR ACE K)AR IR, S R 4 ARG
332 1 MBS 1 MR EIE, T 2009 FHite 2 IR E 4, FEabT
333 T SHAYIERRGE A B FEE I X A AR AR YE . Chen et al.
334  (2017a,2017b) Z5& KO EIAR 325 KK RIEHWE, #Hx TREIRYIAE L
335 BRI ARRICES, RIEFILIMX MY FIE 1.5 /AN e, HESL T PMy
336 WKESEOCEEEMILK EER R, Zhangetal. (2019) $2HFET 1550 nm #0%
337  HEM B ERKN, R T KU PGE RGN, ARG T IS R 1)
338 SERTHRMIAE Sy PEESE (2022) xRN, FHBOGE IERR B EE, 4>
339 M TR AR £ R R AR LR () 3 B S AL, JEE T RGE AL 5 XA SR AR ) )
340  NIEHBRR. XIBEHLAE (2020) 7EIL T E AR E FRALIZ R a1 B SR A i
341 RXUIAR, B KR BRI AR A S AR AR EAE ML . BRESE (2024) T
342 RIBERPEOETR RS T RGEYAR . AP S KSR E E R R, R TR
343 SRR X RIS IR

344 T B EIME SIS AT Z e 5 — EE R R . L E A TR LE
345  WMINEPERRE T RAORSEIEE, HEAREZE IR RS, At
346 ARV R ARG T B EEE 3 MIT M 25 = 5T O’ Connor et al.(2010)
347  $RHRTIE, BIL T HIIAHESS EDR SAEFEAE, FIRVES T 59 R A R
348  FA[EEME. NCAR ] SCALES 3645 & o AL . 72 2R 2= Aot B 1R 2k,
349  ISUE 7T GPU ) FastEddy KimiR X fRE BE, 3 52 it s 4R 4t 1 %
350 k. Wik G KEET A Simiiik B TR, T RMT 2 km S E AR
351 AR E NN . UCAR HRAFI AR Eimm A L (NTDA) it 1 4R
352  mWHNmILIRE AT, RN AR IUER AL T BB
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357
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359
360
361
362
363
364
365
366
367
368
369
370

371
372
373
374
375
376
377
378
379
380

381
382

B RSN, K2R (Low-Level Jet, TRk LLY) %1% & M2 HAL A X
)78 R 25 it 7 (Abernethy, 2008), B it 5 = 779 AH BAE F 7= A= 8] 8 =i i
(Hallgren et al., 2024) . ¢l R EIR TR H, LLI A @AY =4 1158
MEW, MRS AT Z MRS E B . 6 LL) M AMR S i 7R 1
HEZFNZAEE. fE3£E, Bonner (1968) F:T 47 AN X dE, 5
LL) FERAAMNAE ST, HREREIAZER . Whiteman et al. (1997) Fi
FA AR T bz far S PP AR AR S, 257 7 RSP R LL) SR AE, B T HE
Z (47%) 54Z (45%) LLI RAFERZ R . Song %5 (2005) NIH| MY A &
IEF 915-MHz JKUBRZRAX , X 3L W4T B 0 72 (PBL) SELR Wt (7 7] LLI 3k
AT, IR LLY RAETEONARE . P, At e X A B A szt B S
HEME. Duetal (2012) FIH il XERLEEHAR, @57 1M IHS IR
WY LY A fesy, o Hg(E 2 HIE R A AN /= - Wang et al. (2013) i1 Wei et
al. (2014) FIHHHEAREBIFEEFIZ A KB EIE, KRR T LU 1 HALZE
TR, B T R RAEET AR (BRI ERE R, KRR
KD o BRI FE 23 BT BORMHE AN R X 3801 LLI B T34t 1 AhuRE (1) A& (Zhang
etal., 2018; Kongetal., 2020; Limaetal., 2018; Ferguson etal., 2022) . {H#FHE
B, CAWFIR ARG ST A A X LY 3047 2 [a) Fitil,
WP R T Al BERILEZ AU B A3 77 (Ding et al., 2025)

TN R EEAER A, BOR S TE RS M F B . B
BT XX AN AT . Cybyk etal. (2009) 23 #r 7 AEa g st/
BT ANLEI T, Galway et al.(2011) #5714 11 X7 7 , McGrath et al.(2012)
RN T T R85 5 AT 8 AOAH EAE LA . Bottyén et al. (2015, 2016) A T
FT WRF BN FHRATHR R4t 38T+ 7L B RIS HIRE A K F .
Kim (2015) & 7 XIRm e R4, 7 Hab s R @E #l. maEsk, -1
HUEE I 20 o 4% S B /E F . Brosy etal. (2017) FJFH £ 38 6 AL &
WS R RAS S, Witte (2017) B T & HIGIERMTE AHL, SEHL T Sk B 4L
Wi K. Cole (2018) #EHHIZHIgmBAIERIFIA, B—DRFA T EANAELE LS
R T P FIE L RE
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iRE R HUHESAER, || AskerveinHill TE ||  Bolund i3 COST-722 BBARTOR ITCE-81
i 1952-1983 20013008 EHOL X % 1981.6-1981.7
(Chu, M., 2024) (Boilley & Mahfou£.2013)| | (Taylor & Teunissen, 1987) (Bechmann et al..2009)] | (Jacobs etal.. 2007) (Banakh et al., 2021) (Tsvang et al. 1985)
ITHEEDR{AS HUAESKLIZE
MITH I BOEEAA
;— (M etal., 2019)
AWT [ R AT |
i i
W (Chen et al., 2017)
RS BEYIFRREL
_(Hlliker etal, 1999) | i
(SNU. 2023)
AWRP -
199725 HXRENEZ R
(AWC) IR
SCALESRMA 3% (Chen et al., 2017)
oo THEERIE
FAVELR i) 2022
e SRS
(Wirte,2017)
HEBFIRERE
CONNEEUE(GINE L (Steiner 1.2024) |
(Nﬁww ; 0 2 BEFSEEATR
Jayra Ivelisse, 2025 . - N /s m
Wind speed @100m (m/s) (Turchi, A, 2022)
HBEITURAR TransformerFOABE
(Sitva st . 20309 R I [sus | | | s [ |zeTem

] 4 AR SRR UG R I T TR OT e 1) B Atk 6 22 1) 201 ]
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Fig. 4 Spatial distribution of global field scientific experiments on monitoring,

forecasting, and early warning of hazardous weather for low-altitude flights

1.6 KimtEIHARIER

KIGHHL (Large-eddy simulation, LES) 1 ks B 1) T i A48, )5 1%,
H 20 tHh42 60 AR H1 3 B FE 2 KA Fe 410 (NCAR)D ) Douglas Lilly & 4
HPIk, CECA PBL MR AR EZE T H. S5E40EUE RS TR (NWP)
LA K S BT, (General Circulation Models, GCMs) #81k, HAZ CoHEZREL T
WRAS AL SR AR AR SC B A1 A8 B I TR 5 A2, ol I S804 5 L3R AE 0 X RO 80
SR, LES 8% K R AR ks, SZBL T 6 = 4EI 255 BETR I 0 ) L4 AR T -
TEA R 4 32 3 I s B A% i 1 DR R i e (R e, 3 3o di it P 5 8 A B O X A
R E, BERTE T U Z YRR R AR

BEETF ENLAR M KR, LES BN A% 5 O N BRI 2110 2 4 e 2 5 4%
HSRRAARE, BRI K B M 4 (5K S B3 — 20 B
PRI L, B EIZ DRGSR KRR P EE R, ks
B I e RSN S 2 ) FE . Deardorff (1974) 4 S H 4 SRR KRS & 2
15, T Sommeria (1976) NIFFGIMHILEI N T REWEE. AKFFRA FUim
N, 2R T R, Mason and Derbyshire (1990) Hib -+ £ 44 58 %,
OB FEREH] LES Il EEERZ, TPk LES 4 N H THF 7
T 568 2 PN TR O 4 R PRI IR A, it 5 NIRRT 5% Cimmersed Boundary Method,
IBM) SEIUG S B2 3, AR R G w7 H R4 (Dupont
and Patton, 2012; Patton et al,2016) .

ME A% REE (Subgrid-Scale, SGS) IR H A2 LES HiZO8kik. &
# Smagorinsky-Lilly #545 15% SGS il & 53 & KM FlFHE KH 13R 5 # R AU
Eefpl, Hoer KM & RAR Gk, WH[a]EE AT Smagorinsky £ %1 &% (Deardorff,
1972; Smagorinsky, 1963; Lilly, 1966) . Deardorff (1980) #2&HH ) TKE J7 &N
R NN R SIS i fana UL 7T B UIRTRER A R . SGS AR Y d i
BER WA AL T JZ P9 LSS I & 1n] R &, S 2 A U HOE A T A5 4t 43
PRI 5 (40 Sullivan et al, 1994) . HLFH G J5 BR 76 T8 8 PEAR W S iR gt it A
JRIIT & : A84t0 SGS AN % [ERE & IE M4 &, 1T SEPRAP/E R R IR U LA
Mason and Thomson (1992) & Leith (1990) BEHLFEICHELL, B X AE Smagorinsky
R A 5] N T EC S L], 250 M eE T R P I FE Y BERAE . )
BB REF—DHFH T SGS @A Wit £ E I B AR S &
Smagorinsky % %% (Meneveau et al.,1996; PortéAgel et al.,2000; Bou-Zeid et
al.,2005) , BCR B B 7 VE w IRAT M EC 29 (Chow et al,2005; Lu and
PortéAgel, 2010) . XJ LU Fi B, BhAMBALE %0 7= (Ludwig et al.,2009)
MEMZTAAE (Shietal., 2018) &8 45 BN G B A .

