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ABSTRACT

Severe thunderstorms and associated hazardous weather phenomena have long been
recognized as one of the major threats to human lives and properties, and is one of the most
important as well as difficult part of weather forecast and numerical weather prediction.
Considerable forecast errors still occur in current practices, indicating a limiated predictability
in predicting severe thunderstorms. This study employs a high-resolution convection-
permitting numerical weather prediction model with an ensemble forecast approach, explores
practical and intrinsic predictability of the severe thunderstorm event happened on May 20,
2013 in Oklahoma, United States that spawned one of the most disastrous tornados in recent
years.

The sensitivity of initiation and subsequent organization and intensity of the
thunderstorms to small yet realistic uncertainties in boundary layer and topographical
influence within a few hours preceding the thunderstorm event was examined. It was found
that small shifts in either simulation time or terrain configuration led to considerable
differences in the atmospheric conditions within the boundary layer. Small shifts in simulation
time led to changes in low-level moisture and instability, primarily through the vertical
distribution of moisture within the boundary layer due to vertical mixing during the diurnal
cycle as well as advection by low level jet, and thereby influencing convection initiation. Small
shifts in terrain led to not only changes in low-level moisture but also changes in the wind
field, low-level vertical wind shear and storm-relative environmental helicity, altering locally
enhanced convergence that may trigger convection as well as environment conditions that
were favourable for different organizational modes of convections.

This study also seeks to explore the intrinsic predictability of this event from its pre-
initiation environment to initiation, upscale organization and interaction with other convective
storms. It was found that minute initial condition uncertainties that were beyond detection
capabilities of any current observational platforms, too small to modify the initial mesoscale
environmental instability and moisture fields, will be propagated and evolved via turbulence

within the PBL and rapidly amplified in moist convective processes through positive
I



ABSTRACT

feedbacks associated with updrafts, phase transitions of water species and cold pools, thus
greatly affecting the appearance, organization and development of thunderstorms. The forecast
errors remain nearly unchanged even when the initial perturbations (errors) were reduced by
as much as 90%, which strongly suggests an inherently limited predictability for this
thunderstorm event for lead times as short as 3 to 6 hours. Further scale decomposition reveals
rapid error growth and saturation in meso-y scales (regardless of the magnitude of initial errors)

and subsequent upscale growth into meso-f3 scales.

KEY WORDS: Mesoscale convective systems, Severe thunderstorms, Predictability,

Ensemble forecast
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1.1 fIREX

SOOI B ARG OR BRI RIS 57K L TR REL . DK A 45 5 o F P R
By R NI i AV P 22 4 S B R BB, BRI 6T 9 7l 2 B Pl R A LISk — B2
RATRAR ) B iz — o T T L 2 ROBE /DN [ [R) REE 3 AE v RUBE (Orlanski, 1975),
WEPET KB EToKs FREmf [aE 0 e 2080708 ). K RIRGE GEF EX R 2
JEE T BN K BN TR B R S0 ARLRVERFEIT &, 9RER BRI TRt — B 2
MERZ— (IMERR 28, 2014).

TE& R E B ERAH, ol X CLH ERMRIA yggm e gl NoGE.
Loy HILE R ERER T M 2 4B A KM b, Horh XCBLSE B kAR 1 e A6 IR B 1 o
EIRE, BEZ K TR 1. EIb R FERHIX (Mengetal., 2014; fhgk
P 2%, 2014; R A, 2015), LK, T 20154 6 H 1 H “RKITZAE” %4
BT (Meng et al., 2015). 2015 4= 10 A 4 HJ ™ HRINE-7F H 5K E (Bai et al.,
2016) Sl H M S GO H KA, o 0 FHAE T E I 6 R 2 Hh 32 3
FARHI RV

EIL X 70 4EH], KEEZKS SR (National Weather Service, K NWS) K&
BT —FE B, DO AL (RN “warn-on-detection”, &K WoD) 1514,
NS . VKBS SRR FHRSR A, FFm RAKA IS FE(E S (Coleman et
al., 2011; Brotzge et al., 2013), X — VAT EAEE T X R RS RE BN, AF+EE
TG BRSBTS O AN Pl . 2238 3 R AR Ak W L4 Ok ) S
Az KGE ) W€ (mesocyclone) AR ERFE (tornado vortex signature, fijFi
TVS) %55 4% VA C FIRFE B I % e 46 e S = RS R AR BT H il & 55
3 [E 4= WY Rl N 22 #) K AU FR 1A (Weather Surveillance Radar — 1988 Doppler, & #% WSR-
88D TIA) LI P AR R R Ry 1 R K R HIERIZE (probability of detection, i
FRPOD). &ML T R4k #F (false alarm ratio, fij#R FAR)D, #1153 E A X w4 HE )2
R TE EH 1978 421 3 0 8h 422 1 2011 4R/ 14 F3%h. SR, FEILAA 1 LUy LA
¥ WoD FUE J7 ik T, Je s 100 RS AN ()R 2 AR ME#E T 17 7381 (Stensrud et al., 2009)

b I AR B () $e . HUE R SRR X K e Bk} FAG 7 1)k 25
THEBIRIIEC, T DR S NEER SRR AT [N A R/RZUEP (ensemble
Kalman filter, f&#K EnKF) ] [F4b 5 1A F0 T2 55 i 25 70 H R o0 I 2t [ 40 Snyder et
al. (2003) %51, I LASEA TORHAIM TR U e e i S SR N BUE B W) G 3, {6
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E R BRSO B AN TS Sh I =~ T B0 (convection-permitting model; 7K
PR 14 km) KRR IRRIFATE S TR, CAEAEVF 2T h e A Bl
FORX R FERSMINEL (Roebber et al., 2004; Stensrud et al., 2009, 2013), Fl4n, 3
KRS ANEE R (National Oceanic and Atmospheric Administration, &8 NOAA)
H) “ R ERSSLK PG (Hazardous Weather Testbed, fijFX HWT)” H 2000 FH 4G5
TR ST SRS G AR T R AR “F 255 (Spring Experiment)”, 11 )1,
FERIX — S I B O IR T AL B R S () . 5 BT B A A A AR S BT R R AN
LTI, FHB KR ERSITHANTEZ (Coniglio et al., 2010; Johnson et al., 2011a,
b, 2014; Clark et al., 2012; Johnson et al., 2013; Karstens et al., 2015). Itt4ab, TERK=ER
AMIBI 5T AR S 1A% 1 0 W R A AR G Tl s R e [ A 2 A T A
JREEXTR A5t (mesoscale convective system, [&iFK MCS) 25 ] HEAT R B vl T PEATHT
fEME (Hawblitzel et al., 2007; Stensrud et al., 2010; Aksoy et al., 2010; Dawson et al., 2012;
Schwartz et al., 2015; Snook et al., 2012; Wheatley et al., 2014; Yussouf et al., 2013, 2015).
FERXFEME SR, ACUUII Y ZERE ) WoD T %28 o8 LUAR & BORE R0 R B2 & Tl Ay 2k
fili ) WoF (“Warn-on-Forecast™) TR 1A A2 5 X6 L 9 T R SIS AR AT RE IR 7
[7] 22— (Stensrud et al., 2009, 2013). WoF J&T- 3%Vt 2 4t (18 & TR R AT 9 HPER S
PITE, 0] ReRAE WoD H P KRS, DX — PNt & el RE P EZE KRS
5t #1.0> (National Center for Atmospheric Research, fi##k NCAR) C.&H KA IE1T
HA5 4 7 EnKF SRR R GRS S A T R4t (Schwartz 2015a,b), [ 550 XA 5C
482 (National Severe Storm Laboratoriy, [ i#% NSSL) S& il T R4S TH
EnKF ZRHA L RGEH “NSSL IG5 WoF R4t ” (NSSL Experimental WoF System for
ensembles, fAjFX NEWS-e; Wheatley et al., 2015).

Tff 5 ] FE PR FUZ N WoF RGN AR R 22 QL 22, 1T v 5 Y P i 4K 5 0
XL R G o] T 2 )M ¢ . Lorenz (1963) i F RGuHuigH 17 il Ak MR ME S K
AT TR B H 2> AP2E (Lorenz, 1996; Melhauser and Zhang, 2012): 52 A] Fiidi 14

(practical predictability) FIAVER] Tk 4 Cintrinsic predictability ). S Fr ] TR 4 %7+
YT X R AL FE RE 0 HE TR PRk B S KB FR - (“the extent to which we ourselves are
able to predict by the best-known procedure, either currently or in foreseeable future ”; Lorenz,
1996), FEZMRT HATBUEAREXMBIIEIAH R % (Lorenz, 1982, 1996) . A Al FilHf 1k
IRYFAT FH 3 1 56 56 1) BB AR SURN W) 46 37 06 R A0k 2 e A% 1 1 T 1) e K INF PR (“ thee
extent to which prediction is possible if an optimum procedure is used”; Lorenz, 1996), =
FRIRTRAAGNE IS /AR ZE I KA (Lorenz, 1969, 1996). £ HAR ]
THOLT, BEAE BUEA NI A6 3708 22 I RE S/, S R m] Pl 4 2 1 i A 14 AT T
PEo BRI, XA ROBEXT I R 48 ml P e I E 50 KB o # AR A T o RERIH B R,
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XPHR oy ROBE IR 90 I R 28 ORI S o AT A 14 XA TR AR LD, T LA X H AR
PERT PR ME AR 7. ARSCR LA 2015 45 5 F 20 HSEEB e R S0 =4 1 9 R 45 18
XL B 2 R R, 43l X R RO G T 2 B 0 ) S B A A 1 T SR 4 3 A T
7 (Zhang et al., 2015, 2016).

1.2 s RE A TR 14 RO 53 it R A /S R

1.2.1 SEPRATFR I

SRR AT TR 32 B2 B GORHAME 7 BRI o 5 ot O %) Ak 3 A A A
Eh TN S SEA T RE S HARZERI . R E RS RS SL b Al Rk v T 7T & 2k
TG F o\ . #li, Zhang et al. (2002) 1 FHE A AL 2000 4 1 A 24 HE 25
H &k ATESEE IR P KGN (North Carolina) M E T 20 (1 B RF RS, KIENX 7
N 30 km $2 = F 3.3 km GE08HE 1 88 T A0RE 5 BE AL B PR Toudie, DA T B o At e %
K BeAh, EAR BT AG I I Bl A AN — AR, gk B SR I P 5 AT R 2 3
AR, REAWIMGEI R ZE SRR A TR 45 2R . Langland et al. (2002) X [/ —5
PRI AR SE T PR 45 SR XS W UGS M RO s 754 FH 2 T A8 BE BBUB M R T 1 5 vE T
WG AT I I, SR B 72 /NS TR 2 22 A 1860 km #8/N % 105 km, ik iz
ZMAE R (difference total energy, f&j#X DTE) g/ T JLF 75%. #R1i, Zhang et al.
(2006) F1 Bei etal. (2007) &I, X TEEZEM R FEKEM, B 5P 30 km 52 =53]
3.3km AR MBENE RS B, BIRLE Beietal. (2007) ' 10 km 23 HF AR HAL T 30
km 73 PR IREALLE B . Zhang et al. (2006) &K BL, AR I =X HR S B T %
RSB T Z R AZE (planetary boundary layer, [&F% PBL) Sk 5 ZHIA A,
2 SRR FRK AL B AR R (1 BoRAR L. Bk4h, 7E Bei et al. (2007) 1, f# AN
SRR RIS RAE N IX B A6, LB B 30 km #2552 10 km 45F%
IR TR R B2 B K . T Viéetal. (2011) &I, #4624+ (initial conditions, ]
FRIC) AR 22 FEERE 12 /N BUR B2 B TIR AR 5 52 e, T 50K ) Tl i) A ids 572 5%
4 (lateral boundary conditions, &# LBC) HiRZESHEHEEZENIER.

R RESTRIE RS RS LIS BE (tropical cyclone, [&i#% TC) A1 MCS] sk
bR o] TR A 7 T IR Z W 7T Sippel et al. (2008) X} TC A= IR 70 R B, S8 PU &R
I BN SRS W1 4635 RS AR RIS R R+ o UEk, T =R R R 2
W7 E o itt— 0 s S AR s FE AR G BTG Bl . Ak, X G e S B AT T
AL A — B S5 S FR AN 5247 IR VA 9¢ . Zhang et al. (2014) KX 35
AR ONT A O 7 95 TR PR B2 ) Tl 1% 22 5 TR AT U e 20 W XU P88 S 6 A 45 IR B PR A DR A2k
S Fs S el 55 Tk FP S FH ) 2 M8t (DeMaria et al., 1994, 1999, 2005; Knaff et

3
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al.,2003; Law etal., 2007) 73575 1& 1 A FR MBI IR K520, X T A B TC
SEPE A B RN TR % (Elsberry et al., 2007), FIHAFEI B TC ## %
SE bR AT PP R R T BE A AT ZE A o SN VAL I RE G S B T AR 1 1R 52 R RE
Melhauser and Zhang (2012) X = AR [=1% FU B FE 1 Wu et al. (2013) X MEZR B 7T FriE sk .
XL T IS AR S TR I aa 2 5l NS B i 20 i 2 4 18sh, K
IRV Tt 1) 5 2 S AR S B i R 5 R Bl K & R 2 ok L, 1 B IR AR IS A
SN R AT SR FE A7 B . Wandishin et al. (2008, 2010) {3 34— 355 1 A AR () =5
SRR A ENTENITIE T MCS B SEBR AT Tt s A A a7 B2 & TR I a6 3 Hh in s
F1HHf NAM (North American Mesoscale Forecast System) ##3f1 RUC (Rapid Update
Cycle) E3[1) 24 /NS PR iR Z2 A0 4 IR 22 I, A = 4Eqilrh, S yIaa s iR 2
B 24 NBTIIHGR ZRN BTSRRI S TRIGE R ZE RN —F), #
i IERAREILH MCS BIEEA R I B 7 b (BERRON “ RN BEN 70%42 =i 21 85%.

FIRWER TAEZEd T o RJE (2002000 km; Orlanski 1975) Fid p R (20—
200 km) IR ARG, MErsH vy RE[2-20 km; A B HEAEFR N E 2R (storm scale) ]
1) 9 B % R SE B AT R M (R 7 H BT IR AR A D o K& () B ABASADIIE SE T 75 2 1
fil e BANFIHLR SRR CRER KRB EE YA 2P (Rotunno et al.,
1982; Weisman et al., 1982, 1984). &L NHIHFZS SRS E R (Brooks et al.,
1994), TMAHAR ) B Bt Al HAEA (Bluestein et al., 2000), #F—D¥ahn 15 & i
WA E M. Cintineo et al. (2013) {37 FI B ARSI 5 17 768 20 S A T 2 i 8 1 S s vl i
o, I G A TR TR ) T A 2 B A AR N R G I B AS, B L AR A
[FARFAIE ER) S R AT FAR A 3 2 8 2 AR A0 B RUBE PR keI T PRI, v A B At b o 2t 1) 915
FELEAT Pl A 10 RME RS o B AR AR BT 8 A B B R A6 T DA s e i B i i, H2 X R
JUBE B R SR G 0 Pl sz 75 2 B J5 A3 F 23 A S A W 2 S5 A 0 e o adod T B, R
FE R R T BB E A0 HUE TR 4637 1 2035 AT RE 2 CEJL I 18] Y W 2K o Aksoy et al.
(2010) f#H EnKF 7732, [F46 2 M 80 4% v JRURIT S S 220000, 56 22 AN S0 R A
BIEAT T HFFCs AT I, X5 T Friit 78 i =AM, B K IR 2 TE TR 143 Cequitable threat
score, faiFR ETS ¥F4r) WIEL S TR 20 408 N FEIGHEIT 50%. Gasperoni et al.
(2013) 7EMM RS 5256 (observation system simulation experiment, & #% OSSE) E
AR g =4E48 4> (3-dimensional variational, [&#% 3DVar) J7 vk [FEI{L 2L B 2k s 4t
UM, AT 7T RPARKEE R ERAA TR AR ZNTE LT, 1858 b A5
(PP R 2 3G N2 75 30 22 60 43 R IS BT R R X W46 3 B o8 R0OR X LR 5T
(1) JR PR 2 —(E T8 F 1 7% 18] 2% [r (] A P B ABLAN PR PR 5 2% A

BT SEBR ORI SR 2R S 1 S bR T PARAT B 9T 43 A FR . Johnson et al. (2011b)
i HWT HBFSL IR, KIS 7 WL T Z S E040 T7 20T fe g v K

4
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(TR 7 oK LL A B S 500 77 R 58 KN e 1, T 0 3 2 A1 v 1190452 22 DU e IR F
TRE AR A & W B I520 . Surcel et al. (2014, 2015)3E T 45 8] 2 26 R E [l 5 1)
() AZ A0 8 23 AT, VORABATT AR 72 00 HWT 522 5256 H (0 B A 300 R SR AR 7E 2 3
3 /NI TR I G T A Ak s T BRIy ROBERFAE Y 52 bR m] R o 7E3E— 5 AT
FiH, Surceletal. (2016) KI, EIRMEEIRIT S, AR AR Q K& E AR
R 55 5 2 /K Fi4k  (quantitative precipitation forecast, &% QPF) 152 [H]FFi%
AHEMEER, HRREE K. BT RG5! 1 K b a2 21K 5 4 ] 15 i vk
B K LA B R A S B AT TR 1, HLJS 38 16 QPF 515 B R b 52 21 H AR (L 521« Roebber
et al. (2002) 5T 7 1999 4F 5 H 3 HEEME AP ER kG A TR, fEamia
B EL TS FORAE T, IR fid i AN E e () A SR AR 2 R AR A b R R A
SR, RG22 2B TR 3 1 A2 . ERIRIFRRE B i i B RS R SR
(TR, AR I B 2 o ASCOVE FRH A R 2 — il A2 T 2 U I SE B mT Tl 14, 552
RAGEA BRI [) 2% ) b PR 5% 22 T ] 5 el 5 ol 8 RS0 R 8 ) TR

1.2.2 ARMRIFHRE

5 SEBRAT P M A IR SO ST VAN R, AR TR IR T3 — RARGEA
B Bt B AT 68 S A TR N A5 X A AT i P A AT O8O A A XM i Sk e
(identical twin experiment)” H77V%: X—J77kHd, WA (B 2) B H 22
A BB 2, AAERIGR 26 R38N CJEi A2 20T IR AERT LB AR Jaik AR
RN E R, FERE IR AN 2 R AT B A R R GBS U Bl 1 R K
JEFNZA. .

Zhang et al. (2007) 13 FHEAEBUE T 7T TIRRUE P& B RGP IR ETHRUE
BRI FE, IR T R R ARG A T AR 1 ey 52 380 R | R A R . £
X —NESBA A, TNRIAE R 22 2 B A TR A AR K R AR R R BE LR, [T i
¥R PN/ BA W Bl 7 i R A B AR 7 X s IR R 22 B IS o 1 Bh b 1
7. B U IR T I R 1) BE R B R R AR EESEAC,  FF 2 i £ ROFE (1) AR 4 T
Tk . 1ZAALRE ST CLRTiE 2 0 SR A It — 2 K . Zhang et al. (2002, 2003) X4
ZREE T B 2 I T R IR 46 3 AN 0.001 K IRV Bh 22 7= A2 B 55 ik i B R IR 22
Tan et al. (2004) o HH AR A} 58 11 F G0 A 70 R I 7K BORH 9% R Jn o R on 15 22 1Y
KHEXHEE . Zhang etal. (2007) FIMEESHA 9 Hohenegger et al. (2007b) FTiERA .

BT — S TAERE— PR A E A T Zhang et al. (2007) HMESAS A 1) i 22
B KAFAE AN SR 2 KA =) FE L FE - Selz and Craig (2015a) 1 FH 15 20 WK 10 2= R AT A
A T EFERCE RS, KN RFERZEA B R AR X I8 B3O FE 2 A B
IKRAE XS N A%, I LA R K X P /N RUBE R 22 38 K R 23 E 10.5 /NI S 930/

5
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95%- KK ZET 0, UERZEAEIX — RENIERIWA; mEE R REY, RwE
WK TS, 2R [AJ K. Sunand Zhang (2016) i FH B AR A A LA B LT
RHEE T RGP IR E KR REAT 7 E RN, FFEE T AERN RIS AL
(RIIEOL ART ek /NI 46 1% 22 AT LB SR BRm] il 1 (WIiG R 22 B ik iss
AR TR (WIAG R ZE BRI BIRPR ;R TR SEES W SR A W R,
R ZE A I ISR 2 BIR R A E s, AR AT LR S A
X FR G OU R, TR E TR E R, RS R s S B 22 N T RE
WK, I H AR R ENESR LS /NEHE, RET RS KIEFEARZ A REE
RPRANHIFENR, B 2 P BUIRG 0 BEAFAEAR PR (o B AT Pl 1 52 B D

Zhang et al. (2007) MESBLAY 15 25+ R KO R SR 11 2 B R 2 A K.
%40, Wei et al. (2014) )55 40 # 28 B ARASALIUE B 1 7KIRO0T o RUBE B2 98 1A A A U e
EKECN . Bei et al. (2014) [BARRALAIN, Bl deidka, W16 1R 2 e A
R KH BB . Wang et al. (2012) IR 22 59K 1 T8 28 5 FUE B 0BT R FH I Ak
YIS HATT RNE IR TR, Mo — TR TR sh it iR 2 1K 9k
28 . Selz and Craig (2015b) tb# 7 Z2/MEH T AR & XM SE 7 R EUE
5j Selz and Craig (20152) F =P, BB GBI R, RIEH Tt
BEARET AR = X S 30k T7 S AR A iR 22 7 RBEIG K (P B2 008, AT R R BO0 5
AAEAUGE RIS BEAEAE . AMEE R FURI, R ERRIERT, TRIERIRAN
AT PR 22 32 B2 B R E CRAUREDD 1R 22 3G KRN 5 R FE 19520 (Durran et al.,
2013; Durran et al., 2014; Durran and Weyn, 2016; Johnson et al., 2014). 55— /57 [fii, Leoncini
etal. (2010) &I, WIIRTEEEILAIHIPRHEMZ DY 0.01 K 50 1 K I, P RRZIEL
B PR AOA AN IR],  UE B SRR mT SR 1 A0 A4 AT Pl M 52 2N [F] 1 3h J1ad A2 2 e
Sun and Zhang (2016) #f— P i@k FCRAH 22 PR NS GBI W) 46 % 25 CE IR 0T A O T A 1S
KISHER I, BEAE RZEERINIGIN, =21 3 52 PN 28 oo AR E 1 CAR
ATFIAR PR A A RHE AR E M CSEFRAT R D .

Zhang et al. (2007) =T RSRE RG45 B R/ E6 52 22 B & W i g AR R4 1t
FRBEESEK 1IS FE 8 ol HR B RBEAMEI A ST BT IESE . (Zhang et al., 2006; Bei et al., 2007;
Hohenegger et al., 2007a; Melhauser and Zhang, 2012). {E Van Sang et al. (2008) HJHE#E
RHIRE TR, 0.5 gkg MIBENLKIRIRZESXT TC R4 R E50; Zhang et al.
(2013) RH 5 Van Sang et al. (2008) ZSMLFIBIAIRIR W 1T, A2 B R DI AZ 3G
Wt —PiREs TC MEA b, JEH A MEIE S (rapid intensification, f&FK RI) BBt
A TP . Zhang et al. (2009) KIL, HI4E A PI/INE AL 2 A 45 58 T B 1) — AN
i MR TV ZUVE . TF Bei et al. (2007) X KT IS MY 10HA R G RIBTE T H,
S5 IR BE S bR HEAR 22 0N 0.07 K IHEEh & AE 24 /NI AL FA 7 34 A8) )

6
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e ERIEEN, SYEm A IR KRB EL, sQRUR X 3 /N
SKREK AL TR Z F2 it 20 mm. Melhauser and Zhang (2012) & BH] 46 1% 22 93
IINFFEAN— 5 BEAH N ek /I 75 R B3 TR R 22, KB MCS Bk R ZE X W R 2 4
U HAZETE Wu et al. (2013) HIHFLH, PO IR R ZREE WG R Z MR . SR
1M, 7575 28 RBE SR 2 S0 A P v TR 14 7 1, 2 A 6 -5 M AH S I 78 TAF . A3
FRVE IR 0] 2 il T B R SRR R ARG A PE R Tk v, B 800N w6
R AR K FF S BRI T 2 RS TR %= .

1.3 HEBENMAR

ST A TR TR R ORI S B AN AR W] TR I 7 T AEAE AN R 2 Ak, AR B
2015 4 5 F1 20 HEEMR R SN =4 1 5me 46 B s i By B R SOE R A, 2 )
Xo LS R AN A AT SR A 3E AT L (Zhang et al., 2015, 2016).

— 7T, AR FE PR R A A L R ZE R @ A T K AR AR
JE b 5 5 I T R R AR SERR A TR L A R TR KR R AR SRR
() FR) i AT Bty 53X — SR A Bl J5 2 A A B AR RO 6 S A2 %) DX s Tt v i 77
JE R SRR IR AR P2 AR B s e o T R 2 R/ B 2R 2 3 BRI A %t R
[PIR 22, IX —Hb i 1R 22 AT BE 2 0S40 1) 5 8 1 R R AN ZH 2R S 4y 7 AR R

F—JiH, ASCH IS G TR A SO BT TG B R 22 A SRR R
SERGPHIRER KRR, DL — PN IG5 220 9T 7 2 TR 552 75 K R
PASRAS S0 L B 28 R AV T AR ME AR AE o [RIINE, AR SO0 a0 i B 5% R 48 A
XA AE R T 2Rk 55 T O AR S B0R ZE K S AR AT A T

AL Ay B2 1 0% 3 10 X B8 AT B A 5O AL EY B ORI A R 2 I DR R R R ) )
T, BRI SER T UL B 2 ORI S o R A AT SRR PR B B AS E ,  DAR SRERXT U EE B R
HORTE &

1.4 KXHIBHET =

AL TAFMEERAER 2 T A A R, S22 ATHIWE S BCA T R ANS 2 /.