T ROR BE 2 LES KIETEN T#hae. fL4H) CPU LM 7E AL BE 5 73 #¥
R LES W AN &, 1T GPU MIFATIHHEH AR EZERT THHERER. 4
w, EEEZRKSHTEH L (NCAR) FF kK Fast Eddy #ix0 R A CUDA iE &5 1
GPU 4244, sEBLT HefL4: CPU #E0 (41 WRF-LES (Xu et al., 2024) ) R fif
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442
443
444
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446
447
448
449
450

451
452
453
454
455
456
457
458

459
460
461

PA b BT SREERE , (RN REAEA y CPU #4322 — (Sauer and Munoz-Esparza,
2020; Munoz-Esparza et al.,2020) . 7£3&HE eI SCRE T, S50 lipl #h 5 /K
F k% (LLNL) W OHEH WRF B0 GPU Jii4s, B Energy Research and
Forecasting (ERF) HixX, 575500 H ROBE B4 IXOR FE I TE A2 PR TR . IX L6
RIS T LES FITHE A, AT RS SR TR T n et
1.7 MR ETEREHFEMNHRE

T U T S 7 2 — RO AN R, = B R T A B
AR A A AR IR SE N R ER . BE KT E5 (e AN
TS I8 PR 7 2 AT ) BRI R R, X I T T R A AR I 1 =R R H 2
Ul JCH RIS, @A X s ol 58 T 808 2= 0 RI5 AR FE 40 A
1M CFD B REMFE it S HER P /M AR E R, NS AT 1) 24 A
e WS S AR

R4S R R A 2 LA/ 9 SR [ B, (R A B HEE T igAT, LA
AT BATHRE AT R, X 5T ANUE R EE RS« RS8R ML 75 4380 2 e 9L 1
AT T RAFF M2, SRR CFD B I ALE T RE Wl He I8 T 4544
CHnERSA) . A7 XIS AIREAD 0 R A R B B R Ao, H 2 [a) ROBE G i 7
JUKRZ LA BYEHEIN o fERTS S0, X Pk 4l iR G E BX TR e
HURIIR T 2 o A2 i T (1) 22 4 SR s B Mk 22 DG B 3, AR G S R Tk 1 =
V1) RS T) 3 2R A Xl DA A2 2 oK

CFD A HERAPEAEAR KRR B B AR T PR H I BB D v E A i, B
RIS R BT i FH Y CFD 5k B3GR W44 (RANSD J7EH1 LES 7.
RANS 7 iEIE SRIE I SBR[ T 5 R, B3 PRE T 2 0 R R,
I AE SR N R3] T 2 R H (Blocken, 2018) . Toparlar etal. (2017) #5H!,
=I5 96% (I 1T CFD W 5T K 1 RANS J5ik. {H RANS J5 i) 32 B 2 it
2200 N O A ROBE B I K BN A AR, 3 AAER R /N i A 3l & . SE AR
A AR ER AL, PR T AR SO A TR R S ¥ 7 (Tominaga and
Stathopoulos, 2011) . #HIKZ K, LES JFikBems i KR Eimiiasm, S
TEBRAS VAR, AR H & BT SO AE — e AR B B2 7 H O SE I B

BeAk, SR TR E CFD B0l 2 SR F B AR 1 BAVE 1 S ok i, 220
TRARESS RSB0 w58 5 & B = A A6, F3%
KADTZE WG sh 200 SR 20 2 (A 3R 21 M o TR SR F BRAB L B0 4R Al
Fi 2% At e DAHERf S BB S T 52 N B REAE - ELEE ST, B URE CFD
R R RS I TR A N E B R R 7 1), S8 5] N b R EE AR SR AL )
BRI RN %A, CFD J7ikn] DS A4k X 615 8 DL B35k 117 PR 55 11 e
RN o X RN 75 R T AR Seli e i A R BRI, £ 1 R 4BL A 1 s
N {E (Piroozmand et al., 2020; Yan etal., 2020) .

JETRRE CFD BHUAE RIS RS 2 5 M T AR R S5 5t 1 o J1 1
BORSHE, (B AL SRR T AT T i v 22 H ik, S A5 1) B2 0k S 25 08 1 e
LRI TH SR RAS o AR AT T ) N R PR R B vy K ) 2 FRUBE A 6 M T SEZ R AR AL
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482
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484
485
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487

488
489
490
491
492
493
494
495
496
497
498

499
500
501

FiR, FEMEEZ I UEEAESE, UUHES) CFD BlE A R H S %
AR TR ERRF .
1.8 FERREERNET YVTHREMKIHE

B S 1 25 28 5 B PR e 5 IR 28 B AR R SR T A LD G I8 Ak i 25 Ag
HRAFZOHTT, HEFREERE R R A TR 24, s e
FERA B RATHIE . X ER BRI AR TF LR EH ST M HIE S50 shS kg
MRS, RGN RRREAREZHKRK, DR CITSAEZ IR T ITR
A PL S BT R

To NHLR 12 R FT A0 A RS S L B A\ 12 R AE = 4R A 25 25 3 e N
B R AT A8 M i B 28 s B T B M 0 ol AT B A2, 8 B @2 2 B AR
A, RS RAT IS (], REVRVEHE R 2 MR, T2 UTRAY T, B
FRNEH 738 AT SR 51 T ARG =AM 0. 5] RBEUE 84 R R
RN Z, BT 25805 BG4 0 A0 A2 )46 v AT BE 12, 20 D RE 2 iR s S iR GE
5 AR PSR T 5] S B A s B, DR AT AR
B HEERE, EREARR TP, fEHIEERNE NHATZE, A dE 429K
TRAT AR HE B ER B AR BN, AR AT AR AT U IR ZE B IE, AR AER
IEEREE . DA B 9T 3 BRI Se i A B O BN 2 PR P 1) B A R fr) @R T, TR T
ZRFTEAR R FETHRRFE (40 Dijkstra) 8 i HZ M AL B 25 7] S 3 4
JRE A AR R A FET RN v (b EBENLR RRT. MER %2k K
PRM) JIj3@ o R 25 (A BE M LR AR IS AR R e L ik 42 B R A R (Cm A T
P APF. BUHSVE ACO. BAERE GA) BT RPN G i3 iR 8 &R
HEAR K% (Debnath et al.,2019; Liu etal.,2023) . 4k, A4 fmsas:
A B AT AT M, TR BB HUE A B R (3 2 AR T ] 42
NMPC) £ &5 83 15N 2 BFrtide (it (A &k REFESA) , adbmisk
N 51 S By B 20 B A st 4k (Chan et al.,2025; Lu et al.,2025; Zhou et
al.,2019)

B 5 o ANATLAE L ks 3k T 4 am 55 8 FH 3 s SR B, A SR 5
PS5 A Tt SN AT R R R W, SR TE AN E R
S I SO FE R R AR SR AR 2 K . XA B8 AR ER, S
IR HE YATAEE DI RE 2 5P % 55 XS o T4k, W 7 8 A OB i () 2 45
ARBBERABARINE % B, EXRIGEE5HE, Bt WRF-CFD [ X
PO AR B 3 T I TR A HERf I, 25 K8 e U=’ AT E AHLAT RE i
B RAT RS, PRASATZR I AT LA, JRARYE XA 2RI 4345 KX (Chrit and
Majdi, 2022; Giersch et al.,2022; Jiang et al.,2024) . fEERFEINR 71, @i 4E&
W A ) CFD AL, AR HS R i [X ) 42 J=) 6 4% (Pensado et al.,2024)
DA 51N G KT 6 e NATL I FE (RS20, 25 XU TA] (1R 2 25 728 A SI ) 18] 6 T
¥ 5 (Duetal.,2024) .

SR, FE T KA AR R G T 1R 1 22 R BR P . R0 AT s
MRS P 0 A RN = BEAR A =i kG FE CFD, {H R ASEAUL PR AR ] e A 1) £ S e e 5
BEATo UG, BUAT BB A LRI AR 2 2 SR P 4 20 X BRSO JB 2 55 B AR AL A i
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503
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521
522
523
524
525
526

527
528

529
530
531
532
533
534
535

536
537
538
539
540
541

(Hong et al., 2023) , XL XU 5 148 itk BR AT R RISR A 5%, (H A2 FIRE L
SN BT L (RS ERRAE . BRAh, 2 BRREAL R RCE BB (A 4k
AR LA DI B IR S, oh = Ed gt .

ORI, T XU A R AR R TS T i 1 22 SR PR . He—, kS CFD
FOULE S Ak Tl st 37y 55 rp B R ™ A 2 S s SR RE 70 T, DU R
TR 22 482 50 37 BB AR K SUXUER 2B e (Hong et al., 2023) , B f#
RENE S AR L ANAYE 7 HSE RISk (I S« B s0 My sett, 3
=, Z A Al AR 5 RERE B R B = T /AT Jy 22 SR B
EE T EAAEN, Jilaise AT,

BRI S, AR EAR RIS RGN O AT 7 USRI BUrEdEfE , AROKR
BB SR I IR L, St AR IR Bt ms L S RN, DL D&
WARREZIRE AT VIR0, A R SR AT SE B L A
2 IRZELTF R AR F R R E

JUEIT AR E AR K SRS L 5 LG R QUG [ 2 kg, (BAE
T AR 2 4 = AT SR RGBT PE R AR A ARId 5
JERRE . R AR BRI . AL IRAE AR WG R T 55 8 2 i
AR, VB2, TR X AT e, BN asF
AR AP EER SRR ]

SRR E W A2 B AR 2 B IR AT 1R g, (B SRR
LA RAAEAT R BB SR R A, 5T — 28 R ARy SR A O Rk
PR SR i A B R AL IR R AR S RO G R (RE R PR
RE R S g BE TSI LA K AL TRRE AT ST A M ) 902 ) S 42 5 0 B )
ASCRAE LR ETE BRI R AR, B RSB E X BRI
B A RS SR T3 1R AR U R AT R e R i BEAR B R AT
e

2.1 iip N R Bimi gL

24 A1k, CBL Jmiit A 7 CHUS B23f,  him sR AR R It v i 1 8
1R R A IR SRAS 78 o e e o i AR R B AR RS PR C-z,/L) 5 IR AR
TR LS SRS XA, DU EATZ B AN . o H S SRR IR
5t sk, BT B 7R X 2 X R IR -5 R Bk (Aksamit et al., 2024),
FIE 7 AR Gl i AN LA P A R E A TR 4. S kAR, iR SR
H Tt 28m: 7 BRE#R, 40 Liu and Stevens (2022) B RF45 T IFE 444 T & H
TREAE PP S E A RE . KU TR B ) T b R 1A 2

SR, i LA R I R A D) AR IE R SR Bl kDL S B SR X i
FHRZm . L SR T L SR SR 5 2 18], HBh T AL A
AR N2 H L B0 R S I AL AR A &6 2 R FS 12 57 J= (Stable Boundary Layer,
SBL) 5 CBL ZI[alHy¥eH, e ML Ik 2t G RaFRER N —
M AR PR TR, AR AR ST T RS R B it S AR R A, XAl
GRS N AR A8 K H X g Sl AR fan 2 M A L i 475 SR AR