HG, BIRZHA I ek o RUBE SR A R R U SE PR R TR A BT AT, (EE
ASCE AR AR B AR BB AR B OSBRI R R R AR B, RS
JUBEET 550 5 A AT S8 T b T 26 A1 B AR A 0T 9868 JAT R 28 R0 HA) S o T A A2 F) 520 B G
BRI B RE AT 1M, B S JZ PRx 5 R e A A AR Je 28 % EEL L R UK
T AFEEPEAN R 55 25 12 B S 52 31 RS0 S 1] R 428 1

Hxk, AAeE y REE CGHEZREE Wi FRUNAYET Bk T TIRR, X
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FE RS AT TR A (T U AR SR o Ok o S A £ 5 TR iR 22 R MR T ik, A
SR I B R TIIANE RN HAR A 2 € M RIR, A0a R 22 B8N I AN BE i KA B
RITIAR AR ZE Iy, XA 5 IR ZEAE /D R IE R AN I ) O R T+ R K
AR VI,

ARSI G B TR PRSI 06 72 S5 Al /)N T i 468 T 2 A R MR 22 S5 A K RS PR X
TR A HT A BRFAE . XA A (8 22 53 DURER R AL AL 3 KNS IR B A
AT TRNII AT XM FEBEE BRI, SR A N T ELD)AR L vt LU
% (AR R LA P AR 0 o B A R E AU = AR R IR, 7 B (AR 2 R iX 2
AT IR IR A U

1.5 XELEH

AT ERE R 2 LR B A AR A s i R R R R A R IR
AHREATRBRN A B =R 2GRS BR8P 2 il S
SR 0T I VR 3 R e R R (9 U SRR S B B IR AR ALL 5 SO AT T B (R LA,
F o0 30 48R T8 FU S8 B n] PR A AA A T TR ) T LA R R B 5 T i) SR B8 1 1
SR DY TSR 5K 2 LUK S AR 5 TR ORI SOV R, 70 Jall X b 1 s xe 7 7 6 R X
T H) S B AT TR A AT A T PR L BEAT AT FE . SRS B AR ST LA



FoE BUREGRE R SRR

BE BREEBRERFHAEXRSER

FE 4RI [R] 2013 4 5 A 20 H M2 7 ochifar % (Oklahoma) M H#BHEIX 1)
oG FILE R BN RERKE L — X — 5T U R4 J5 14:56 [1956 UTC;
R I A X O SE [E PR E A X CDT (Central Daylight Time ), CDT=UTC-0500,
J5 SO FEEAEF UTC ] AR b i far Dy 22 7S B (MeClain) B CR Bl J &2 1
BB KB BAR N 2.1a B ) L IX fh i, B 5 A 25 8 33k A 7R 9% 24 (Cleveland)
B R T BLAT D 2 (Norman) 117 [ NWS JrA ELE B AT 16 280 14:40(1940
UTC) Bt X 2 Am 1 oG % (tornado warning), Ff/G7E GG 5 280
15:01 (2001 UTC) Iy 22 v 3 B P LR HLIX . 5a A 9 2% B AL 30 X AN sw Bz fir T B2
M X kA T e s B2 &k (tornado emergency). BRI 39 8P T 15:35

(2035 UTC) B, BEIRTEHLAK 23.25km, Fe okl 1.74km, @42 T0A K2 H gL
/R (Moore) A NHF M ERIX, &L TR —frEh A — K ER .
KIGHAEER, X—kERHI R KK IIZ)N 94 m/s (340 km/h), ek Rk H S5 4%
[ enhanced Fujita scale, fijFK EF; Edwards etal. (2013)15 w4, KK EEAET: 24 A
“HRNZG, Ak 20 103kt B/RT RS LK E LR 2011 455 H 22 HE IR
B (Missouri) MIFEAK Joplin) A& JGHET- NEUm = kG, kB ® 14
Grn ks =@ e [ 8 245 5 v 2 http://www.srh.noaa.gov/oun/?n=events-20130520;
TEYH R 4387 7T W, Atkins et al. (2014) F1 Burgess et al. (2014) 1.
185 A 20 HHRKATJEME S, HELT DR T A K& B I R T o

c

.la. 1 T : .1 T ! | T -
«a- 1830 UTC AEUBLE b. 1900 UTC c. 1930 UTC
wnf ERRBE— \ e ”
A Exza K?v
& =
34°N » I @N
d. 2000 UTC e. 2030 UTC

36°N

35°N

34°N

96°W100°W 99°W

100°W 99°W 98°W 97°W 96°W100°W — §7°\N
K 2.1 BUREEEMNRR TR R4 G SR () PRk FRhim S5, 5
RBEATE A R ZE WA E . AT =B AR X R OB R G R FH L.
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Ul e

Sterm Predicion Center

2.2 520 H 1200UTC KRB 540 r: (a) 300-hPa #RZS 5l W0, gk, K (GEDG X
WEESEEL, B 25m/s), HUE (FEEAEHLZE, & 1/5); (b)850-hPa #RZS WM, 735 @
(EEEEZ, 530 gpm), WE (AEELREMEL, 81 C), FEAEE (FE%EHEL,
2 C)e

XK RS I REME (Johns et al., 1992; McNulty, 1995; Stensrud et al., 2003;
Uccellini, 2014). 3£ E X ik 0> (Storm Prediction Center, f&#% SPC) £ 24K 1200
UTC (Z3tif (Al E 0700 CDT) KA =S /it zn, 300 hPa & _EA —# ik
JEAL TRk FHE (South Dakota) MM (ABITE L& MO B 2.2 fros) I, H—
S R A R B A I H R TE R (New Mexico) M, [F)— & 1) & 25 Sui il it
75 /s, FEBEE R ERORT SR M XA SR S S PR R (& 2,280 BT — %
B AR B ot [ B E A, A5 DTG i (Kansas) M 2% 38 A8 e 47 £ M 75
Hh. PEERTREE 2MEZS 850 hPa 2 (K 2.2b), K KV ik B aT X Ik, 1S
Fif Ty ] 3 B B i) CAPE B B3 2000 J/kg.

b2 R JE R RS0 A R T3 B K A . R4 RAP #0507
oA gR, 2T 1800 UTC (i [A]17F 1300 CDT), s Fl e AT
P S PUALES (B 2.3a; ARBFTE & MAL B WK 2.3a fis). EHITF T, fEwgs

35°N [N

30°N

T05°W  T00°W 95°W

2.3 5 A 20 H 1800 UTC RAP # X 3#13%: (a) 500-hPa {34 F 5 (FEES{HLL, & 20
gpm), (b) ¥ FHAE (HOS{EZ, 4 1 hPa) ML 2 KIREE (EM, &2 C), (c) #H
T 2 KER SR (HOS%EL, 52 C) M SB-CAPE (3, 4 1000 J/kg)-

10



FoE BUREGRE R SRR

Hr (Texas) MNALEBZ MR T Hims DM Fa R SR X L 7 — AN R, S8 78 =1 ) dbd
BRI SRR TR R E TR T — MRS (B 2.3b)s — 25L& M TR AR K
T, 7 A -y ] P SR T T P R SR (] 2.3¢), TR O R BLA R FIRIE
A f % (Rhea, 1966; Bluestein et al., 1993; Ziegler et al., 1998). /% 78 $i7 faf T /1 FH
PEIHLIX, HiTH R AR ST 1 20 °C, X X AN AR S A 5E, SB-CAPE (3
XA ALRE) HIL T 5000 J/kg. XFEHFIRSEARE G &AL, SPC 7E 0600
UTC KA F A B A i\ iX — i X O H IR KT 10%.

K 2.1 R E R v Hifr 517 (Oklahoma City) ) KTLX 1365 1% B 77, (Frederick)
i) KFDR P57 WSR-88D KB ik (1) 22 A0 A A I S 2R W 22 1] 1) 7 1k 4H & e Sk 26
P (B 7 A oK B I8 SO R I K40 A1 Do MlE 7R, 1830 UTC (1330 CDT) B,
XU AE M o i A M e S I S I P X il (B 2.1a) . SR IEAS FH OGS
IMAKLITE 1900 UTC (1400 CDT) HFHIL (B 2.1b), FFREL B AL HAE R (K
2100, TEZEBEHIEAR 1 /K, FHIEF R RN BEFREE DS BB T e m)
FHIE, TiURnE 5 GRS R4 K. H 2000 UTC (1500 CDT) % 2030 UTC

(1530 CDT), R Jo 45 4 i (1) 4H (R AR IR [R1 B P, B R PAAA T B R RALIZ 3, B2
F 2% BALRAR e hi g DR B (B 2.1d. ). SULFEINS, 7R o D0 5 Py
LT Z TR e, 5P TR RS R BN T — AP ARAGE M L
Xt R4t (quasi-linear convective system, fijF8 QLCS; K 2.10). ZJ5, XRG4tk s:
] 25 8% 50 B AR S by BN, I ek 55 v

11
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F=F HERANMABSHESSWIRIT

3.1 HERABNRERE

A B EE R AR 3.5 AT WRF (Weather Research and Forecasting) #5,,
I ARW (Advanced Research WRF) 3 /] 4% (Skamarock et al., 2008) #E4T40{H
B, WRE #E02 — NI XA, Hrh ARW 2 — e B8, g /1030
T, BEABEAA BB AT RS, RIEZ AR MR EMXIRK T, 35 K7
HESEATTZ . JFE R DA BT RS S TR, I8 ] DU
5 =449 (3DVar). WU4EA54> (4DVar). E£45R/R2JEH (EnKF) F5EFE
JTiEMEE S, RARMmIY Y. FIvAER LR R, WRF-ARW #AES RIS
TR 8 78 AR A4S 2 1153 T2 IR RERSAR B HUASAD, A /N R CIRHE )
BIRANE CnEE =) & AP IRIMER, IR 7T 72 48 H i E R EE
A —.

N T RE RIS M AR 24 /NS DL R ASURE I S AT R A0 A 24 R T A 2 st
P R OROBE SR T R K AR R B AR . A BN T BB, A SO BB AR AT
F 7 DU A iR 2 RS CEH AN 22 P9 IE A DOT & D04, DU EE A ) 43 55 2 43 51 R 27 km,
9km. 3km Fl 1 km, 7KPHSRi505 108 201121, 256x175. 316x244 Fll 400x301. #x
SRZEMHE D01 B T B REAR L, Hopp 8 G E R X KVGE R IRt
ITE BRI, RN ERIRE D04 B o 1A S hfar By N A ORER X, o R N
Rl BE A5 50 24 R AP I [ R I 7 2 AR T A BRIl (& 3.1, BiTEE 7 3 61
2, HA 18 EATHE LA b 1 km =N, BA&SEN T 50 hPa. FZEAR AR,
ASCFAE A 1 km K20 #E28, 2 aT Al H )& B H R B2 S U R 0 A0l e
Z [AJ B ZHp; ESR Bryan et al. (2003) A1 Lane et al. (2005) ¥JF8H, IERMENTXTIRIE S
It T 2L 1 km K415 2 FIRE 0 4%, Morrison et al. (2015) F1 Lebo and Morrison

13 TA20W AW 100w odW- 80 70w,
z ] "*/i 9 v ;( i ) P L
; S Tl | | AR Y'/
Ao s i )
/ L
‘;3 ‘.' A s e N R, ' 3
s Y [ e | o ke
3N ;T ! ‘ L] & X
Tk, N | P ! 7 . { \
e W e ! R e AV I
! iy, O W ] | __ AP\
| ] : <4 |\
7 k « )
! >
120°W 1100W 100PW 90PW —CBQW_ o

K31 X E, HAMEIN 4508 D01 2 D04,
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F=E HUERAN RS EUE S et

(2015) AR 73 HE A 1 km B2 45 SRS 40 () IS S0 L ER % RS 9B . 4544
TR AR AN B K 6 B A — AR AL, H2 1 km BB 07K 20 7% 28 L2 RE %
OO A BRI B R AR Rk E R YRR (EHBERRER AR, A SRR
BRI 2 [AIAH BAE S BEATREEL, B8 A it B 3 2 st Vi B BB B (LR 3L
3.2 W,

N T IREABRA R I3 S5k T7 5 Z 18] 22 756 AR SCHIE FE R, DAZ R IR BF
FAT I (U Se 50 Ay FE i, A SCHIREIE 1 — L[ E I S 8 T = A
o RSN TT FZEHE: Thompson =B ZHi 772 (Thompson et al., 2008),
Grell =4t ESF =X RS TE (Grell et al., 2002; {XAE5 %K 27 km ) DO1 4
A D, MMS FEER 775 (Zhangetal., 1982), RUC FhETHEFE % (Benjamin
etal.,2004), Mellor—Yamada—Nakanishi-Nino (MYNN) 2.5 &iTEIA5)E (PBL) J5
% (Nakanishi et al., 2009), RRTM KiF#EH77% (Mlawer et al., 1997) F1 Goddard %4
WeHEH 775 (Chou et al., 1994) . BHLTE A K 32 B Thompson I EE 254k 5 & Wk
BiguEd K. HRRERIRE LT ES 2],

3.2 FAEMIRIZHISLIE AIRIUGER

N TR R BUE A AR R 2013 45 5 B 20 HARTC R fr DN 50 Rl 2
IREALRE /1, ASCE e AT 1 1€ M Pl s il M 5258 CNTL. fEiZsega, B
PUAN XSk Ah = 50 F 5 H 19 H 1200 UTC. 20 H 1200 UTC. 20 H 1200 UTC F1
20 H 1500 UTC #J#htk, I BIF3 % 21 H 0000 UTC 558 . DO1 0146 214 Aid 5t
AT 5 H 19 H 1200 UTC I GFS #5220 73 83 S B LIS TR 4R 3R 43 22 21 1 0000 UTC.
3 /NI IR AR IZIR AL D02 & D04 UG S E AL A4 &% X I 41 2
DIRARA 5 RATES 2], A IR A iR oA Rt 7%

& 3.2 /& CNTL &4l 5 H 20 H 1800 UTC IR BE =4M. 5 E—&oHhE

TO5W  TO0W oW ’ \105 T00°W 95°W
3.2 2013 4E5 H 20 H 1800 UTC CNTL D02 445 5 (a) 500-hPa f 34w & (BA%E
4, B 20 gpm), (b) VI E CEBSESL, & 1 hPa) FIN 2 KL AR, &2 C),
(c) Hhifi 2 K&& SIS (EES%EL, &2 'C) fl SB-CAPE (3Efh, 4 1000 J/kg),

105°W 100°W 95°W

13



Bl N L e L A

— I ZI ) RAP 70 #ri7 (& 2.3) MEL, CNTL BRLKE SRS sh S8 . AL B MmMIE (K
3.2a), HOE{CAETE R, SRS, IR E A (B 3.2b). Mt LM 5N 5 T4
FRBIKIRERE S RAP WIS (B 3.2¢), BARTLRAEM TR D M 7 e 0 i o7y
HARFEAR M CNTL B H K . TR M AT e AR AR G i B 3, 4R SB-
CAPE 1L 5000 J/kg FIIS TR #E T RAP 43871 MRSNE BEART S, A SCE R MEUE
BAEOETE 30 /NN AR 2 R RIS EL 5 H 20 H 4/ J5 A R T om s i 5 K 2E
AR RS FIIREE R 2, 8BRS HARARR A S ZE N TR . SEIR AR 8 M3 2 1
A FE LS K e g . X A8 AR h TR AR R 2 R AR St | i TR R
T S B AT PR A 52 R i

SRl R AR FE TS 5L A5 A AH LU SO R AR 3 J5 AE A, CNTL A g ik [ml ik e -t
LT 1900 UTC R Je, £ E A0 Aok e st 4 B TR BSG 1 /NBS o 5 AR L, R0 ) 5 k[l
B DAL R B A S P AN e 5 N A 5, IE R EAE 1B IX 38 DO4 1 AR A6
(B 3.3a) KE PR 1 26 AR IX P AN X330, A8 f5 6 78 2 18] 3 X H B (I
3.3b), £ 2030 UTC HIBHEIZRL 7 — Na AR FE 30 QLCS R4t (K 3.3¢). 7R85 kM
1L/NBT, R INERED T 2R HMEG IR (B 3.3d-D. 7£K%) 2100 UTC
i, REMHELHESMEE (B 33d); ZEHEFRNBINFHEE, BARKHELE

a. 1930 UTC - %, ||b. 2000 UTC

oy
e

36°N

. ~ =
96°W100°W 99°W 98°W 97°W 96°W100°W

Kl 3.3 CNTL B A G R BHE .
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36°N|

35°N|

34°NT

106°W 99‘°W 98.°W ;;7I°W — 96‘°W 106°w 99.°W 98l°W 97.°W 96.°W
%13.4 LA 180 m¥s? UH S5{HZ M I(a) CNTL #(b) CNTL_15Z HIrPUERs . - BHx
LN UH #84%.
QLCS S5 MUSAEZ W 5T, A (K 3.3g-1), #2330UTC (K 3.31) Hf, X
TR DB LA A H A R A
A0 S S 2R 1 65 dBZ, BB i AUE R 2 AR B R IR AT REAE AL
R, ASCER B SARIEIEE  (updraft helicity, &#% UH; Kain et al., 2008) 5
B R b A UiE, UH (BRI DL B 2 2 5 km YE N A E R E#EES
A 1) LA P B R B AR LA Naylor et al. (2012) /K20 #5% 1 km O%UHE
PR A5 SO SR, A SCIERE UH KT 180 m%/s? E NI FR A e BIME . &5 Bh UH
BRIP4, AR Rl 1 2 % e e (Kl 3.4a hUAEEE “A” & “F”
Fric), HAEKH—4&IFETI04 350, P04 98° (K] 3.4a FHEEE “C™), HEHLH
Ay SRR — AN R AR # AR . AR 1 km P FEER AN B DLE B e B AT IR
L, HAE DA B BUE BT TR ] UH 28105 G/ & IR = A S (Clark etal.,
2012,2013), [Hiff CNTL # 81 & () UH B2 o 7 46 H BRI 7E il B
SHRUE, CNTL SL50 e R UE okt TR KRR . AR 2 FE M
5B T B PSIEEZA R EDL 2013 4 5 H 20 H R bz fir M gt
M RRTLRE . ASCEAEH CNTL BOREIACE, X I ksl i 7 28 R U A% ) SEFm
AT PR AT A T PR P AT AR

3.3 SLPRAI TR M LIS T

HWRTAERE, FEAERXFTHR ST SRR SR E R R 8 AL
BHiRZ (Schultz et al., 2000; Elmore et al., 2006), 5L 5% Z [ REAFAE T-561 b i A R
FERERE T3P (Roebber et al., 2000; Colle et al., 2001; Coffer et al., 2013); iR X4 5
J2 15 P R TR )P 28 4 %o R 22 AT Ik B K (Coniglio et al, 2013), AEAFESEAL T

TR )34 S JE ) 5 B ] AH ZE 8065 (Bright et al., 2002; Stensrud et al., 2002). 55— J5 [,
15
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FE BB A, B 2, LR AR Y B = AR iR 22, TR
Y 5 R AR 5 RACIRGLIAR AR R = A2 22 5, T 52080 S5 8 00 T A v
ftE. Bk, ARSCETETRALES TR, AR AT R EURE DURHIE SR
X R T B A RUE TR S R . SRR RS R 5A R Z s, EA Tk
R E A AR A R G E, R RN &R T =S, A Tk
REACKRH T WG RZE, WARSRZRIF W MET TR K2y, BrA S8
TAHFEIMAIGE S AR B, REANFSIHIE A BT 2 5, BrA Bk 248k
T TRz R R 2, TR PIA6 1R 2 B

AT 5 B A) RN 5 J2 1 P R Z2 18K ONTL ARABLH L AN AS [ g ) PR L &5
FAENE — I 2 BRI G651 N o 56, KT 1400 % 1600 UTC BEFE 15 730401 D03
BRI 25 SR AN AR BRI (]S85, SR %A =1 =4 I AP X UANRERE 15 2
BTSSR 02 A & BN B X UM A R & B S R4 0 2 . X uA
“YNIA” B mm 1500 UTC BIBEEE R, (343 7 —4H LA EL 1500 UTC RIS
ST W — NN R ARIR G R 2 (BEE) BIEGWIUG% . DO3 [
Hb 40 AN ST A “RIX 7, FEIX—Z XA, WIS RS INR “ s BIRCE
P 5 A ) 1 2Rtk 2 d A (XS0 A% 0D 18 05 IXFE T UM WIUR3A 7RI S A 1
5 CONTL #RFF—80 Fra Bl 5 CNTL A H 1 R — AN 461 . WRF 1 a0tk
5t PR RS 2 B BT (R PR E A2 W B AR e R IX — DT T a7 AR A K
DU 3 km 3 FRER ) X35 D03 A1 1 km 43 HFEE 1 X 8 D04 # DA [m] R 1 77 2N 1500
UTC FFUER5Y 9 /NI, X —EE AW F N TIME_SHIFT #£4 . 1£ 1 km 2% ) D04
ZANFAMILS) 3 km 3R D03 BENS B SR et CREEIRSND I A2 A4l 45 S
(I, XM K2 7E 5 4 ZXF TIME_SHIFT ()45 50 M th #1735

BN AT “Hh307 MEITE )y “ BB, Do B EAILR T 1%
ZEX TR Z IR . N T PRIERE RGeS TLIRZEMRE . 5 RE S TR 1500 UTC
BATA BRI, TIME_SHIFT fRERH (idoy CNTL_152) LSRG T3
) (BEP 1500 UTC /) CNTL R 1E 14637, M 1500 UTC 34T 9 /AR S5
CNTL_15Z MIR4E . JEH R BR T QLCS 4585 CNTL 25181, BAR TR 2 ik
(PRI TEASFISEEA BT XA, UH BEW 5 CNTL AZES (K 3.4b): 5 CNTL 4
b, CNTL_15Z H/=E8%4E “B” IS SR TUIEE T, MPAKE “D” KIS M)
JFEImL, e “B” B B, BT CNTL 5 CNTL 157 (#0158 52 24
7], XA 0] 1) 2 53 58 45 T CNTL_15Z FIAHLLE 1500 UTC B N R E 3
WITEAV o Bl B o X AR TR IR 22 S 5 — AN 7 T B 73X — 5 R
A PR A SRR o] PR P

AR R AL B Al R, AR SCHE AR KAWIG6 %A T K FRE 3, T2 R
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B WA SRS

p—— ~—— m

— D04 —W0.5 —W1.0 — E0.5 —E1.0 1100 =g \; SO Ly

37°N -p04!‘mﬁ% B

36°N jj e e - 900 3N 100
e T H—N
A = T 700 sy =0
. SEES 0
‘mEErt 2. 500 W
b | | BN -50
34°N b || i\ 05
I 300 snfe
Ji _ 150
3FNEEe | A 3
‘ | 100 34°N 200
i | )
101°W 99°W 97°W 95°W

3.5 (a) DO4 AR XIBHIE, AEBERKJ7HER R TOPO_SHIFT AN [FEHU TR H 1)1

TETER, J2(b) WO.5. (c) W10 (d) E0.5. (e) E1.0 PUANBEALH BRI TS5 DO4 J5 G Hh

W 7.
AR T BT BN, RS 2 A0 A 0 A i A ) S A K T M T 3t
AT ARZE . WS R R R 72 S TIMESHIFT 2848, % D03 A1 D04 (I3t ¥ [F] i 1
T 3 km 7 HFRIX I, D03 ML E e M s R A3 0.5° 50 1.0° (Zpalic
W0.5. W1.0. E0.5 F1 E1.0), FAMZE 40 M B2 X, Z2rh X N W3 )5 1t
T MEAA N R IE T (R 3 5 (R TE 5 J5 46 M1 2 18] /) 22 e A DX 43 pA) 48 381 X Jgds 7t
AAEPRND o 1 km 3 HFR X D04 12 AH R 77317/ 3), BT D04 I E#3) 77
[ AR B 5 D03 FI{REF—%, NIt D04 FH AL I S Ak 55 N D03 M AR BN &
LFEEEZMX . D04 K ERIEHTE LU 35 R an Kl 3.5a fos, N30 1)
B 5 R a2 Z K 3.5b—e Fis. KON D04 [T EEAR ER T m RIS, M
3.5b— FJLABHRHIER], M RTE (AR B, BEMPERSEIK GheD.
MU HE G D03 A1 D04, % MEF CNTL AHRE I (R E, 737 5 H 20 H 1200 UTC
A11500 UTC #4782 5 A 21 H 0000 UTC. X 45280 K 4 #7 )y TOPO_SHIFT,
5IXH 52 ) e R B E 2 CNTL.

3.4 ARMERI TR M SR IR T

N T BRI WS N IFTAE IS, 1 Se e SR I DX S A T — ANk 4y
HERON 250 me A% SECH 1517x1121 X3k DO5. X — XL P43 % 5 D04, HKF
[T AN I L BE B DO4 (I PYAN I A4 10 km (10 4> D04 ¥ 2D . BT DOS 43 #E
T 1km, FIGTE DOS FRH&A AR ZSHATT R TR TR 1.5 B
#fe (turbulence kinetic energy, f&i#K TKE) W& 7 A = 4Eimmdtir S 8L, It
MRy 8/E AR R A . £ D04 T 5 H 20 H 1500 UTC #I4AL2 5, DOS T 1700

L AR4E Green etal. (2015) 7325, X — IR M BE BRI (large-eddy) #5811 RLAR A K IR EAT
(large-eddy-permitting) 154t .
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UTC IS 2 o G B R HTE B A R 32D, 5 D04 Xl i B4 6 /MiF 2 2300
UTC, 5 D04 —#24E 2.5 20 Bl i — AL 4G 3

D04 1 D05 [RAFL 4SS SR 4k H T A2 Bt I M B ik NS o 6T JE— ) Z1] (1) — 2H D04
A1 D05 1t 25 5, D04 Hf BTG A% s PRI AUL B8 4 LT 6] 1 ke P42 0 Bl PN B AL Bk A6 11
DO5 & s BAUEE TR, A — AU SE 1 km B 452800 1 km 73R “ B4R
W7, WA IE—2 D04 Al DOS futh a5 REHH K. AR BERIAME, X—4H
BRI RE % s A BUE W R R FE (bRl 22 ), B nlARZRAE A% 28 Bl PEAE 1 km Y8
] P R B 7 23 R X R AL R (AN i 1 o SR JE, W TFIR—I ZI 1 — A 835, B
ANEBAIHI LI Z T BT ME CP3a) AERRIshmimA 1700 UTC 1)
D04 UL R b, DAtk AR B B — 2 AL 5 I B AR5 5 B A1 CNTL Al ik
Wk RN E PR B — HEE G TR WG . e, “Ihah” (g #H e
B AEE (0. KRIRE (Q MK =4Esr&E (U, V. W). M 1712:30 &
1747:30 UTC 1] 15 %I D04/D05 #548l 45 St — X AR MR P IRAE L 1 4 N B, &
— IR T 60 MR IE R A, T HIEE 1700 UTC #1434 2300 UTC 1)
6 NI ES TR . X —EEFIREF N EF_PERT, K A& A SO0 A o] TR 2 (1) 1
RIIEBESNT AR 52 ASLbRnl TR PER S v 28 0L, N TR £ =%
BB, — AN 2 M TR DL D04 72 1700 UTC B 45 5 (182 EF_PERT
W6 G313 AE RIS 6 /NF & 2300 UTC, BB FR A
CNTL 17Z.