15



542
543
544
545

546
547

548
549
550
551
552
553
554
555
556

557
558
559
560
561
562
563
564
565
566
567
568
569

570
571
572
573
574
575
576
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AN AR AR T AR F P10 50 2 R A 5 AR 030 2 5 M 1 R TFL A
) FEIR 2  BLAE A T IR B S A TR AR R IR AEAT . ST U,
WAL LR RIS IR, T LN AE 5 AR
SIS AR U R FLL IR E

2.2 IBINFEIRILIE

R AR EEM:, P RRIAFER 2 AT B, NIRRT
MR R ERET IR, WA ERKNE TR EERE, ) TaEE =
R 7K K 25 25 K B i 1A A 2 2 /b (LeMone et al., 2019) . ¥ RL A ZINE
FMEIET 2 mEHLSH: KR BN TS AR T IPsh (10g/kg KIS I S0
M T L8K ALiRPLEN)  BE/KRL T HE RAE FH S 28 R A E S BN F 7T,
AL, UFEAKIRIE TG G T BRI 2 M E R =2 % AR TSR E,
HIx J7 AKEAER UL ARSI E R SR A2 SR A E SRR, BT
JZ WA 45 118 B 5 I ko RO 4E 3, 451 0 2H 2340 #8042 7
JERXTL, AR S EIE KR AT 4ERE R RS R 4

SR, M A Z B 5T A S T I AL 5 B R X Bk b T4 AR I A
S IHEFEYIME, = B E R FEDILIN 2 D 2 8 5504 72 i i R
KB (skomsE, 2017) o FHHH AN R A8 52 IR T v B2, AN RE SR =
s, MEE BN ERRAHER Z 5O T BE L EN, SFBaE. 5K
Jo B B A AR AT G S 3 Y R A . AT T, VI T AL TR B s A
BT LA 909 58 B = 1 2 . B B8 19 /K P A 23 DA A v RS 6 U &5 4

(Atkinson and Zhang, 1996) , [FIl} = A (JUH @ = MRS SR i)
RS2 A3 5E R 45 B HI 20T AH el i B2 0N, 75 SE e s B A0 e, xXonf ih B B 42
HPIR Bk . thAh, TR SRR IGRIEE, EaaRES T E48
HOEESLAE TS AR 2 b, 3 5= B KIS A K B AR AT BRI 4 )
bri, TERPRKRIRRERS CBR—S7 ZhppKEREe) W 75t
JER IR A AL BT T A Z i vk W 2 T7 S0 TR0 512 B FH e sk
ZA B, X ASIR I FEE TR O R SR S

AR, M REREAR (BOCHIKIZEEFEIND A5 E S
FE£ & Je o NIV IR IR 2 R G RN K JE, NIRIA R ZHE 5T RE 18R4T .
X LEF AR O AP LI HE R KA S T 2l AR inin S i R, SR T
X Tifiit-z 2 L B (e d B riREERD o (T REK
AFZ, BEAR G Z A 2 0T I T B, i A XU AR 75 R R AT 52 B 7K ORE
T AT e AR BRI iR 22 (R H A2 B A B2 BN 7 38 [B1 38 W) DRI K 64
55 R AME LA B 55 IR AT T s BB AR, O H WA 3 R B R AR,
NI A S 2 i A B 2 TR . — St it 7 & T IG5 rEiR i R E it
e, HUMELEH BN TR X W 2 g R — A4k
75 %N H bR, 11 Eddy-Diffusivity Mass-Flux (EDMF; Siebesma, et al., 2007) J5 %
Cloud Layers Unified By Binormals (CLUBB; Golaz et al., 2002) 7% /& Unified
Convection Scheme (UNICON; Park, 2014) %5, HE[IXE—0 T BXT =8 #i0
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TR AR A T AR AR, ORI BOR BJWE ) (Lu et al.,2024; Park et al,
2024; Vraciu et al., 2024).

2.3 HEREMERLTE VTHSRERERAEF R AR

BT EANBRHI TS R E R ER. PR R, GIWERARE ] =8Ik
2 KPR i R T BT s ARG S A A AR S AT
RO A PR i BEAR O o 53— T3, ST AL XA R 2R R I B T, SRt
PR I UG S T TR B R el &, s RE e e T X 2P 2 1
H AT R AL, Al ™ O IR WAT R e . 281, H AT E R LG
TR 3E CLSEIL GIW AR E i S8 I DD AR S T S iR 2 AT R 3R
DR AR S 0 A7 A 2 9 s I, (8 AL LR P xE DL A T B E 5K
BSHIN B AAEEE, FENATFREXYIAL it S0 e AL ©AT 1%
R TR A A BB U5 ANTE I

e N RAEANE Tl A E BAGEET 2023 4 12 H KA 16 € I FH 6 2 B =
WA E A TIUE) JERSE SRR RS EAM RBOR SR E , 8 51K
BLGFIBAT IIRER 7> T N B BT e R 3 B R B« RS %4 AT/ E mi
TR SR B R R SLOUE R, DCEE I R ALANRE KT TR A GO X
LA e K o PRIIE, B S iR R HESAE H - JE AN 22 4348 3K ) 2 UG 3R SR AR
FRIRAR MW AR, JCHEW ST AN S A 217« B B XACTHAT 58
BERGBRIBOR; KRG nsa e B AL I XGEOE d AR, JoHE R
B SR IN R R R T s PP BOR s BRI T I R T S M=K, =&,
KOE T MNFOEHEIEEF TR ER B RS, RIURE. B XDIAE.
M AEAVERTUER: R FERER R 25 BN S, KR/
TR IV Gl =Y SN RO B 38 XUJSR 24 7 Tk 55 3 38 [ [R] 28 A
RERFA, AR Z4E NI RYIEE L THFERCE it i U 55 2 K0 2 U5
FHIHA, WERFEIIRE T % &R E RS R R IR B 512857 .

24 NIEgMENREMEXSEIRRE

BT HATBNK A2 E NN E R8s AT [EAETE 30 280 BAN,
ML G EUE R ST, 2S5 R R LT ERELA R, M LSl
WLBE o Bh A TIAR L it RS S A SR PR K RS HE TR . S — T, N LR
T I A5E 2R DA RS0 928 AR S 3 238 DR A Do 32 B2 50 N 1) I 2 PR T T 7 ot 79 2
RS LRI Tt RS S0 SRPEK SR R IE . IE5K, AT
HRE S Y ELI RS R AR R A& B ETE ). ORI KRB 2
G- 30T G S T 7 FE ON-S) SR B2 R N BEATLAR A L 1128 W 25 S AT i 2 ST HE S,
RIS T R o R S X R R I — B % (Hadavi and Romanic,
2024; Yao et al.,2024) . LT VEANUNA FREHE HIEE T KBS H AL
PESCIRE, A JE sk A ) 1 DU A A P BRI 1 B R o i s i Rt » 5 B[R B
FIFHEE KA IR (NWP) i 26 BLXUBR 2k 5 5 s ok EHE, 45 S BENLARAR
B, CAERM LI LI A2 (LLWS) 1 /81, H PR-AUC 1
15 87%, ik TR EAEAR RS T AT (Ripesi and Criscuolo, 2024)
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RIS A 2 4 RAT X R R AR TS 1 = BOR, BRI IR QB A T R DT R
Hefiti et . JTE AN T RIBIRER % BN ATL SN LR B b F 24RE, 4
e - AR S A B R B A DR R . —J5ih, RIEHR A e Bk R i
BeaE BN 45 (a5 UL # ik . GNSS/MET /KiRui%s) , #2 JE 4 [F)
WEYIERA Al GG, GIInFI Rz (GNND #ia KRisshiite,
KIRE R TR G WL H GBS HEB (Chenetal.,2024) , FRAGARE 2k
K =y EESREZMM; 57— J5iH, ZE AL ITEEEE, KIETL AN
SERE 5 T A A% IR P R] AR AIR 2 XX DT AR A 0 R RE RN 2R 4, # e 2 T F A
THBE (AGD A B S AT E R R R IERR A, SCHUR A S ] 22 3800t
) RO AR R AL R IE (LB 5) o MR H R BR AR BE AT FIE e AR B Ak AT
TS, SCRESR R TUE I R, DR AL SR I I - A (AR AL E
RALLERAT M TR B 25

M TES

' . e ESIHBES
R N WROERATEGRERE (AC) e ime

(1. K )
g. '%%?E"Eﬂ
. =R >
4. RSR%R
HERSTUR
B TR
Pl 53 T uify- (1038 F N TR REAE T CAGD) IR 25 W A R A= M I e i
Fig. 5 Workflow of AGI-based monitoring and early warning for low-altitude
flight hazardous weather using end-to-end general artificial intelligence models

2.5 SEEAN S NANXRERT L

WHE MRS LT i, H B2 GIW 248 N S G 5 AR HE TR 92 Xt
A VAT LR CHE T, 20T N EH B B R A s, IR X N A 2
B 5 AR XN (FORRET2) AR AR & R HRRE, 2SR
R KB A KRS KL, R RIR S ATl LR 2 &0, &E
JFIE 10 m B0 E 4 PR BRI, HRETRARU T EEFEARFBLI
XHRFYI R HE . R R AR ER: L 10 km x 10 km x 1 km (1]
R XCAE], I 10 m 23 FER P IR R 2 L AR i, H RS
AR TR Z 10, eV S B

i 10 42K, FET GPU ORI UZRHT Y, BB TIF B, Ak
RS R TRIRIRAL T B8 . 5140, 2020 4F2 [ S FT H OB R 1 FastEddy
B, KA T 2T CUDA EF I GPU 22, SEIL T AHXfE4: CPU Kimti=X (41
WRF-LES) H £7 A L il & #E E 2 F+ (Munoz-Esparza et al.,2020; Sauer and
Munoz-Esparza, 2020) , AEFENISE CPU B+ 702 —. 7£35 E REIRER 1) ST
T, FKEZAC IR o FR B RO = (LLNL) B 24 H WRF BX 1 GPU A,
Bl Energy Research and Forecasting (ERF) X, [+ ) B4 X R i T 4% B
iR KBk, XL, BT GPU L8 B k) R B U2 5w 8 ik 41
KEETT A
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EF P E E o4 HIEET GPU My LES Fld B RS RA AL &,
SR T U BSOS AL L, — T R AR AL AR (BM) 53
SR, sEB @B S BT, AR iR, By B
SRS S — I RS MT RAESE, R E S & S - TR &
A TR N o [ERERNE, ARt 1 GPU B /77 AR KUK,
TR RERE g (0 DCU) B OHEEERE, BN FERmEs. 3
A A AR A B ST E s R4k 1 2 BE A B AR R Z AR B EE HESIT IR A R
TR A “FEABLLIE T " [A) N SSAL TR 1 5 s s bk
2.6 BEEITERANE (CFD) BHUF AR .