RGBT T R AN LVHE S TR L5, B FAS [ BTGP BN REAE X 5% At 2 T
WELITHIF N . SN T TR NI AR R ZE X AR G TR RN, EF_PERT WIW)UGH2) 4 ofe
PLO.1 Z J5FEFIMA 1700 UTC [ D04 Bl 3 b, DX HW)46 1% 2 & EF_PERT #)
GR 1R 1Y 10% WG 1R RAITGE 26 AT AR 0 AR 6 TR R 4 F% 9 EF_TINY . N T #fF
FUAEAS [R] I 220 4% RS [8] B 1 S i 3 AT IR I R R AR 30 1T 28 BRI AT 46 32 0 B TR A
SR, ARSCIE BT T BF 1900 F1EF 2000 BiZH4E & Fiidlk . EF 1900 (EF 2000) HI#I4GH
485 EF_PERT MR R 7 ALBNAE B, (E 2SI A2 1900 UTC (2000 UTC), H
WG T3 CNTL_17Z #£ 1900 UTC (2000 UTC) I 45 58, I H, TR
H RSN ZIE BRSNS WIAR RSN 52, WIEEa s T 1900 UTC (2000
UTCOHTE 5 7%t P04 D04/D05 B S5 2R, 1 EF_PERT {5 FH I 15 4540145
AR 5 E R BB AR CNTL 192 (CNTL 20Z) {8 CNTL 17Z 7€ 1900 UTC
(2000 UTC) % th 45 AR NPIE6Y, XM e MRS CNTL 17Z L4
[ IX ) 58 4/ H1 1900 UTC (2000 UTC) IRHAEA0L45 11 I 838744 Ja 3 T i i 1) o

K31 RN TEATIRIFUEIE 15 708t (RGP s s B 28 — AN B H i
[ B PUANE S TR IR (T). KRIBELE (Q FRIA/KFAE (U V) MES
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B AN S HUE SRR
3.1 AFRESTHRATERIT MG 15 72080 KSR AE

T (K) Qv (g/kg) U (m/s) V (m/s)
EF_PERT At g 22 0.066 0.11 0.19 0.20
ATISUTC) | ki 3.2 7.5 5.9 6.9
EF_TINY At g 22 0.0082 0.014 0.024 0.025
A7TISUTC) | ki 0.98 3.5 2.1 1.7
EF_1900 R IR 0.037 0.065 0.14 0.13
(ISUTC) | ok fmz 8.6 11 17 12
EF_2000 AT g 22 0.049 0.071 0.18 0.18
QOISUTC) | fgAkfmz 18 10 31 27

GUTHFFE. T X EA WG F A E P AT TR R BN & RO AR, WIUGHR 3N A 1R
AR IR G RIA 2. XFT EF_PERT A1 EF_TINY #1700 UTC FH 46843 1)
AR, (A EF_PERT " ARE T4 18 i B K fm 25 -5 B W358 22 B B s 2 A 24,
M HAR A SRR E MR 2 . X MBI KIS F T, EF_PERT AN[A4E
A R IWIERY 2 18] 22 5 TR & B, 177 BF_TINY A AN [ 4637 (1) 22 76 ] LA
T B AR A I AEAT AN R G RN B8 77 2 4. X T EF_1900 #1 EF_2000 5 MES
i, BT ENTRWIERANE 78> BT E I R 22808 1 4 MERAEE R, TR EArT
(TS REE hRdEm2) L BEF PERT R/N; SRTM, XPIANESIWIEIE A
WTHEEG PR WE L EF_PERT ZE ARG %, X475 KIS0 A TR (5
W AEH LRI

3.5 KE/E

KREEMENG A A BUER N, B TRk i 985 (CNTL) AR
B AL R B RNEX BP9 N 1 km Bz @i XKIEEE. D
2013 55 H 19 H 1200 UTC [#) GFS 73t Fi% B2 1) ik 3 /E s =X 4146 5% AR A0
oAt TEST IR A A BT R 38 30 /N CNTL BRI AR, e VRN B 3 RS F A )
INEEAT, B4 )2 BRI A o s B DA B R L R 2R T ERE R KR
fanik o T 2R AR T Aar S M IR T 2 DA T4 DA AR B X AR R P AN AR e PEER AR B 1 AR L AR
ks SXF RS ZNE RAP S Mg EEAR Z2 AR /N o it fid & BRI [R] A4 B 5 WSR-88D
R Az, BRSNS Gn SR 1) (1) B BRI, 0 AR R
TR R SRR AR O B %Sz, BL 2 2 S km EFHEIERE (UHD A
Fabr, BEBETE CNTL B AR iC B A h e R 42, R T R v RERE IS =4 1846
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fJE, AFG T UL CNTL Bl R G B Rl 0 B I R it B B Rl
RE RSB m] SR A ATA Y W] SR E HEAT B TE K S A0 R
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KA 55 TR HE R SR ] TR R0

KRE =5 TEEMAX SEFRA TR 4 A2

4.1 REEREEX AN R ERNIRAIFN

TEAT R, “EHIRR” ¥ T8 I R4 R 1) ONTL BEEE R (i 1400,
1415, 1430 UTC %5) AR LSRR, “BEIRCR 7 3 F T8 A8 R s 1a] 45 B 1)
CNTL B4 B (41 1600, 1545, 1530 UTC £8) A piWItA I B S  iL, W —EE
FS 3K B4z DAAE T 4R 3 1) CNTL DLl SR B R FE AR Cln “1500 B3 7 RIFEARH)
R 1500 UTC I CNTL BEHLSE R A &AL 7D .

TIME_SHIFT SE56 A X7 i fis A 7R 2 FUH R R A0 4.1 B, SE-& i 2k AN A
LAk RN A FEA AR 40 dBZ A6 TR EHLZE, DREAFRIES R it
WAL E . ATLLE R, D04 XA AN [ 82A Bl o1 B it fis i IR S2 S ) TRIAHOG, ARG
SRR 08 30 B A U R O R G B TR B R HEIR . BB, 1600 B 53 BEAA T 5 2 X Ut ek
Rt R EEA ROR, R Al R AE B X H I T2 1800 UTC,  1£ R 5 X 38 HE 3L T4
1900 UTC (F 4.1a %z 4.1c FFRIZLER); 1T 1400 J 512 FEAARTT 55 XAt fish 2 55 W FAV 4 65

a. 1800 UTC

36°N

—14:00
o || —14:15
sl 14:30
14:45
15:00
15:15
15:30
. 15:45
34NN 16:00
—ONTL_157

b. 1830 UTC

c. 1900 UTC

36°N

35°N

d. 1930 UTC

34°N X%: ‘ Q

&) 7 ? |
e : 9’1 s ;;‘?42'
h. 2130 UTC “|li. 2200 UTC

100°W 99°W ] 98°W 97°wW

K 4.1
REMGLELTERE.

96°W100°W 99°W 7§8°W
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# 4.1 TIME_SHIFT X} % UH B&A% FilAl 1) sl Dy 2
FEAT A B C D E F

IR (%) 100 0 78 55 78 89

T, Hx R AR R AL X IR B T2 1930 UTC, 7Er 3 X H BLTF49 2030 UTC (H
4.1d J AN RS R UL, TEREAS D04 XIRPY, 1400 i i i il & AR T
1600 i R BEARHEIR T 2 2 /NI o 2 5, A RIGEA B0 H T B 1A BAAR R — B 2 5
SR UL, RO A AL E WP, TR B AL E AR (B 4.1, X
12 F TR AR 3 R RA  FRR  HR ORIl R i B

WG KA S AR ARSI T Xt fd ok IR 1), 05088 T A [R] B 2% 1Y)
FERERAE . X UH BEAR AR50 A LG 5 T 2 A i G Se B AR (0 m] TR AR o, T
SR ST . % UH BRAE RS 6 77 2:4% 8 Wandishin et al. (2008,2010) () “piTh®R” J7
2, AT AR ST P AN B R B T TR S B R A U R R AL .
B8 (R 4D, &bl UH #8142 (B 4.2 R “A”) BT A G M DI, 5
Z MR, BARTEAEA T B P BETE B2 B YR 2 /K L) UH B E X 388 4.2),
KRB ATAT R A AL K . BRI “C7 HE T8%IER G Al I B DI,
PAAN R 01 53X — 5 A DG I i R AR T CNTL_15Z AL B b, RAEKR Rk
A B S TR “C” TR T CNTL_15Z (W40 Mifw A, ELIg
W R B4 A B K, FEEEH “D7. “E” Ml “F” =48R I R HIRORIA
B ARG AT RS “A” R “C” BIER SR Ak R A7 B I TR BN, (2
5 “D”, “E” Ml “F” LM E R BN N8 b, B ARk T
Higm “F7 HESBERIgE “B7, WA —Sl B ieges “B” WRAHE. di—
0 B IA S BT IR A I, X% BT AN R A AL B O RGN R A
7 “B” MERES-ERRZ “F7 1HEZREAMERNFEHoBERNE, BE “BE” MHER
SAEMR IR TEEL, TGRS “E” BRI
TIME_SHIFT UHE &

36°N

35°NH —— 14:00|
—1d:15
—14:30
——14:45|
15:00!
15:15| L=
" 15:30 CF
34NN 1545 Eé
16:00 B

100°W 9§°w : 98:‘5W 97I°W 96I°W
K42 TIME_SHIFT 5256 iH S %A R 180 m¥s? UH ZHLE ST K. 78 “A” &
“F” ARCA LN EMB, CNTL 152 F1i UH #%4%2, 51K 3.4b —F,
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FVE RAE RS SRR SR AT PR R

NTEUEEAKT S CNTL 15Z B1% 5, %M Ehrendorfer et al. (1999) H[1)5E
X LA Zhang et al. (2006). Bei et al. (2007). Sippel et al. (2008) F1 Melhauser and Zhang
(2012) SEXEmH S TIE, RIOMRZE SR/ DTE #47 7TikE, HitEARN:

DTE = 0.5[u"* + v'* + (¢, /T, )T"*]

Hrbc, =1004.9 J/(kg - K)REIRILHE, T, =270 KRITENISHRE, o'\ v
T'RAESE—1% Ak TIME_SHIFT [5G MR 5 CNTL_15Z W4ifn) K. 28 m] XUNTIR JE #)
ZE . WIIR (root-mean) A7 M fEE RMDTE & DTE #%BUK 2. EH TR BN
B X BTG A R SR 2 G PR, rTRA— A DLRE R T 308 X34 AR
FEZ I RRZEMEE G128 18 RMDTE B/ IKS%, H AKX EEFEL R4
MR 2= [ WRFE B0 S0k E L RS0 WRFDA FERIMEA IR HRE T ES R
J& (Air Force Weather Agency, fAjF#X AFWA) IR Z G 1T ST obserr.txt ] Fl4ERIR
KPR ZR AN 2 K FIRERZER 2 m/s FIRZKFErEiRzE, LR
RMDTE 24 3.4 m/s.

K 432 AEES AKX RMDTE B 8 F5EAS . &R A (1600 55D
ff) RMDTE ¥ KA5 5% 5, H'e R R RMDTE FF46 3K (0 I 184 ¢ H i 300 B 57 1) -3
F L REIR, RMDTE JF 4538 K (1) I (] ZE 3R A AE A2 B %It fnk & F4) INF ] SE SR AR A1 32 AT
F A RMDTE 46 36 K 14 B[R] 55 5605 I A & P R TR) SRR AE — 8. R AR & R 1Y
RMDTE #{£4) 2200 UTC A 518 S5 KB, 5 BEFE AL IR U6 55 111 22 18 PEAIK . X v fi
K2 J5 RMDTE IR 38 K [FIFF 1 s BRAE AR & Bl 01 135 (1) 2 . RMDTE [ I 1] (1) 32 4k,
FREF (B 4.3b). 7F 1900 UTC i, EE RMDTE F¥6A HERHE K, TIME SHIFT
FEEG IS CNTL_15Z Z iR % F LR TRE (<Skm) JUH T H i 1 5t
2 (<1km), FMEE >10km). Xjifilk 2 f5, RMDTE 758 A5 aE B 26 Py i
G FER AR T HB TR BT AT 13 km B E TP AN R BB, 7 2200 UTC IA %]
IR G, B E)Z 1) RMDTE #RFF MR/ .
Ta. E5RMDTE -

20

|

o

EY E

w —1a00| =

8 ——14:15 gm

EZ ——14:30
——14:45

4 15:00

P ; 5
1t ¥ ;" 15:15|
—————— / 15:30
——15:45 R
——16:00 ,-;-f%
0 3 . : ; - - 0
15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00 00:00 0 1 2 3 4 6 7
BHE (UTC) RMDTE (m/s)

K43 (a) EEFHMAN X% RMDTE, (b) %4 %7 71X RMDTE I B4 fi .
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a. ALL14 1900 UTC b. UP14 1900 UTC c. LOW14 1900 UTC _

36°N

34°N
i BLL1S 2000.UTC | [, UPT4- 2000 SEpgS| f, LOWT4z000 UTC
e ol IS g
° s Z
s
T ﬁ i
A

h. UP16 1900 UTC

-

v
&Fe
pe &

35°N

34°N

36°N

35°N

34°N

100°W 99°W 98°W 97°W 96°W 100°W 99°W 98°W 97°W 96°W 100°W 99°W 98°W 97°W 96°W

K44 (L&) ALL14. (EH) UPI4. (EF) LOWI4. (RE) ALLI6. (FH) UP16

A CFA) LOWI6 AASEEAE (35—, =47) 1900 UTC A1 (& —. PU4T) 2000 UTC K

(¥ B IR LA IR R P

ALV T BN TLo0 S 56 DU F0 0T I ik i If ) 22 S5t (R R U o 28 — % s Bt i

UP14 fil UP16, XPHAMERLIPIIA 2% CNTL 15Z MIah &b bl L 4 km

(#1600 hPa) LA I faE BLZ R A543 7] L 1400 A1 1600 51N 7 IR 46 HE B AR, He
LA L 2.5km (2] 750 hPa) DL R IR B JZIXIRFE CNTL 15Z BIWIUE 264 AAE, fEHLTH
PL L 2.5 km £ 4 km 2 8] TE ELZ R CNTL_15Z #1 TIME_SHIFT 4 1R W) UG
KA A T4 TIME _SHIFT Al TOPO SHIFT HIPLal Ab#EEE v X 1 77
%), UE R EFRZE AR RG24 2 [0 Pl g . Kk, UP14 F1 UP16 437 A
1400 % 572 A1 1600 Ff 5 B H s 2 RS FUAR R Y. CNTL_15Z (3 i 2R 0L . 55 4h
— XSG HIC N LOW14 F1 LOW16, X—Xt5256 5 UP14 F1 UP16 HIACEE J7iEAH I,
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R RS T R SR T BRI R R

EAT 2.5 km PLN B HE B Z R I T E ARG 70501l 2 1400 11600 PIAN B A HIHT 46 2%
15, 7 4 km PA_E B2 BLZ R R R RS R CNTL_15Z BIHIER 564 42 BRSSABLR)
47715, TIME_SHIFT [ 1400 F1 1600 P44l 53 AN 7E 5 3 e fr e i S 56 1) % Bl
43 BTN ALL14 F1 ALL16.

XFIXZSANSEES DL K& CNTL_15Z AT LhER, {8 BERE IR 25 5y b A LS e 6o 3 ik < B (1]
) FE R R K E Ta i Ei A kA T A EE . WKl 4.4 ATLUE 2, ALL14 A1 LOW 14
A E ARSI A 2 A AT A (B 4.4a0 ¢), ALL16 Al LOW16 B4 % 35U A el
(Kl 4.4g. D, FHHX—HALMEERDOI R PG4 0REF (Bl 4.4d. f, Bl 445, D. M5
—7J71, UP14 F1 UP16 AKX (B 4.4b. e. h. k) 5 ALLI4/LOWI14 Al
ALL16/LOW16 Z= 5 dEH K, SRIMIX P (B 5044 AR, (i, 445K 4.4b. e 7
W5 hy k BHATEED, FFHBRT —RRA B 2 R AN AR S CNTL 157
IRAAL . X EEBIURPE SZEGAE W], TIME SHIFT Hoothi il & Bief 8] 1 2 5 3 B AN 42
AR TR ZE R GAFRE) 12 7GR

N T AANFERIWIE KA 2R JCHR E SO U PE SLIG 8 H X L2
A M T 23 14D 22 S5 DA AT 250 6o Jk ik D ERF 8] 7= AR R R, AR SCRIF AL T sl R TR KL BT 4 43
() — LI AR (Johns et al., 1992; Doswell et al., 1996). ¥ %%, MU 2 m & fiR T T
REF TR E T E. 5= RAE S8, Mochifr SN NILZEKIR
I TR R ACFRE B (BRITF28), 7EAZ] 100 km BEE W Ta 240 7T 10C (H
4.52); BEAE AR, B 7 i ()N XA AT, AKVIIRE AR B K (18] 4.5b,
B 18007 | [c. WM 1900°
:. "/i i R ?"/

X
&
&

5 ,".k \( o
LY \5\_

98°W 97°W 96°W

99°W

f. 98°WEE = 1900

98°W 97°W

34 345 35 355 36

K45 (GE—47) M 2m M (G5 47) PHZE 98°T HAKIH I 13°C Al 20°C &5 7 sif
(Tq) ZRBERTE AL . FHEC N ER SRS Ta FIES KEUVE .
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a. CAPE 1700

©=15:00 _

1515 .

©015:30
15:45

0 Pz
36°N »

b. CAPE 1800

35°N 16:30

S 17:00 /7
@&CNTL_15Z| /f;

A

g

98°W
K46 (ZE—1T) 2000 k& 4000 J/kg fANFaERIRA ML HE (MU-CAPE) Al (56 —47) 1
100 J/kg AR E X RANHIGER (MU-CIN) A% {ELBER A L. BAZ A MU-
CAPE fll MU-CIN 44 K BUE -
¢)o KRN ZE T FEE P AT I SIAM (FMD, mEFLIRm R 4
HREVEENMEZ (MBI 0.5 K; K 4.5¢0). SILER, 352N RRZE KSR
JE, MR CH B (B 4.5d-0); B H 7 15K I Ta 486 K BRI AR H DAL T Hh i
R AR TR DA B 1T km BL b, RUIARIEE SRR AL T E N IRZKIRZE AR, T
FEERRIBFZNAKKEEL: B, 78 1800 UTC i, ANEESRAT 13°CEE
R E AR S 353K R E £ R A T kme ZRTHIAFR T/EC LR, LREN
1 glkg WIKVRZE T 2 DA AR A 2 25 BRI P A e MR 2 - (Crook, 1996

A LT JZ2 7K VR I ) 22 e B 22 S e B A B AN RS M o 32 BT 28 DUZR HBL [X 1 B XU
S PO BRI KR RS (B 2.2b), T HEA A I E MU-CAPE (AN
XTI AL RED DX IET Pl A I ) [F) B RE A, I HL &N BB B 5 0 25 (B 2k v GG 0 ok 7 )
B AR IR A R v S TL AR R —BeiE s (] 4.6a—c). MU-CAPE HIEEG K EE £
AT 4000 J/kg XA AT 5 2000 J/kg Sk 7], FUIRFSES K2 2 7] MU-
CAPE [ 7 3 22 4000 J/kg XL s A B . 2] 7 1800 UTC (& 4.6b), HLL
MRS DL AE D04 XIS AL AR il 1 SO 2 40 dBZ B R 4e, M EAT)
MU-CAPE &1t 1 4000 J/kg, 10 HE — 88 H A koA 6 B R 7 1)) MU-CAPE 7E
X — X4 Rk F] 7 2000 J/kg. 5 MU-CAPE FIASALERAEARARL, 1663 RS 53 1) o3 AN A o ot
MANHIRERE (MU-CIND Lb 5 # A% 73 BB A (&l 4.6d-0): 641, 7£ 1800 UTC B (& 4.6¢),
A AR L B AE AR SRR A D TR B MU-CIN ©28980/0 2 1 J/kg LR, 1 5350 58 53 A )
X — KIE 1 MU-CIN RAE X B 2] —/MJE 1) 1900 UTC B 4 H 3L (B 4.60),

AP B R E D04 X4 A0k d 350, P 980 kbt R FULIR 2 Xof PR 15 1 1
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FVE RAE RS SRR SR AT PR R

100 7 108

- 100

fe.1900UTC /7
( /

200 200! 200

300 © 1 300 1 300

400 400 400

500| 500f 1 s00

600} + R 1 600

700 <~ 700 <1 700

800 “| eoo] - | eool

o0f . 2> go0f -~ 2 900} -
i 2 ’ s ‘¢ weer 7 2 7 / 7 ¢ 2. /

1000] - Ly SESE 1000 A\ i IS A oS 7 7 pmy .

-20 <15 10 5 0 5 10 15 20 25 30 35 -20 -15 -10 -5 0 5 10 15 20 25 30 35 -20 -15 10 -5 0 5 10 15 20 25 30 35

06 1 3. 8 475 10 15 20 2530 06 1 2 3 45 10 15 202530 06 1 B %45 10 15 20 2530

Kl 4.7 BABDRTE GRHEED.

SERI) 2 N LA S A B A B AR P B — A O AR (1) 2 BLRRAIE P e 22y RARR M
R AR, AHSEAERT AR HT, BT RIS —. KR B P, R
RMREIFASKE R AR NFHRE (B 4.7 FrTUER], AFREES A
Z A TEE S E R EEHIE 500 hPa DLUFI#EE sl ihsk, Bk it RactE it
B RKIRE S 2. Biltn, fE 1700 UTC i (& 4.7a), 1600 B A KMKE KR EL+
I, BADER A i 4 b 850 hPa FITHI Bl & J LA, MAEAH A = L, 1400 A
R T RKESAL Y B AR — A E (E4.5d), HESEARE 10T, HER
MZERIE 20°C. M H, 7R T RIVEA/ N A, ARG (130 52 4R 2 L B A 02 B
T (B 4.7b oo it FE 22 1) 22 S R 2 VG LA /)y, G e A s 1) 300t J 2 B v s TS
X—4EAELE 1900 UTC B HIHE (K 4.7¢), FHHEWR)ZE PLF I A 72 3R B 5
WIS (B 4.72). BRIARG A TERE . SEIR AL A5 AT LR R A ) CAPE
m CIN BAIG, A4 50w i R R 35

H T3 R AN F SR A B IR JE A T 22 5%, ASCEE iR = &
FHBEXRE (level of free convection, &R LEC) 15 5 12 5 6 A [F) £ & % 54 A 6
A id A IV 35 AT LU AR o T00UR 2 v BE AR SOy THT DAL 4 ke S B Y AR BRI 3 B
A 21 B RAE I 5 E (Graziano etal., 1987). A | 5 B i Hh B /R AN [F) 42 & ik b TR 1Y)
Z5t, Bl 48 URR T 1400 B o1 OOt fil & S R L5 AT 1600 bt Cof i fi R i 5
(R IR 2 S FE A LEC Ry B FEXTIRUAMACHT, 1400 J 52 /) LEC 46241k 1600 Ji
R (K48, bAld, e), JHAE 1800 UTC I, 1600 j% G AL HE X Ik £ &% 10
HZEWAAAE (F 4.8d), TAE 1400 f 51 HIX — X3 2 BH 212 2 /N J& 2000 UTC
AW (B 4.8¢). 1600 B FFEAK I LEC FlEE B9 25 (300 I6 2 #0458 (3R 85 b
1400 f% 573 58 A 1T 5 I Bk o
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4ooslzm1soo -~ | |b. 140055 1900 1le. 140055tm 200 ?
. $ |2 D

s s e
B148  (H—47) 1400 BLAA (55 4T) 1600 b IR = @ (R, & 250 m) AN
LFC m . (Z8{HZ, %F 1000 m).

ZHTHI 3 AT 2B, R I A A B TE) A& AN B B R W86 3 R R AT S RIS A DR
[0 . N T WAL S A AR ] PR P 52, AR ST T — AR A TR
24 TIME DO04. %3235 TIME SHIFT 2840, {H24ulaaPish i m e s fl 7
CNTL #4074 D04 fI45 58, Mi%a [ H D03 KR IILE R . CNTL i+ 1500 UTC £
1700 UTC (141 H 25 R 4% 08 TIME_SHIFT #H [ 1977 A BE I E8 i 2 1600 UTC Y%
SR B, TANAR TS 50 MG A TERZ X . START, TIME D04 A%t fil
KRR EFIEX BN ZER: 485 35°LIb X, SHffih & R E S5

_Ja-1800 UTC |[b- 1830 UTC ¢. 1900 UTC _
—15:.00
35°NH —15:15
——15:30
15:45
16:00
16:15
16:30
o
——CNTL_16Z
~|d-1930UTC _© "~ |[e. 2000 UTC . .=
S .‘. oTAR °'>A1
g i of.\_
it e & 2°
35°N :
3 [3 =
b 3
L
£ »
34°N 1 %.‘7
73
=3
100°W 99°W 98°W 97°W 96°W 100°W 99°W 98°W 97°W 96°W 100°W 99°W 98°W 97°W 96°W

K49 H 1800 UTC £ 2030 UTC % 30 81 TIME D04 %445 1 i1 40 dBZ HE 5%
SHZBEAAE. (d) FLL “B” “db” b ihi B N 4.10 bR 2 M2k 147 & .
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R RS T R SR T BRI R R

TIME_SHIFT FAAH[E, MRIHR R il A5 R BUH R R il R A5 50 (Bl 4.9a—); T
fEALZR 35°LARI I Xk, #&EEA B FRHAAE 1900 UTC R/ g JL-FIRIE ik (&l 4.9¢,
ds

PN AL T AL 34.5°, P4 98°MIdb4: 35.5°, PHE 97.5° MR IR B n
Bl 4.9d b “Fa” “db” WA TR ) B ABEALES RS2 ok, 43 3l FH DA E R S B IX
ST B X I PR B 45 M AR R AR S (T 4,100, LA 70 R AL P A X 38 1) A 855 46 g 1) 2
Fo ATLURIHEES], JbEESEHE (K 4.10a—c) 5 TIME_ SHIFT 4R %S 4L
CE 4.7) 453 FRACL, 16 3 R 03 IR 2 46 2% Ll 1 i 53 B I ie, ELYE 1800 UTC B 1700
BRI ER S S DA EE (K 4.100). 52 Mk, BEIRTE 1700 UTC B %
EE AW FEMIR TS —EEASHNER (B 4.10d), 1X—2 RH A AR E
/N, BT 1900 UTC. BRI EE 4 B 5 BDRE B OV 28 H U0 I I, B A S4B 1)

10

10 10

T2 1800 UTC 4t

10 20€

Tar1700 UTC & [ fer100uTE R /-

10 20 ! 10 20} 7
/ / / -
/ @ // —14:00
200 200 ! y 200 / —14:15
e g { ! —14:30
? B g ——14:45|
g’ 4 / X / — 2
300 300 A 300) P o 15:00
" X ) 15:15
oy s ! / /’ 15:30
400 400 . 4 ’ 400) 4 S
) / 4 A 15:45
& i XL
R 7N —16:
500 500 s \%N s S 500 P 6:00
” ; % 4 4 -
600 600| I ‘1 eoof - i
s A % Sy i s
700 700f A 700 K
800 800} goof
900 y 900 900)
1000 £l sl — - 1000 s o bl it L 1000 : : T
-30 -20 -10 0 10 20 30 40 -30 -20 -10 0 10 20 30 40 -30 -20 -10 0 10 20 30 40
06 1 2 345 10 15 202530 40 06 1 2 345 10 15 202530 40 06 1 2 345 10 15 202530 40
100 - 100 100