WA HOR B CFD B = R B, REE RS i IR S A = S
MBS G5 - SRT, 4540 CFD B P EE 77 72 (4 Navier-Stokes 77 F2)
PIBCELR AR, TG TSR A S . S PEAS P ) B, X DA AR 28 20 5 o s i
FREHI TR, HIEZSWSDLAREM AT 2 REAS A T A R BR -

NGB, 575K RSB AR S L as S K HT R B RE CFD BT
Ao BAKI S, I @) — R & WS R TIIE S, W e DR IR B — Sk
(oLt b, R AEE SR T I o SR, SEIL PR KRG HE R P
ZId; AR, 22T GPU FHATIH ST A REUE R e, 47 it — 2D KR
ARSI 18], SR THRE A 28 St A S W L g

FRAE LA 22 ST N IR BER G B 7 R AL B, H AT & B CFD AL R
FE RIS IR BRI T, WIS S H BT CFD SRig i 2,
BRI, AR B sk, {EAESE CFD HEZEELAE [ 5] AHL 282
3, UARIR RS . I A4 6 e ST, R TP LR AR B (Calzolari
and Liu, 2021; Caron et al.,.2025) . REXFEGE CFD R B3 1, HER
Rz ARE 1 5 THEA Renas, R AR FEA R i A B MR SEME T, MR HEA e
PEFIRT SEPEATY & — TOC B Bk K -

BEAh, SRR R R IR X RE R RS, A R CFD &
PR CAAERA S WX A 2 ROEEAHEAR T o [RIL, A a0 S 57,22 RURE W3 [A) TR AE 22,
S DA PR U S RS CPD B Zh S G . BRI S, i ik B
G R RERS S =455 O mANE) {E CFD i 5 61+,
XN RN, FFAR T S R A AL AT S isiddfes, a8 H CFD
BRI IR I AL 2 A, NI v P A VE AT ML o TR R K, B BE CFD
BRAUSARA BOMRS LT TGRS W% O S o I8 SRR L A HE R T i3k
TGWR, AMUBE A RERTHIR T AT S Rk 22 e S AT R, IRk B /13
R R E 2.

27 RESKFHS T ANBEAKIHERK

it 2 4k T AU 2 S 3 X 2% 11 s SR 5 T AMLBEIE R 9K, AR LRI BR 75
[70) B e S P R S [ o ARORAT T B i B AR BN B RAF T EAR
WHEZRF R AR R I KR AT A€ Pk I B AL o
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HARILT CFD B GARAU AT LS ARSI T )7, (E AR e (TS5 A
e UL 2 o AHLEAZ RIS 73 8P SR BE R IRE K i, G IRRE 5%
(EAREAIL5 Hodhs 9K 2 X2 T AR R BR 26, R D S R R B M L 2 DI AR A A
R PR RS, AEORUERS BE AT B2 T 35 PR AT HORE T, sl A R4 £t
CIEAINEAEEE AN

TNNIER J: R EE H I AT R M S REE UK, A _ LR TS8R
LA IR & E LS. A BT 2 5 T F S ER AL X S 52 ma, 0
TR RONTE E T A1 5INBh J12 7R, HE DLHER [ WLt 245 IR 3h i AT Bds
ARG 2 . BRI, KRR N2 REEFUAR 1L R, RS 410 R
Y- AT 2GR . 7R 7 T, 7l XU SESG 5 CFD i B4 &
17750 (Paz et al.,2020,2021) , RS FEA R IEEC T I AN B S X
T WA AR, NI T RIS TC AN B B A, DURE AR Ak A
Wi N AN CAT R 72 AT RE RV A T T, AR 2 KA
JH 5E DR AR B 00 A U 5 KATRERE (Dorling et al.,2017) , ZH% 7 XI55
(I INBE 7 St R G AR, TFE AT 11250 B S SR IR BB FRE
TSI KR 5 AT RS THAE AR ) 5 R o B, 38 KA A TR TE AN T B 7 A
e, SEEIMOTHEE: i R IUE S SR A s RGN R
FEm, LS EwaeRe. £ XNEHSZEM, FESAEX T T &
2 A dehn, BRR S AT KBS IR D) RIME, & R RS S 28 KX i 5
AR () 22 AR i, MR AR IR SR AT (5 2 R 26 1

ZE ERTR, AR — P R R R AT R E R R &, SRS s
Bl DL R s TR vk —J5 1, B0 R4 S HLA8 2% S 58 X3 1 T 5
¥R S, 2T 2 RIER A SIS X375 TE AL R A T
ML, BRI R SRR At vl AL FE L R, HESD TC AMLAE B2 30k 17 254 rp s
WEIEZE FMEEREIBT.

2.8 REZFREFREMLIZSSHMTE

PR WATH, EAESREREMNN T =, e, DS aRFLZEN
FRES WAT . SR AN 2= B S0 22 i 2 1) ) 22 4 B 8 AL v oK Wl
FHIERS NS S ENRUERE (B4 T ShZ 780 MR . ATt
S 2 sk B B R B R B I T OR S, BROKRE I PR 1 e ABLE R AT RAG TE—
— AT HCIRESE, TN AL = P 2e s VTR e, DRIie 2
InsERH A SRR T, DAME OV, BB R ERE .

BEAh, ToiR R G MR UEFR R AL, SRR I 2 e U T, R 22
532 ()i A e U 2 A PR LSRR o EH AT i I M B S sk =, UM IE
SRR T 5 sR A S SS (Hamilton et al., 2012) , BRI T & AT uE bR
Bl ARRFTIARBEIAARN, JFARNGHE. S ROIER, SRR & i 2
B HER 2 SRR 2R , BETT -T2 38R I RCR , (bR 22 5 I Ak B e
B 03 R e B e A Bk S rp SRR A A

3 £XRiF
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RAEHEAT 19 ORISR E AR Al B, HIA Rk
B 2B 8 T F =i S 8 07 % o (B AT TRHMIR S W fe R UK AR i R 1)
RIS T BUIAF 1 2 A 2 TEHARHMR LTG0 F A AR
BB AR Z], BARREE: [RF L5 IRV S A R le] . Al
ORI A A A S5 U A SE B R o A2 KL A Z 7 T e R i A
(LES) SWIMsEys, 7 1 imi Al T4 (i, %S0 A
R RN 5 T DA MR = DA 5, WOLHIE 5 2 % 8E
B SEHL TG 20 S TR A ) v 2 A M, (E B K SR AR TR AR S R AT
SRR ARG R TIEGUR, NTEBESE CInBELARM . DLk
B BERTE CEE R (CAT) 5XHRtEmi (CIT) BiRAReR, SSEOCH
K= O N R = R S iU S O B2 A 2 PN P R £ 1) s % S ST O P N D A S [E 5
W SSAE= e BEAh, LES SINTMNE CFD Eifl4ia GPU JRATIHE, #HESD
T RIS AL, DR A AR SR 1 B S, (HSRE 5 2 H AR
WASAFAE AL

T PR A A2 22 A R R IR 5 5K i s AR L 50 AR 55 8 Y 2 T A S it i A
HWRM, @ a2 mis e, i R B B L R SRR
FRML PR, 58 TR KA S i i & B . BOR R,
TR AL+ PIELZIH 1 P m B, fha T AHLE S8 5 2 I8000
SCHU P i B AE R AR AP R IE; FHEZEE GPU i (1 K i i =X
(CMA-LES) TREft, RBEIAHHEX 10 KLy #rR Bl H /R &l M ZE
T, 7 S S AR S DI A A i o8 P PR R GOE IR IEARHE, itk = 4h AT %4
BRME, JFr 2 FI R4, A GIW T B A . MEAh, Fik
JERfE CFD SR SR EHoR, EI I T ANLRERE SR8 0E ME 52
Wi, FFEESL “LLERAT” AAUREHUE R TR EREAR, R TR —H 12
MAC—L VA" — Rk R, NIRE AT ]R8 R R IR R B S

Bos
U E X HAAR A RN ER 2 3L G 00 H (42325501), R HE H A0

RITH (42325501) Ak B RAEL A0 L B AR 55 9% (2024Z003) 3L

.

BN

P, TR, FRBEH, TR, 2021:
JRUEER £ TR 32 2L I UL DIRI 2L 1 P 7 8 R [0]. LR BHE E RS, 11(2):5-12. Guo J, Liu B, Guo X,
Zhang Y, 2021. Research progress on new applications based on radar wind profiler networking
observations[J]. Advances in Meteorological Science and Technology, 11(2):5-12(in Chinese).

AT &, PR, ERZERES 2022. v [ 35z 1 [ A2 1) S S 0 < RO RFALE B HLvs 2 i PRI [CY
5 AN Im RIS A A AR 28 S04, 383, He C, Lu X, Fan S J, 2022. Characteristics
and potential causes of nocturnal surface ozone enhancement events in China[C]// Proceedings of
the 26th Symposium on Air Pollution Control Technology. 383(in Chinese).

ST, AERE, KA, 55,2022, 74 T LI — AR S D) AR ) 25 R ATRF AR AT TE[I]. O HOR,
46(2):206-212.Huang X, Zheng J F, Zhang J, et al.,2022. A Study on the Structure and
Characteristics of a Low-Level Wind Shear Incident at Xining Airport. Laser
Technol,46(2):206-212(in Chinese).

7E, Jii e, K, %, 2024, KRG E BRI 5 2 3 B AT AR KIS [J].
o B R} 2 B K2 23R (h 95 37), 41(03):365-374. Liang Z, Shi Y, Zhang Z, et al., 2024. Impact of
atmospheric stability on vertical wind shear in the boundary layer[J]. J Univ Chin Acad Sci,
41(03):365-374(in Chinese).

21



779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840

X4, ZHIE, 20, 2020. 3 [ [X 3R 5 G A AL T 7S [CL/
2020 EA AL 2B E R AR FE LW (F—4) . 1210-1214. Liu SH, Miao Y C, Li J,
2020. Research on the formation mechanism of regional air pollution in China[C]// Proceedings of
the 2020 Annual Conference of Chinese Society for Environmental Sciences (Volume 1).
1210-1214(in Chinese).