'd; 1700 UTC e/ 1800 UTC /1

{

1.1900°UTC'H

10 20§ A 10 20 A 10 20
] J o )
4 y ‘ 7 y /
/ , / /
/ N A ; / J
200 O ‘. 200 /
Y 5 A / !
4 : i
, \
% {
Y Far Wk A5
300 300 N 300) z i
” 4
4 vy
- / v/ ¥
, e
400 400 JA ; 1 400 St
{/ , ,,—’A”
R i
500 500 Ay 500 L ~Fes
600[ 600 ‘ # 600} -
700 700f 7 ‘} 3 700) ;
800| 1 800 25 8oof XN I el
900 900 £ » 900 : : )
, / - ;N
1000 AL iyl — 1000~ - : “—y | 1000 : -
-30 20 10 0 10 20 30 40 -30 20 -10 0 10 20 30 40 -30 20 -10 0 10 20 30 40
061 2 345 10 15 202530 40 061 2 345 10 15 202530 40 061 2 345 10 15 202530 40

Kl 4.10 TIME D04 st (CBE—47) d6AIXIA (56 247 FEfiORARRER T . WA
WML B WP 4.9d HF “Fg” “d0” AR S TR
29



BN i e L VAT

T A 8 2 L P e — 8L S R ISR L P e i . X 5EE R
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A, FER VAR X B DL KA 3 1 R AR 2 B R B ()30 72 A B R il 7t
) b A% R e AR 3 X 3k, YN axX — X AR & B s T E R 46 1) TIME_SHIFT
S5, BT D03 A1 D04 e i S A B ECRHIIR S, RN DO3 B 52611
SO FE AN S AR R 43 ) 8] N AL 45 21 DO4 [XIREAPY . TIME D04 R4 2% A1 Rl 5 2%
PEXTFRAR ZE 2 5 Vié et al. (2011) FIZ518254L. TIME D04 5256 556 it fish /2 i [
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4.2 TEEMAX R E R FAIRAIFZ

WNEE = FPTIR, MU FE B 5% I 38 A B fish R (10 R 0 s e LA e 1) i
B dE KA &I 7T, R0 D04 X3k, mvh (ZR) Baiik i
B SRR (T, X — U BB A [RAE 2 55 M 21508 37 fi i DA S 9oL B 2
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TOPO_SHIFT #EA I TR, St fd & i 18] 2 R AR A0 o A8 . 7E
T 1A PR B AL (WO0.5 AT W 10D A, 5o 3t A 2 [7] B HE LY b 35 R0 7 35 X 3 (8] 4.11a
Al bl), MEEH A REBIAERLL (E0.5 A1 E1.0) W, Xhafibk &5 IaEmR LS (K
4.11d1 Fel). BIRLEFTA B R AR IR T — R EIES R R, A
B P R TSR A 2R S5 0 IR 25 — € B2 . /£ WO.5 FT E0.5 H (8] 4.11b3
A1 d3), ARZ BN FRARAR I 2 TR B2 B AH AR, ACE RN LUZIR = IXAHIE R I S 1, X
—HAFAEE CNTL + 4L (B 4.11¢3). 2800, RSN EE B AR S Tk, Xt
MANR AR TN E, HHLONDEIANFEE RN E R (K 4.11a3 1 e3), JuH2
E1.0 (K 4.11e3). X—HLG N % Fit % I TOPO_SHIFT 558 Lt TIME_SHIFT 5K
65 K UH B2 R BUE, CHZME “C7, 7€ TOPO_SHIFT S5 FhAS [F] SZ56 X} % 4%
BRI AL E Z R AT 0.5° (K 4.12). W10 Bl 42 B Al C 1) A i B R85 .
IbAh, E0.5 il WI1.0 Wil i B b im & sh 4 B 3K, b CNTL W& #2377 1)
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A 10° o« 52K, E10 Hhr=4ERgE “C” f “E” P ieth CNTL k. T,
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K 4.12 TOPO SHIFT 5236 i 444 B 01 180 m¥/s? UH FHLLE ST AE. T8 “A” &
“F” FRid &2k AZEH R CNTL 1) UH 4%, 5K 3.4a —3L.

B AT R CC” R IR IA AR, BB T 100%, MEE “B” M “D” 2
METRET (R 4.2),

TR 1 S v B A I T B 2 55 M T BRI 9 PR S B D S R A R AR S, RN T
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5, FEFTA DO P X sk, R T 2R 7E & B IR ZE DU L e AR E (FE
W), RBHE BRI AR R Guitk e 52 N IR R G50 = AR e . (R, &M
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4.14 TOPO_SHIFT #A%tl b il LA b 1 km LA P USE EHSOBCE (P 357K 5 A 1500 UTC
% 1800 UTC K24k 5 CNTL B 25 (JAE, 5 0.5 ghkg). RO N SHAFT
% (4 200 m).
HIA 1500 UTC #| 1800 UTC 7484k, HIRT LA HIEH R 1 8, CABE 5
TOPO_SHIFT DY KRN ZE R . fEIX 3 /NN, TOPO SHIFT &AM AL A1 7K
IR B XMW ZE . ERTA BN, KRERTEEED TS 35°00d8 (B
4.14), JFH WI1.0 1 EL.0 hZZRINER TR (B 4.14c, . Z i K XN E B
AR TR A AR, H A A ASEADL o 22 S d K X Ts e AE AR R R 7 B, W0.5 i
W1.0 BB HAFZE E0.5 M ELO B it E R ARt 598 dh 42 (1) 7B — B
(B 4.13). W0.5 A1 W1.0 B0 12 114 72 AT 5E 2 T R Pk sh e 2 fa g ik % (&
3.5b o) LR LR XK R ik 1 5 st A 1)

H TRZE KRS, TOPO_SHIFT B MU A PR A AR 1 [FIAE I T 3Ok
Z5. flin, 1800 UTC B, W1.0 4l 4000 J/kg #) MU-CAPE X3k O\ & JL- T3 T
Jb4h 36° (| 4.15¢), TfiAE E1.0 A48 FFAH ] MU-CAPE 75 Bl 7E X — 107 & DLrd JLF- 0.5°

(B 4.15d). %t W1.0 #1 E1.0 2) %5 CNTL ) MU-CAPE %320 LKL, EX—Hb
[X W1.0 1 E1.0 {Y) MU-CAPE Z Z#8id T 2000 J/kg, {15 W1.0 71X — X35k iyt i frk
REF ELO B (F 4.11al, el). KUK HEEHRH /N — SRR T M £ 5 FFE
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HJE AR R #4137 1) 52 0 32 EAE v TR Z AR A B ARG e 1, FFE RIS 3L
T AR BB R AN R e i i & B TR o 3X — 2518 —2BAIE ] T TIME_SHIFT 35645 )R
HIRJZE AKVROR X R A B B R B 2V . S — D T, iR R (R A BN 2 e R R
H5HEWEZ) /7R (R K H L) % PIAHK (Weisman et al., 1982, 1984;
Markowski and Richardson, 2010; 4830 4%, 2009). 2 R RA K =15 XI5 HH
KWZHE, 7alERICE T35 X 1 2 5 ﬂ%ﬁﬁ%ﬁ%%#ﬂﬂﬁﬁﬁﬁ“mﬁ
Tt o BT KU AE i 70 2RO v A -+ 0 s, AR STAN 43 0 BROFH — A R] s o], 6k
Hi TR IX 86 25 B 1) S M HEAT 404

ESCRIKIRE R B, 7KV 2 e R ORAR IXAE AN [RIBE AU, H f) Ao B2 AH AL
X2 1 THIRZE R I 70 R V0 78 o B X R G224k - B 4.16 AT DL 3],
TETRLIAR . BRAILEARITR X, TOPO SHIFT H i1 LA _E 1 km & % P LA
BSOS P 25 G AE X B B & 1) 1830 UTC B 5 CNTL M ELIARAL BN, —FiEHR
At 20% (249 3m/s). {HAE, WL TOPO SHIFT il 5 CNTL K2 XIZ K&
ZE, FIRZ KOEZR/DN CRE10%) XTI R EZIA R EEE T Sm/is, XKW
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Kl 4.16 TOPO_SHIFT #1541, 1830 UTC By [ LA F 1 km 5 FE P L5 2 A50BLER 1) ~F- 35 XU

5 CNTL B L LL ] GRS, 0.2 m/is) SRR EESR (Fik).
MIHAEIX L X S R A2 T 7 PR AR AL, X — BT Re A E AR ZRES (E
4.17)  AE XL fib 2 HT I — A /NES A7, MU-CAPE #8353 4000 J/kg 1 X 38 . W0.5 F1 W1.0
FEAEHB AT LA b 1 km DL FO%E 2 H E0.5 R0 E1.0 K40 Hh ke 7] 2 2% PR 4R & 78w Y LR ),
Je A2 1830 UTC 2 JafEAb 4 35°db Xk (B 4.17¢, d). X—KZFEEHIZ T it
SET B0.5 A1 E1.0 B g SO0 L AB R S il R FIAFAE (B 4.11d1, el

AR EEA B UM R EEE YA . X35 EE %00 AT

#T 1830 UTC W HuI LA F 0 2 1 km WU E DI (BARREIRR “P17387) K. K 4.18
Fa] LA H], TOPO_SHIFT Al 4 X I V) AHLL CNTL S0 7 wify . BRTIAR
AL FEZAL T AT, TSR -t BIGHA AT RE 23 il & 1) DX 3 [ RE 3
TR R ) AR BRI V)RR . SRR R, RE VIR A V) A R AR
AR R EEZR KX (anfE 4.18d B E1.0 Bl AR Ib4s 35.3°, #H4: 97°Fti,
AW T L) 50%, TREEBL T 5 mis), FFETURE VAR X R4 T 5 m ik
R4 o BORIX BLAT) AR (1) B RN 7 1) (R AR A TR AN K, EATTIRRE AT g 2 AR AIE R AR
IR E5E A . A, RZ VAR AGIER o] BERZ IR IR BRI 282, I 5 8
Ja A AL AN B % A 45 44 (Thompson et al., 2003).
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K 4.17 TOPO_SHIFT % ULE MU-CAPE i 4000 J/kg ) X 42k Py 118 LA _E 1 km 755 o
B REEA) 0.0015 /s At 2k .

T TR ISR I2EE (storm-relative environmental helicity, &#% SREH), {ER—
ANEREETT M K TR S8, A RER RN KRR 55 R HRA LS
EV)FE (Davies-Jones et al., 1990; Markowski et al., 1998). & 4.19 J& 2000 UTC 7EXf
TR B R T PA L 0 B 3 km (K2 SREH. RWIE, 7EDU/MEHLA, BT
[¥) SREH #47£ 100 2 150 m%/s* Z [8]. SAMET AR PIRE S EHE T ORI B 2 R B
X3k, ANFE B SREH HBL TH#KZES: 78 E1.0 B+ (& 4.19d), SREH Y
A 150 m?/s*; E0.5 W&, WKL F] 200 m%/s?> (B 4.19b); 1ii7E WO0.5 fl W1.0 Ff (]
4.19a Fl ¢, AIRK— X4 SREH # it | 200 m?/s*. iX%% SREH 7% & W,
BRI AR B 1 K B v AR, fE— @ MR EVEE NI 2 )G, XL
TN B ZE AT g 23 AR FI & DX ] R 5210 B 5k 45 40 1 Fe PR PR 58 R 357 A W i PR 52 )

4.3 KRB

AT LB T 5 TR T R S B T TR AR R ok B A T RS
DX 3 3 ) A BRAR AR P R S TR A SR AT B e, Ok B DX O X
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K 4.18 TOPO SHIFT &A%4l 1830 UTC T LA E 0 3 1 km X )AE 5 CNTL #4038
el (e, 02 m/s) SRUIBRREER (Fid).

il R PR B P TR 22 55

TIME_SHIFT &% IR TR S [ AR AT 1 72 K R B, RIAS [F] 4
B R LS R R SRR A — B, i A R B[R] A S B B TG 2 A RS
BRI R [ED . T AR CNTL i 45 AR VIE G R oL, i 5t
EN AR E R, AfaEtEFE s (CAPE #5), fMHI#ETE (CIN B/, LFC mER
%, WRZ MR, PRI Sk 24 R Tl ok R AE IR BT 2 1F, 1R ese
ARG TAE L) CNTL i 45 SR PIaa A AR & B 01 H BT A R o Ukt
SO, AL R ) F EZ BN R GAE) WA . 5
— AR E T CREIRBND ML ARSI, BT A TR ME), N
BE A B GTEAR S DX IR 38 LT R B fd R E,  #E— BRI T KA 5o Al e % id i )
YT A X IR RS (R BR324 R M X R A R B B), - it T Pealiid Fac AR ) IR T Ji
BB TR 1

TOPO_SHIFT S50 it 44 455 kb ¥ 1] PE B ) AR #8380 0.5°8K 1.0°, A FuHbIE ) oo
o7 A 1 L EE A7 B A R (R BRI . T R A AR 2 IR, AN IR ik % P B ]
RAT A, BLAUL T BRI R R L IR AR R A T AR A SRR b v B 2 elods i
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TR R R S5 b = R R