XIBEIE, RN,
sk, 45, 202055 T AH 22 80 KUBOY B A R AN [R] R SRR AR A ) AR [3]. 4040
K 2F9R,39(4):491-504.Liu X Y, Wu S H, Zhang H W, et al., 2020. Observation of
Low-altitude Wind Shear of Different Causes Based on Coherent Doppler Wind Lidar[J]. J Infrared
Millimeter Waves,39(4):491-504(in Chinese).

T AERE, RN, BAAL, 45, 2021, W 5IE 7 S0 HE 5THIX PM2 57K B L B[], oh [ FR AL,
41(07):2977-2992. Wang A T, Li Y B, Zhao C, et al., 2021. Impact of boundary layer schemes on
PM2.5 concentration simulation in Nanjing area[J]. China Environ Sci, 41(07):2977-2992(in
Chinese).

TRV, 1S T, &, 2020. ) FH Hiy 5 28 SRR B RH s KR Z m D)
22N K 2E AR (H AR B4 RR), 56(05):635-641. Xu L L, Zhang L, Du T, et al., 2020. Determination
of atmospheric boundary layer height using ground-based remote sensing data[J]. J Lanzhou Univ
(Nat Sci), 56(05):635-641(in Chinese).

sKES, AR, BEE, % 2020 KAUAE mEEE N AP FEERD]. SRR,
78(03):522-536. Zhang H S, Zhang X Y, Li Q H, et al., 2020. Research progress on the
determination and application of atmospheric boundary layer height[J]. Acta Meteor Sin,
78(03):522-536(in Chinese).

JKIR, 2003, KA ABEARFHFRLIAN] 5K, 21(3): 74-78. Zhang Q, 2003. Research
review of atmospheric boundary layer meteorology[J]. J Arid Meteor, 21(3): 74-78 (in Chinese).

skam, HIFSME, 2001, KA SRV BB U R R Il RO R ) @R [J]. M ERRF R, 16(4):
526-532. Zhang Q, Hu Y Q, 2001. Advances and scientific issues in atmospheric boundary layer
physics[J]. Adv Earth Sci, 16(4): 526-532 (in Chinese).

TKoR, AR, EF, 5, 2017, KRN BE-AUR ELAE AT ST AU SR I R [I]. AR
#, 75(1): 39-56. Zhang Q, Wang R, Yue P, et al., 2017. Discussion on scientific issues in
land-atmosphere interaction under complex conditions[J]. Acta Meteor Sin, 75(1): 39-56 (in
Chinese).

AR, JETEE, 2021, H AR S ZE R R R s ER A [J]. 5k, 41(05):631-643. Zhao Z,
Zhou B W, 2021. Non-local momentum mixing in the daytime convective boundary layer[J]. Sci
Meteor Sin, 41(05):631-643(in Chinese).

HERAMZERE, 2023. ERZEFEM KT 5%, 1-10. Civil Aviation Administration of China, 2023.
National airspace basic classification methodology, 1-10(in Chinese).

HEAR R, 2024, RS LGFIRRHLAH TAEJ7 %€ (2024—2030 %) ,1-13. China Meteorological
Administration, 2024. Work Plan for Meteorological Science and Technology Innovation in the
Low-Altitude Economy (2024-2030), pp. 1-13(in Chinese).

Abernethy J A, 2008. A domain analysis approach to clear-air turbulence forecasting using high-density
in-situ measurements[D]. University of Colorado at Boulder.

Agee E, Chen T, Dowell K, 1973. A review of mesoscale cellular convection[J]. Bull Amer Meteor Soc,
54:1004-1012.

Aksamit N, Katurji M, Zhang J, 2024. Understanding coherent turbulence and the roll - cell transition
with Lagrangian coherent structures and frame - indifferent fluxes[J]. J Geophys Res,
129(18):£2024JD041490.

Atkinson B W, Zhang J W, 1996. Mesoscale shallow convection in the atmosphere[J]. Rev Geophys,
34(4): 403-431.

Blocken B. 2018, LES over RANS in building simulation for outdoor and indoor applications: A
foregone conclusion? Building Simulation, 11: 821-870.

Boilley A, and Mahfouf J F, 2013. Wind shear over the Nice C&e d'Azur airport: case studies[J]. Nat
Hazards Earth Syst Sci, 13(9):2223-2238.

Bonner W D, 1968. Climatology of the low level jet[J]. Mon Wea Rev, 96: 833-850.

Bottyan Z, Gyangy&Gi A Z, Wantuch F, et al., 2015. Measuring and modeling of hazardous weather
phenomena to aviation using the Hungarian Unmanned Meteorological Aircraft System (HUMAS)
[J]. Idojaras, 119(3):307—-335.

Bottyén Z, Tuba Z, and Gytngy&i A Z, 2016. Weather forecasting system for the Unmanned Aircraft
Systems (UAS) missions with the special regard to visibility prediction, in Hungary[M]. In: Critical
Infrastructure Protection Research: Results of the First Critical Infrastructure Protection Research
Project in Hungary. 23-34.

Bou-Zeid E, Meneveau C, Parlange M, 2005. A scale-dependent Lagrangian dynamic model for large
eddy simulation of complex turbulent flows[J]. Phys Fluids, 17: 025105.

22



841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902

Brewster K A, 1984. Kinetic Energy Evolution in a Developing Severe Thunderstorm[M]. University of
Oklahoma.

Brosy C, Krampf K, Zeeman M, et al., 2017. Simultaneous multicopter-based air sampling and sensing
of meteorological variables[J]. Atmos Meas Tech Discuss, 2017:1-21.

Brimmer B, 1999. Roll and cell convection in wintertime Arctic cold-air outbreaks[J]. J Atmos Sci,
56(15): 2613-2636.

Calzolari G, Liu W, 2021. Deep learning to replace, improve, or aid CFD analysis in built environment
applications: A review. Building and Environment, 206, 108315.

Caron C, Lauret P, Bastide A, 2025. Machine Learning to speed up Computational Fluid Dynamics
engineering simulations for built environments: A review. Building and Environment, 267: 112229.

Chan Y Y, Ng K K H, Wang T, et al., 2025. Near time-optimal trajectory optimisation for drones in
last-mile delivery using spatial reformulation approach[J]. Transp Res Part C Emerg Technol,
171:104986.

ChenY,AnJL, LinJ, etal., 2017a. Observation of nocturnal low-level wind shear and particulate matter
in urban Beijing using a Doppler wind lidar[J]. Atmos Ocean Sci Lett, 10(6):411-417.

Chen Y, An J, Wang X, et al., 2017b. Observation of wind shear during evening transition and an
estimation of submicron aerosol concentrations in Beijing using a Doppler wind lidar[J]. J Meteor
Res, 31(2):350-362.

Chen Y, Wang Y, Huang G, et al., 2024. Coupling physical factors for precipitation forecast in China
with  graph  neural  network[J]. Geophys Res Lett, 51: €2023GL106676.
https://doi.org/10.1029/2023GL106676.

Cho J Y N, 2005. Multi-PRI signal processing for the Terminal Doppler Weather Radar. Part 11: Range—
velocity ~ ambiguity  mitigation[J]. J  Atmos  Ocean  Tech, 22: 1507-1519.
https://doi.org/10.1175/JTECH1805.1.

Cho J Y N, Chornoboy E S, 2005. Multi-PRI signal processing for the Terminal Doppler Weather Radar.
Part I: Clutter filtering[J]. J Atmos Ocean Tech, 22: 575-582.
https://doi.org/10.1175/JTECH1730.1.

Chornoboy E S, Matlin A M, Morgan J P, 1994. Automated storm tracking for terminal air traffic
control[J]. Lincoln Lab J, 7: 427-448.

Chow F, Street R L, Xue M, et al., 2005. Explicit filtering and reconstruction turbulence modeling for
large-eddy simulation of neutral boundary layer flow[J]. J Atmos Sci, 62: 2058-2077.
https://doi.org/10.1175/JAS3456.1.

Christian T W, Wakimoto R M, 1989. The relationship between radar reflectivities and clouds associated
with horizontal roll convection on 8 August 1982[J]. Mon Wea Rev, 117(7): 1530-
1544, https://doi.org/10.1175/1520-0493(1989)117<1530: TRBRRA>2.0.CO;2.

Chrit M, and Majdi M, 2022. Improving wind speed forecasting for urban air mobility using coupled
simulations[J]. Adv Meteorol, 2022:2629432.

Cole K, and Wickenheiser A M, 2018. Reactive trajectory generation for multiple vehicles in unknown
environments with wind disturbances[J]. IEEE Trans Robot, 34(5):1333-1348.

Cornman C S, Meymaris G, Limber M, 2004. An update on the FAA aviation weather research
program’s in situ turbulence measurement and reporting system[C]. 11th Conf on Aviation, Range,
and Aerospace Meteorology, Boulder, CO, National Center for Atmospheric Research, P4.3.
https://www.researchgate.net/publication/228379921.

Cornman C S, Morse C, Cunning G, 1995. Real-time estimation of atmospheric turbulence severity from
in-situ aircraft measurements[J]. J Aircr, 32: 171-177. https://doi.org/10.2514/3.46697.

Cornman L B, 2016. Airborne in situ measurements of turbulence[M]//Sharman R, Lane T, Eds.
Aviation Turbulence: Processes, Detection, Prediction. Springer: 97-120.
https://doi.org/10.1007/978-3-319-23630-8_5.

Cornman L B, Carmichael B, 1993. Varied research efforts are under way to find means of avoiding air
turbulence[J]. ICAO J, 48: 10-15.

Crum T D, Alberty R L, 1993. The WSR-88D and the WSR-88D Operational Support Facility[J]. Bull
Amer Meteor Soc, 74: 1669-1688.
https://doi.org/10.1175/1520-0477(1993)074<1669:. TWATW0>2.0.CO;2.

Cybyk B, Frey T, McGrath B, et al., 2009. Unsteady urban airflows and their impact on small unmanned
air system operations[C]. In: AIAA Atmospheric Flight Mechanics Conference. 6049.

Deardorff J W, 1972. Numerical investigation of neutral and unstable planetary boundary layers[J]. J
Atmos Sci, 29: 91-115.

Deardorff J W, 1974. Three-dimensional numerical study of the height and mean structure of a heated
planetary boundary layer[J]. Bound-Layer Meteor, 7: 81-106.
https://doi.org/10.1007/BF00224974.

Deardorff J W, 1980. Stratocumulus-capped mixed layers derived from a three-dimensional model[J].
Bound-Layer Meteor, 18: 495-527. https://doi.org/10.1007/BF00119502.

23


https://doi.org/10.1029/2023GL106676
https://doi.org/10.1175/JTECH1805.1
https://doi.org/10.1175/JTECH1730.1
https://doi.org/10.1175/JAS3456.1
https://doi.org/10.1175/1520-0493(1989)117%3c1530:TRBRRA%3e2.0.CO;2
https://www.researchgate.net/publication/228379921
https://doi.org/10.2514/3.46697
https://doi.org/10.1175/1520-0477(1993)074%3c1669:TWATWO%3e2.0.CO;2
https://doi.org/10.1007/BF00224974
https://doi.org/10.1007/BF00119502

903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964

Debnath S K, Omar R, Latip N B A, 2019. A review on energy efficient path planning algorithms for
unmanned air vehicles[C]. In: Alfred R, Lim Y, Ibrahim A A A, Anthony P, eds. Computational
Science and Technology. Singapore: Springer, 523-532.

Della P D T, Demoz B, 2025. Signal Processing of Images for Convective Boundary Layer Height
Estimation from Radar (SPICER) and multi-instrument verification[J]. IEEE Trans Geosci Remote
Sens.

Ding J, Ren Y, Zhang H, et al., 2025. Mechanism of turbulence structure evolution in the nocturnal
boundary layer during the interaction of low-level jet and internal gravity waves: Based on full
boundary layer turbulence observations[J]. J Geophys Res: Atmos, 130(6): e2024JD042106.

Dorling K, Heinrichs J, Messier G G, et al., 2017. Vehicle routing problems for drone delivery[J]. IEEE
Trans Syst Man Cybern Syst, 47:70-85.

Doviak R J, Lee J T, 1985. Radar for Storm Forecasting and Weather Hazard Warning[J]. J Aircr, 22:
1059-1063.

Du P, Shi Y, Cao H, et al., 2024. Al-enabled trajectory optimization of logistics UAVs with wind
impacts in smart cities[J]. IEEE Trans Consum Electron, 70:3885-3897.

Du Y, Zhang Q H, Ying Y, et al., 2012. Characteristics of low-level jets in Shanghai during the
2008-2009 warm seasons as inferred from wind profiler radar data[J]. J Meteor Soc Japan, 90:
891-903.

Dupont S, Patton E G, 2012. Influence of stability and seasonal canopy changes on micrometeorology
within and above an orchard canopy: The CHATS experiment[J]. Agr Forest Meteorol, 157: 11-29.
https://doi.org/10.1016/j.agrformet.2012.01.011.

Evans J, Bernella D, 1994. Supporting the deployment of the Terminal Doppler Weather Radar
(TDWR)[J]. Lincoln Lab J, 7: 379-398.

Ferguson C R, 2022. Changes in great plains low-level jet structure and associated precipitation over
the 20th century[J]. J Geophys Res: Atmos, 127: €2021JD035859.

Fujita T T, 1976. Spearhead echo and downburst near the approach end of John F. Kennedy airport
runway, New York City[R]. University of Chicago SMRP Research Paper 137: 56 pp.

Fujita T T, 1985. The downburst, microburst and macroburst[R]. University of Chicago SMRP Research
Paper 210: 122 pp. http://pi.lib.uchicago.edu/1001/cat/bib/684175.

Galway D, Etele J, and Fusina G, 2011. Modeling of urban wind field effects on unmanned rotorcraft
flight[J]. J Aircr, 48(5):1613-1620.

Giersch S, El Guernaoui O, Raasch S, et al., 2022. Atmospheric flow simulation strategies to assess
turbulent wind conditions for safe drone operations in urban environments[J]. J Wind Eng Ind
Aerodyn, 229:105136.

Golaz J C, Larson V E, Cotton W R, 2002. A PDF-Based Model for Boundary Layer Clouds. Part I:
Method and Model Description[J]. J Atmos Sci, 59(24): 3540—
3551. https://doi.org/10.1175/1520-0469(2002)059<3540:APBMFB>2.0.CO;2.

Grossman R L, 1982. An analysis of vertical velocity spectra obtained in the BOMEX fair-weather,
trade-wind boundary layer[J]. Bound-Layer Meteorol, 23(3): 323-357.

Gultepe | et al.. 2019. A review of high impact weather for aviation meteorology[J]. Pure and Applied
Geophysics[J], 176: 1869-1921.

Gunter W S, Schroeder J L, 2015. High-resolution full-scale measurements of thunderstorm outflow
winds[J]. J Wind Eng Ind Aerod, 138: 13-26.

Guo J, Miao Y, Zhang Y, et al., 2016. The climatology of planetary boundary layer height in China
derived from radiosonde and reanalysis data[J]. Atmos Chem Phys, 16: 13309-
13319. https://doi.org/10.5194/acp-16-13309-2016.

Guo, J., Zhang, J., Shao, J., Chen, T., Bai, K., Sun, Y., Li, N., Wu, J,, Li, R., Li, J., Guo, Q., Cohen, J. B,
Zhai, P., Xu, X., and Hu, F. 2024. A merged continental planetary boundary layer height dataset
based on high-resolution radiosonde measurements, ERAS reanalysis, and GLDAS[J]. Earth Syst.
Sci. Data, 16, 1-14, https://doi.org/10.5194/essd-16-1-2024.

Hadavi M, Romanic D, 2024. Machine Learning Investigation of Downburst-Prone Environments in
Canada[J]. J Appl Meteor Climatol, 63(6): 677-697.

Hallgren C, Aird J A, Ivanell S, et al., 2023. Machine learning methods to improve spatial predictions of
coastal wind speed profiles and low-level jets using single-level ERAS data[J]. Wind Energy
Science Discussions, 2023: 1-30.

Hamilton D W, Proctor F H, Ahmad N N, 2012. Flight Tests of the Turbulence Prediction and Warning
System (TPAWS)[R]. NASA/TM-2012-217337.

Hannon S M, 2004. Pulsed Doppler lidar for terminal area monitoring of wind and wake hazards[C]. 11th
Conf on Aviation, Range, and Aerospace Meteorology, Hyannis, MA, Amer Meteor Soc,
P4.21. https://ams.confex.com/ams/11aram22sls/techprogram/paper_87757.htm.

Hastings R, 2009. Multi-platform analysis of morning transition and evolution of shallow mesoscale
convection on 21 June 2002[M]. The Pennsylvania State University.

24


https://doi.org/10.1016/j.agrformet.2012.01.011
http://pi.lib.uchicago.edu/1001/cat/bib/684175
https://doi.org/10.1175/1520-0469(2002)059
https://doi.org/10.5194/acp-16-13309-2016
https://doi.org/10.5194/essd-16-1-2024
https://ams.confex.com/ams/11aram22sls/techprogram/paper_87757.htm

965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027

Hitchcock S M, Lane T P, Deierling W, et al., 2025. Spatial Patterns of Turbulence near
Thunderstorms|[J]. Bull Amer Meteor Soc, 106: E1-E22.
https://doi.org/10.1175/BAMS-D-23-0142.1.

Hjelmfelt M R, 1988. Structure and life cycle of microburst outflows observed in Colorado[J]. J Climate
Appl Meteor, 27: 900-927.
https://doi.org/10.1175/1520-0450(1988)027<0900:SALCOM>2.0.CO;2.

Hong H, Liu L, Holzapfel F, et al., 2023. Dynamic soaring under different atmospheric stability
conditions[J]. J Guid Control Dyn, 46:970-977.

Jayaraman B, Brasseur J G, 2021. Transition in atmospheric boundary layer turbulence structure from
neutral to convective, and large-scale rolls[J]. J Fluid Mech, 913: 1-31.
https://doi.org/10.1017/ifm.2021.3.

Jiang S, Wang J, Li C, et al., 2024. Identification of no-fly zones for delivery drone path planning in
various urban wind environments[J]. Phys Fluids, 36:085166.

Kaimal J, Wyngaard J, Haugen D, et al., 1976. Turbulence structure in the convective boundary layer[J].
J Atmos Sci, 33(11): 2152-2169.Keohan, C. F., B. Keith, and S. M. Hannon, 2006: Evaluation of
pulsed lidar wind hazard detection at Las VVegas International Airport. Proc. 12th Conf. on Aviation
Range and Aerospace Meteorology, Atlanta, GA, Amer. Meteor. Soc., P5.4,
https://ams.confex.com/ams/Annual2006/techprogram/ paper 105481.htm.

Keohan C F, Keith B, Hannon S M, 2006. Evaluation of pulsed lidar wind hazard detection at Las Vegas
International Airport[C]. Proc 12th Conf on Aviation Range and Aerospace Meteorology, Atlanta,
GA, Amer Meteor Soc,
P5.4. https://ams.confex.com/ams/Annual2006/techprogram/paper 105481.htm.

Kessinger C J, Parson D B, Wilson J W, 1988. Observation of a storm containing misocyclones,
downbursts, and horizontal vortex circulations[J]. Mon Wea Rev, 116: 1959-1982.
https://doi.org/10.1175/1520-0493(1988)116<1959:00ASCM>2.0.CO;2.

Khanna S, Brasseur J G, 1998. Three-dimensional buoyancy- and shear-induced local structure of the
atmospheric boundary layer[J]. J Atmos Sci, 55(5): 710-743.

Kim J H, Chan W N, Sridhar B, et al., 2015. Combined winds and turbulence prediction system for
automated air-traffic management applications[J]. J Appl Meteor Climatol, 54(4):766—784.

Kim S H, Chun HY, Lee D B, et al., 2021. Improving numerical weather prediction—based near-cloud
aviation turbulence forecasts by diagnosing convective gravity wave breaking[J]. Wea Forecasting,
36: 1735-1757. https://doi.org/10.1175/WAF-D-20-0213.1.

Kim 'Y C, Matsui M, 2017. Analytical and empirical models of tornado vortices: a comparative study[J].
J Wind Eng Ind Aerod, 171: 230-247.

Kong H, Zhang Q H, Du Y, et al., 2020. Characteristics of coastal low-level jets over Beibu gulf, China,
during the early warm season[J]. J Geophys Res: Atmos, 125: e2019JD031918.

Kuettner J, 1959. The band structure of the atmosphere[J]. Tellus Ser A, Dyn Meteor Oceanogr, 11(3):
267-294. https://doi.org/10.1111/j.2153-3490.1959.tb00033.x.Laird, B., and J. Evans, 1982: FAA
weather surveillance requirements in the context of NEXRAD. MIT Lincoln Laboratory Project
Rep. ATC-112, 184 pp.

Laird B, Evans J, 1982. FAA weather surveillance requirements in the context of NEXRAD[R]. MIT
Lincoln Laboratory Project Rep. ATC-112: 184 pp.

Lee M J, Kim J, Moin P, 1990. Structure of turbulence at high shear rate[J]. J Fluid Mech, 216: 561-583.

Leith C, 1990. Stochastic backscatter in a subgrid-scale model: Plane shear mixing layer[J]. Phys Fluids,
2:297-299. https://doi.org/10.1063/1.857779

LeMone M, 1973. The structure and dynamics of horizontal roll vortices in the planetary boundary
layer[J]. J Atmos Sci, 30(6): 1077-1091.

Lilly D, 1966. On the application of the eddy viscosity concept in the inertial sub-range of turbulence[R].
NCAR Manuscript 123: 19 pp.

Lima D C A, Soares P M M, Semedo A, et al., 2018. A global view of coastal low-level wind jets using
an ensemble of reanalyses[J]. J Climate, 31: 1525-1546.

Liu, B., Guo, J., Gong, W., Shi, Y., Jin, S., 2020. Boundary layer height as estimated from Radar wind
profilers in four Cities in China: relative contributions from aerosols and surface
features[J]. Remote Sensing, 12, 1657. https://doi.org/10.3390/rs12101657.

Liu, B., Y. Ma, J. Guo, W. Gong, Y. Zhang, F. Mao, J. Li, X. Guo, and Y. Shi, 2019. Boundary layer
heights as derived from ground-based radar wind profiler in Beijing[J], IEEE Trans. Geosci.
Remote Sens. 57(10): 8095-8104. doi: 10.1109/TGRS.2019.2918301.

Liu L, Stevens R J, 2022. Vertical structure of conventionally neutral atmospheric boundary layers[J].
Proc Natl Acad Sci, 119(22): e2119369119.

Liu L, Wang X, Yang X, et al., 2023. Path planning techniques for mobile robots: review and prospect[J].
Expert Syst Appl, 227:120254.

Liu M, Zhang X, Zhu X S, et al., 2023. Large-eddy simulation of the rapidly intensifying tropical cyclone
Soudelor (2015)[J]. Atmos Res, 294: 106976.

25



https://doi.org/10.1175/BAMS-D-23-0142.1
https://doi.org/10.1175/1520-0450(1988)027%3c0900:SALCOM%3e2.0.CO;2
https://doi.org/10.1017/jfm.2021.3
https://ams.confex.com/ams/Annual2006/techprogram/paper_105481.htm
https://doi.org/10.1175/1520-0493(1988)116%3c1959:OOASCM%3e2.0.CO;2
https://doi.org/10.1175/WAF-D-20-0213.1
https://doi.org/10.1063/1.857779
https://doi.org/10.3390/rs12101657

1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089

Lu H, PortéAgel F, 2010. A modulated gradient model for large-eddy simulation: Application to a
neutral atmospheric boundary layer[J]. Phys Fluids, 22:
015109. https://doi.org/10.1063/1.3291073.

Lu J, Nazarian N, Hart M A, et al., 2024. A one-dimensional urban flow model with an eddy-diffusivity
mass-flux (EDMF) scheme and refined turbulent transport (MLUCM v3.0)[J]. Geosci Model Dev,
17(7): 2525-2545.

Lu M, Fan X, Chen H, et al., 2025. FAPP: Fast and adaptive perception and planning for UAVs in
dynamic cluttered environments[J]. IEEE Trans Robot, 41:871-886.

Ludwig F L, Chow F K, Street R L, 2009. Effect of turbulence models and spatial resolution on resolved
velocity and structure and momentum fluxes in large-eddy simulations of neutral boundary-layer
flows[J]. J Appl Meteor Climatol, 48: 1161-1180. https://doi.org/10.1175/2008JAMC2021.1.

Ma J, Luo L, Chen M, et al., 2021. Clear-air turbulence (CAT) identification with X-band dual
polarimetric radar based on Bayesian approach[J]. Atmosphere, 12(12): 1691.

Mahoney W P I11, Rodi A, 1987. Aircraft measurements on microburst development from hydrometeor
evaporation[J]. J Atmos Sci, 44 3037-
3051. https://doi.org/10.1175/1520-0469(1987)044<3037:AMOMDF>2.0.CO;2.

Mason P J, Derbyshire S H, 1990. Large eddy simulation of the stably-stratified atmospheric boundary
layer[J]. Bound-Layer Meteor, 53: 117-162. https://doi.org/10.1007/BF00122467.

Mason P J, Thomson D J, 1992. Stochastic backscatter in large-eddy simulations of boundary layers[J]. J
Fluid Mech, 242: 51-78. https://doi.org/10.1017/S0022112092002271.

McCarthy J, Wilson J W, 1984. The microburst as a hazard to aviation: Structure, mechanism,
climatology, and nowcasting[C]. Preprints, Nowcasting Il Symp., Norrkoping, Sweden, European
Space Agency: 21-30.

McCarthy J, Wilson J W, Fujita T T, 1982. The Joint Airport Weather Studies project[J]. Bull Amer
Meteor Soc, 63: 15-22. https://doi.org/10.1175/1520-0477(1982)063<0015: TJAWSP>2.0.CO;2.

McGrath B E, Cybyk B Z, and Frey T M, 2012. Environment-vehicle interaction modeling for unmanned
aerial system operations in complex airflow environments[J]. Johns Hopkins APL Tech Dig,
31(2):115-131.

Meneveau C, Lund T S, Cabot W H, 1996. A Lagrangian dynamic subgrid-scale model of turbulence[J].
J Fluid Mech, 319: 353-385. https://doi.org/10.1017/S0022112096007379.

Moeng C, Sullivan P, 1994. A comparison of shear- and buoyancy-driven planetary boundary layer
flows[J]. J Atmos Sci, 51(7): 999-1022.

Munoz-Esparza D, Sauer J A, Shin H H, et al., 2020. Inclusion of building-resolving capabilities into the
FastEddy® GPU-LES model using an immersed body force method[J]. J Adv Model Earth Syst,
12(11): e2020MS002141. https://doi.org/10.1029/2020MS002141.

Mufbz-Esparza D, Sharman R D, Deierling W, 2020. Aviation turbulence forecasting at upper levels
with machine learning techniques based on regression trees[J]. J Appl Meteor Climatol, 59(11):
1883-1899.

Nair H R C R, Budhavant K, Manoj M R, et al., 2023. Aerosol demasking enhances climate warming
over South Asia[J]. NPJ Clim Atmos Sci, 6(1): 39.

O'Connor E J, lllingworth A J, Brooks | M, et al., 2010. A method for estimating the turbulent kinetic
energy dissipation rate from a vertically pointing Doppler lidar, and independent evaluation from
balloon-borne in situ measurements[J]. J Atmos Ocean Tech, 27(10):1652-1664.

Oude Nijhuis A C P, Thobois L P, Barbaresco F, et al., 2018. Wind hazard and turbulence monitoring at
airports with Lidar, Radar, and Mode-S downlinks: The UFO Project[J]. Bull Amer Meteor Soc,
99(11): 2275-2293.

Panofsky H A, 1974. The atmospheric boundary layer below 150 meters[J]. Annu Rev Fluid Mech, 6(1):
147-177.

Park S B, Baik J J, 2014. Large-eddy simulations of convective boundary layers over flat and urban-like
surfaces[J]. J Atmos Sci, 71: 1880-1892.

Park S, 2014. A Unified Convection Scheme (UNICON). Part I: Formulation[J]. J Atmos Sci, 71(11):
3902-3930. https://doi.org/10.1175/JAS-D-13-0233.1.

Park S, Song C, Kim S, et al., 2024. Parameterization of the elevated convection with a unified
convection scheme (UNICON) and its impacts on the diurnal cycle of precipitation[J]. J Adv Model
Earth Syst, 16(3): e2023MS003651.

Patton E G, Sullivan P P, Shaw R H, et al., 2016. Atmospheric stability influences on coupled boundary
layer canopy turbulence[J]. J Atmos Sci, 73: 1621-1647. https://doi.org/10.1175/JAS-D-15-0068.1.

Paz C, Suaez E, Gil C, etal., 2020. CFD analysis of the aerodynamic effects on the stability of the flight
of a quadcopter UAV in the proximity of walls and ground[J]. J Wind Eng Ind Aerodyn,
206:104378.

Paz C, Suaez E, Gil C, etal., 2021. Assessment of the methodology for the CFD simulation of the flight
of a quadcopter UAV[J]. J Wind Eng Ind Aerodyn, 218:104776.

26


https://doi.org/10.1063/1.3291073
https://doi.org/10.1175/2008JAMC2021.1
https://doi.org/10.1175/1520-0469(1987)044
https://doi.org/10.1007/BF00122467
https://doi.org/10.1017/S0022112092002271
https://doi.org/10.1175/1520-0477(1982)063
https://doi.org/10.1017/S0022112096007379
https://doi.org/10.1029/2020MS002141
https://doi.org/10.1175/JAS-D-13-0233.1
https://doi.org/10.1175/JAS-D-15-0068.1

1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150

Pensado E A, Carrera G F, L&pez F V, et al., 2024. Turbulence-aware UAV path planning in urban
environments[C]. In: Proceedings of the 2024 International Conference on Unmanned Aircraft
Systems (ICUAS). Chania - Crete, Greece: IEEE, 280-285.

Piroozmand P, Mussetti G, Allegrini J, Mohammadi M H, Akrami E, Carmeliet J, 2020. Coupled CFD
framework with mesoscale urban climate model: Application to microscale urban flows with weak
synoptic forcing. J Wind Eng Ind Aerod, 197: 104059.

PortéAgel F, Meneveau C, Parlange M B, 2000. A scale-dependent dynamic model for large-eddy
simulation: Application to a neutral atmospheric boundary layer[J]. J Fluid Mech, 415: 261-
284. https://doi.org/10.1017/S0022112000008776.

Press H, Binckley E T, 1948. A preliminary evaluation of the use of ground radar for the avoidance of
turbulent clouds[R]. NACA Tech Note NACA-TN-1684: 14
pp. https://ntrs.nasa.gov/api/citations/19930082322/downloads/19930082322.pdf

Repetto M P, Burlando M, Solari G, et al., 2017. Integrated tools for improving the resilience of seaports
under extreme wind events[J]. Sustain Cities Soc, 32: 277-294.

Ripesi P, Criscuolo P, 2024. Low-level wind shear prediction based on machine learning techniques: A
case study of Palermo-Punta Raisi International Airport[C]. SID.2024.1.08.

Roberts R D, Wilson J W, 1989. A proposed microburst nowcasting procedure using single-Doppler
radar[J]. J Appl Meteor, 28: 285-
303. https://doi.org/10.1175/1520-0450(1989)028<0285:APMNPU>2.0.CO;2.

Robinson S K, 1991. Coherent motions in the turbulent boundary layer[J]. Annu Rev Fluid Mech, 23(1):
601-6309.

Rogers M M, Moin P, 1987. The structure of the vorticity field in homogeneous turbulent flows[J]. J
Fluid Mech, 176: 33-66.

Salesky S T, Chamecki M, Bou-Zeid E, 2017. On the nature of the transition between roll and cellular
organization in the convective boundary layer[J]. Bound-Layer Meteorol, 163(1): 41-
68. https://doi.org/10.1007/s10546-016-0220-3.

Sauer J A, Munoz-Esparza D, 2020. The FastEddy® Resident-GPU accelerated large-eddy simulation
framework: Model formulation, dynamical-core validation and performance benchmarks[J]. J Adv
Model Earth Syst, 12(11): €2020MS002100. https://doi.org/10.1029/2020MS002100.

Schlickemaier H W, 1989. Windshear case study: Denver, Colorado, July 11, 1988[R]. FAA Rep
DOT/FAA/DS-89/19: 511 pp.

Schmidt H, Schumann U, 1989. Coherent structure of the convective boundary layer derived from
large-eddy simulations[J]. J Fluid Mech, 200: 511-562.

Schwartz B, 1996. The quantitative use of PIREPs in developing aviation weather guidance products[J].
Wea Forecasting, 11: 372
384. https://doi.org/10.1175/1520-0434(1996)011<0372: TQUOPI>2.0.CO;2.

Shao J, Zhuang Z, Yu Z, et al., 2024. The prospective application of machine learning in turbulence
forecasting over China[J]. J Appl Meteor Climatol, 63(10): 1273-1285.

Sharman C, Tebaldi G, Wiener G, et al.,, 2006. An integrated approach to mid- and upper-level
turbulence forecasting[J]. Wea Forecasting, 21: 268-287. https://doi.org/10.1175/WAF924.1.

Shi X, Chow F K, Street R L, et al., 2018. An evaluation of LES turbulence models for scalar mixing in
the  stratocumulus-capped boundary layer[J]. J Atmos  Sci, 75: 1499
1507. https://doi.org/10.1175/JAS-D-17-0392.1.

Siebesma A P, Soares P M M, Teixeira J, 2007. A combined eddy-diffusivity mass-flux approach for the
convective boundary layer[J]. J Atmos Sci, 64(4): 1230-1248. https://doi.org/10.1175/JAS3888.1.

Smagorinsky J, 1963. General circulation experiments with the primitive equation[J]. Mon Wea Rev, 91:
99-165. https://doi.org/10.1175/1520-0493(1963)091<0099:GCEWTP>2.3.CO;2.

Solari G, 2020. Thunderstorm downbursts and wind loading of structures: Progress and prospect[J].
Front Built Environ, 6: 63.

Solari G, Repetto M P, Burlando M, et al., 2012. The wind forecast for safety management of port
areas[J]. J Wind Eng Ind Aerod, 104: 266-277.

Sommeria G, 1976. Three-dimensional simulation of turbulent processes in an undisturbed trade-wind
boundary layer[J]. J Atmos Sci, 33: 216—
241. https://doi.org/10.1175/1520-0469(1976)033<0216: TDSOTP>2.0.CO;2.

Song J, Liao K, Coulter R L, et al., 2005. Climatology of the low-level jet at the southern great plains
atmospheric boundary layer experiments site[J]. J Appl Meteorol, 44: 1593-1606.

Song Y L, Tian L L, Zhao N, 2020. The atmospheric turbulence characteristics in a diurnal cycle[J]. IntJ
Mod Phys B, 34(14n16): 2040109.

Srivastava R C, 1985. A simple model of evaporatively driven downdrafts: Application to microburst
downdraft[J]. J Atmos Sci, 42: 1004
1023. https://doi.org/10.1175/1520-0469(1985)042<1004:ASMOED>2.0.CO;2.

27


https://doi.org/10.1017/S0022112000008776
https://ntrs.nasa.gov/api/citations/19930082322/downloads/19930082322.pdf
https://doi.org/10.1175/1520-0450(1989)028
https://doi.org/10.1007/s10546-016-0220-3
https://doi.org/10.1029/2020MS002100
https://doi.org/10.1175/1520-0434(1996)011
https://doi.org/10.1175/WAF924.1
https://doi.org/10.1175/JAS-D-17-0392.1
https://doi.org/10.1175/JAS3888.1
https://doi.org/10.1175/1520-0493(1963)091
https://doi.org/10.1175/1520-0469(1976)033
https://doi.org/10.1175/1520-0469(1985)042

1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212

1213

Su T, Li Z, Kahn R, 2018. Relationships between the planetary boundary layer height and surface
pollutants derived from lidar observations over China: Regional pattern and influencing factors[J].
Atmos Chem Phys, 18(21): 15921-15935.

Sullivan P P, McWilliams J C, Moeng C H, 1994. A subgrid-scale model for large-eddy simulation of
planetary boundary-layer flows[J]. Bound-Layer Meteor, 71: 247
276. https://doi.ora/10.1007/BF00713741.

Tominaga Y, Stathopoulos T, 2011. CFD modeling of pollution dispersion in a street canyon:
comparison between LES and RANS. J Wind Eng Ind Aerod, 99, 340-348.

Toparlar Y, Blocken B, Maiheu B, van Heijst G J F, 2017. A review on the CFD analysis of urban
microclimate. Renew Sustain Energy Rev, 80: 1613-1640.
https://doi.org/10.1016/j.rser.2017.05.248

Vraciu C V, 2024. Generalized eddy-diffusivity mass-flux formulation for the parametrization of
atmospheric convection and turbulence[J]. Quart J Roy Meteor Soc, 150(761): 2316-2337.

Wang D Q, Zhang Y C, Huang A N, 2013. Climatic features of the south-westerly low-level jet over
southeast China and its association with precipitation over East China[J]. Asia-Pac J Atmos Sci,
49: 259-270.

Weckwerth T, Horst T, Wilson J, 1999. An observational study of the evolution of horizontal convective
rolls[J]. Mon Wea Rev, 127(9): 2160-2179.

Weckwerth T, Wilson J, Wakimoto R, et al., 1997. Horizontal convective rolls: Determining the
environmental conditions supporting their existence and characteristics[J]. Mon Wea Rev, 125(4):
505-526.

Wei W, Zhang H S, Ye X X, 2014. Comparison of low level jets along the north coast of China in
summer[J]. J Geophys Res: Atmos, 119: 9692-9706.

Whiteman C D, Bian X D, Zhong S Y, 1997. Low-level jet climatology from enhanced rawinsonde
observations at a site in the southern great plains[J]. J Appl Meteorol, 36: 1363-1376.

Wilczak J M, Tillman J, 1980. The three-dimensional structure of convection in the atmospheric surface
layer[J]. J Atmos Sci, 37(11): 2424-2443.

Williams J K, 2014. Using random forests to diagnose aviation turbulence[J]. Mach Learn, 95: 51-70.

Wilson J W, 1986. An ill wind[J]. Nat Hist, 95: 48-51.

Wilson J W, Roberts R D, Kessinger C, et al., 1984. Microburst wind structure and evaluation of Doppler
radar for airport wind shear detection[J]. J Appl Meteor Climatol, 23(6):898-915.

Wilson J W, Wakimoto R M, 2001. The discovery of the downburst: T.T. Fujita’s contribution[J]. Bull
Amer Meteor Soc, 82: 49—
62. https://doi.org/10.1175/1520-0477(2001)082<0049: TDOTDT>2.3.CO;2.

Witte B M, Singler R F, and Bailey S C, 2017. Development of an unmanned aerial vehicle for the
measurement of turbulence in the atmospheric boundary layer[J]. Atmosphere, 8(10):195.

Wolfson M, 1990. Understanding and predicting microbursts[D]. Massachusetts Institute of Technology:
303 pp.

Wolfson R, Delanoy R, Forman B, et al., 1994. Automated microburst wind shear prediction[C]. Lincoln
Lab J, 7: 399-426.

Xian J, Lu C, Lin X, et al., 2024. Directly measuring the power-law exponent and kinetic energy of
atmospheric turbulence using coherent Doppler wind lidar[J]. Atmos Meas Tech, 17(6): 1837-
1850.

Xian J, Qiu, Z, Luo H, et al., 2025.Turbulent energy budget analysis based on coherent wind lidar
observations[J]. Atmos. Chem. Phys., 25,441-457, https://doi.org/10.5194/acp-25-441-2025.

Xu X, Li X, Zhang Y, et al., 2024. Application of WRF-LES on the simulation of seasonal characteristics
of atmospheric boundary layer structure in Taklamakan Desert[J]. Remote Sens, 16(3): 558.

Yan C, Miao S, Liu Y, Cui G. 2020. Multiscale modeling of the atmospheric environment over a forest
canopy. Science China Earth Sciences, 63, 875-890. https://doi.org/10.1007/s11430-019-9525-6

Yao B, Wang Z, Fang Z, et al., 2024. Reconstruction of downburst wind fields using physics-informed
neural network[J]. J Wind Eng Ind Aerod, 254: 105935.

Young G, Kristovich D, Hjelmfelt M, et al., 2002. Rolls, streets, waves, and more: A review of
quasi-two-dimensional structures in the atmospheric boundary layer[J]. Bull Amer Meteor Soc,
83(7): 997-1001.

Yue C, Desheng C, Zaihua G, 2010. Research on the relationship of Doppler radar and the lightning
warning[J]. Meteor Environ Sci, 1: 006.

Zhang F, Zhang Q H, Du Y, et al., 2018. Characteristics of coastal low-level jets in the Bohai Sea,
China, during the early warm season[J]. J Geophys Res: Atmos, 123: 13763-13774.

Zhang H, Wu S, Wang Q, et al., 2019. Airport low-level wind shear lidar observation at Beijing Capital
International Airport[J]. Infrared Phys Tech, 96:113-122.

Zhou B, Gao F, Wang L, et al., 2019. Robust and efficient quadrotor trajectory generation for fast
autonomous flight[J]. IEEE Robot Autom Lett, 4:3529-3536.

28


https://doi.org/10.1007/BF00713741
https://doi.org/10.1175/1520-0477(2001)082