TIME_SHIFT 1 TOPO_SHIFT &5 KW, *f 2013 4£ 5 H 20 H & EM wwhi 7
PN ERIX A 7 B R S, KA S R A AR F ATl i oA i 52 1 &
JEFIGE R FERAR Z . XAV R ES B T2k iz ZMY, &2
WA IR LG IR A (R S PR m] PR o — B R PR . 7E CNTL AALL 5 555 52 Brovt il i)
B A TATIST TB] R R R 5 A P 22 S B M — D THI S Bt 13X — SR PR m TR A SR R . 3K
SO TR 1 2 A tH T 2 B I R, A8 e A R 1 T RN AR G TR 2 e T R AR
B RZEN LR ZSHANTT AT EN . BT 98 brnl ikt 5 24 5T ik
FHAUENL S5 RGEVIA G, ARSI FUEE RAR 155 Tk o4 i aont Vi 7 28 RS
AP [T BT I
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TIME_SHIFT 1 TIME_DO04 %} E 3 BIPL 3012 5t 2 %) TE A St £ & B2} [A) A A AR
EUREREZ, A, BMETEEA UL 2 A2 F RN T (AP TIME_DO04 4£
AR XD, WA AR AL BRI R T RENLE, R —E M
Fo XR—IGRY, BMEARBR/NE R Z BV R 2, X sR0 i T B 1 TR K IH A7
A — AR ENE, HAME R TRk M ] A8 — €W RR . BRI, ARSCH) R —FH 0t
ST I 7 A A ) AR A R TR P AT I
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5.1 SEETMIRPEMNERNAHEN

51.1 BERSE., BKMREDEED T

&l 5.1 /2 EF_PERT %4 60 MES R BEHLERER 3 AN B 01 7E 23 AR firk
R AN BT LAY B PR AN I TA] B 26 SO 2R o BT IR AR G J DR BTG B R IR T 4%
PSR RS (QLCS) Z5HRFHE, & MBI K AN AR RFAE L 5 CNTL 56143 254
(ZWHE 3.3). 2RI, BIRAE 2000 UTC Hf #ANEE A G2 W1 AR S It 28 AR AE40L EL A A
BL, BN AL B A SR AR IR BT 22 5% o AR B RARIAMNE . R BRI S50 1) X
BIAE 2130 UTC HI RGBT BE AR BEANBH R s a0, f i 50 e =41 3 AN B AR
ML H)VER B AR, TR 36 UL RAAPRANRAR, Bol 15 A ek 4 2R 43 Bl
(K 5.1,
EF_PERT £EG1HUH) 40 dBZ 2H & [ FAE % It fnk 5 A1 7 2% K BT BRI AR S MR
WK 5.2 Fros. XHAE SELE 1900 UTC R 5 AR AR G F A 1 PN R4 5 5% 24 M (K320 5 Bl i
J

wnSRE AR5 20 C {|KAHR36 2%0 AR RE502000 4
e, s

40 3 l;e 65
e : i 60
' L . 55
- @ { - _o e 50
- . HES ™ 45
20 - > @ 40
e , ‘ ‘ 35
Ty, ok 30
> (,” " 25
& 20
34°N ® ' ° ’ 15
® 9 10
L2 ~ i
990W 40 20 QBOW 40’ 990W 40 20 QBOW 40 990W 40" 20 980W 40

36°N

TC 4 [%&RR36 2130 UTC 4 [ AR R50 2130 UTC

40

20

35°N

40

/ - ' e | (% , )
98°W 40 « 97°W 98°W ' ' 97°W 98w 4 « 97°W

5.1 EF_PERT & FEHIERIEMI AL A 15, AR 36 AR 50 = MRAE G —HB
2000 UTC F1 (&5 —HF) 2130 UTC I8 (4 & T 5
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*N[3. 1900 UTC | [b. 1930 UTC c. 2000 UTC %
3 ,
. <
40 ' %
0.6 ’,
30 -0
0.4
" &
’ 0
N30 20 10 ggoyy o0 430 20 10 ggoyy 0

e. 2200 UTCAG "

98°W 40 20' 97°W 40’ 20’ 98°W 40 20 970W 40 20’ ~ 98°W 40 20 gow 40 20’
K] 5.2 EF PERT #5140 dBZ HE& T REASMR . BOSLLNIEBAEI CNTL 172 1)
40 dBZ & 2 B R EE(H 2R .

K (B 52a). BEEHEZHRGEMK, ERRKEARATHERRIMEZ R, I
FEAE T IR AN IR AREE A MER X3 (] 5.2b—¢) o A R R S0% M2 11 X 351%
WAt g (B 5.20), RN FEEA O G BORFDR I 71X — X8, f£4
2100 UTC i RS Ry Ja (K 5.2d), FEIFIEERESEL BT JIARHR
BT R MM G, 2 B DMCHEZE X A% (8] 5.2¢). 2|1 2300 UTC I, Hi[A]
DI TR BT AW, SR TFAPEAC (K] 5.20).

N T B AN [F) AR G D R P R TR R B ) ZE AT AT, AR ST T AR
AR PRSI HZE CRCRfREE e, X— & EASMERIMEN
HAE (X)), 8 (Il 40dBZ FHiEH A KFEH) KB4 EE MR XK
ob 158 KT X 3 Bl LU iz B A B3R (O R AR & (Y). fildn, T 40
dBZ IS & RO EIN 5, 55 Ll R e G0N 0% (8 th = F — MRS
FR A (TR 4H B S 2R KT 40 ABZ B IX ST S0 oK s B, 78 o L g i 26 R 46 & MR
KN 100% R EE F T 564 1 2 IR IR 4H 6 S S 80K T 40 dBZ 16 X 38 H T oK
IXEE, MERGMEZRIE 0 F1 1 2 (A1 A0 B 73 3] (10 B — TR AR AIE 1 7 2 B A9 il 2Bk 0 (Y
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021

a. 2030 40-dBZ|—FEF_PerT)| | b, 2130 40-dBZ

018 — -EF_TINY

f. 2230 180-UH

K53 RBESTIRE (B—1T) 40 dBZ HE& RSTHEM (55 47) 180 m%/s> UH K &M
K7 5 el 2

R, AFIEA RO HAZRFE KA B 2 S Tl se M FE R 24
RIS, B TR RHAE 078 55 XIS B SR A MR 1R A A2k, HAE S H
B N 2 5E 427K I 5.3a— AT LAF 2, EF_PERT [ 40 dBZ HA 578 55
L A5 it 28 B 25 i T) AR 1Bk A BE U , - 2 BH AN (] A 50 o) VA 7 2 1A T 199 7 L 72 e
F I T AR AR, X5 5.2 HEEA MR AR AT .

5 2 R SERR AT TR M O FAE R, R (T BA R 2 2] S km) UH #H THER
SENTIIL B BRI B 15 2B R e TR RS, A\ 180 m%/s? UH BB i3

36°N

40t

20'F

35°N

40

20'F

Kl 54 EF_PERT %4 180 m%/s? UH 4L 5% . B ESLL N EEB CNTL_17Z 1) 180
m?/s> UH Z5{H %k
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3.5

——EF_PERT Vo]

— -EF_TINY fil %
----- EF_1900 R
---= EF_2000 ol

w

RMDTE (m/s)
-

o
)

- ==

01700 1800 19:00 2000 2100 2200 2300
Bt & (UTC)

K55 HESHURMES T RMDTE.

oA K IH RS IE 28 R 21 504% UH 8842, JF H 5 BE{EAHL CNTL 17Z ) UH B&15AH
WG (K 5.4). SR, UH BEZRERAT IR T B2 28 W 0T BN B 3% B IR A7 B I AR IH A7 AE 2K
T ABRAFEME. HT UH STEERFEMIERELZENMGZ, K UH 78 5 L
AR AESEAREZ M 0 5030 0.1 F i TURI T B (&l 5.3d-0). Ak, UH 7 o Lo ith
LRAEEAMEZR Y 0 N EUE M 2130 UTC £ 2230 UTC ZJA1F i PR (K 5.3e, ), iX
J2 BT 2 A0S AR B A AU IR 55 T BUE ) (BT 5.2e, D)

AREMEEA DTE BALEA SRR S CNTL 172 R, B 5.5 B T TaE 6K
FCFS51 RMDTE. BT UL, BRI fil & HE BRPEZ) 1900 UTC i f5, RMDTE [k
HIGK I T2 2000 UTC 2 )5, WEPRHRITF G MR R ALK R B, £ 2215
UTC WE B K8, Bl B SR BT B8N . iRYE T A A O 38 R AR G %
PA S RMDTE [FHFAE, £E-&Fidpt 73 LT LA B il | (1700-1900 UTC), fih
& (19002000 UTC), K& (20002215 UTC), ¥HHL (22152300 UTC). % FRAL
X0 ik T A FE Y B BRI B A A HEAT 23 BT o

5.1.2 SHiRfm&IMERHE

X VAL ik A A VR 0o AL R A T R b i) B AR R C O R E ST ATIESE (Schaefer,
1986; Johns et al., 1992; Weckwerth et al., 2004; Weckwerth et al., 2006; Wilson et al., 2006 ),
b T S R AT IR A (8 7 At R TR A 3o R BRI X (R ZH AR R R A R
Bl ORI, XX Al ok IR RORE A PR A SR 783 Bk ik (Markowski and Richardson, 2010;
Kain et al., 2013; Burghardt et al., 2014) . 1X— #7345 A 2 73 fid R 6T B VE A BRI 2
A5 b — T SEBR AT TR 1R 23 A S ABL b o5 IR T 7K PRI AN R M3 1 S5 Je A % 1)
FEARZEAE (Johns et al., 1992; Doswell et al., 1996), XTEE& Filfk FIHI 4G 8% 415 2644
Y 038 AKX o Yt s K PT RE O SE ML IEAT 70

RS R RAE RO RANE, SRR R RSP0 2SR T R E KA,
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| [b. 1900 nﬂsﬁECAP

kg

a. 1900 0-1-km T &
nc o .

1x

36°N

35°N

4 I | 1Y

00 AR ECINGY

[
ﬁa

36°N

35°N 600

300

34°N ﬁg?{& o 4 !
0 &'J cHgn i aen L0 o i &,

100°W 99°W 98°W 97°W 96°W100°W 99°W 98°W 97°W 96°W

K] 5.6 EF_PERT 4£47E 1900 UTC Ff ) (a) 13°CAI 20°C Hthi LAE 1 km AP DL S8
B (572 MR E 2R, (b) 2000 14000 J/kg 1) MU-CAPE Z:{H £k, (c) 0.5 F11 100 J/kg 1
MU-CIN #1 (d) 1000, 2000 F1 3000 m fJ LFC Z52k. M52 N EF PERT K& K EUE,
WALy EF PERT MIEAFY, A (S8 N FEER CNTL 17Z #4553 .

FEAR S oz for S P AR R T — 25 I ARG LG M A48 . DA BA b 1 km DAY BB 45
BEFF R SRE (To) BIKPE AR AT RIBE RN Z%, £ 5.6a A ILHAEN
F| 100 km FEESNAAL 74T 10°C, X —RHIES 8 BRI 1 20— 8. I
H, £&FH%5 CNTL 172 H% G SREL L 2aE s, BRNEAREEAK
BOE E AT 1 km PR ER iR AR T 13°C AR X AE b . B2 59T, i
TN, JEHZ 1 km PR AURE ST 20CH X, &6 KBENT 0.5C,
ANTFIEE G DA 2 1D i s R I 22 S AR/ . R 6 P38 5 BE U ) 46 s ml i 28 LT
TREAGHES KB/ NXHMHERY, F£EHRFP &S CNTL_17Z % #&
PR TR I 22 S AR /DN, SR GRS XA iR AT b T 2 GA AR KRS IR
i R

X REE AR 8 R A i e 2 (0 7 Bt 6 R 45 2R . EF_PERT HI&EA R
% CNTL_17Z — B H T 4000 J/kg 1) MU-CAPE 1B X, 4R & & B I KAE
[X 3 25341 T MU-CAPE {I%T- 4000 J/kg A 1 & bR & 1) X 38 (& 5.6b). MU-
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IR SRR R AR A Bk A

CIN fEAFRE RS AR I IR B DA T 0.5 kg, MAFES KR MU-CIN
(R 25 5 1 AR b FARC T X (& 5.6¢). SILEINS, 76 AT B SE ik % 1 [X 3
LFC m AT 1000 m, 7 HAEESG &5 CNTL_17Z Z [Alf 2 5 1R /N (Bl 5.6d) .
X AKVRFNA TR B YR 3 T 3R B, 72T 2R DUAR « BRI A% A R T %o e fis & 1 X3
EF_PERT #4617 22 0 R0 I 26 AR sz ma AR /N, AR AR G il DR AR X — X 4 HE L
XoP IR R (P08 S5 AE 2, T B 4N AL R (A B U R R M TR i B TR R B . BT
5 TSR R n] IR S, RIS A TR RSSO A BE AL
I3 A BTk R B B AR (AP 5.1 H 2000 UTC B 5w 7 i N A4 5 5% 4 1 1)
R LA AL B D o XL fih 2 3k R LIRS ff TR 10 i PROASKEE f5 5L 5.3 19 R m LA
BE— 3 HT

5.1.3 ERMNLXRME

PRI FE S0, N AL E R RS Bl A 2H 2R 52 1) AR J E B 4540 1) A0 57 A8 TR 2R 1) & A
IR E 520 (Rotunno et al., 1982; Weisman et al., 1982, 1984; Klemp, 1987;
Davies-Jones, 2002; Zitler et al., 2005; Kirkpatrick et al., 2007; Markowski and Richardson,

7 2200 UTC,
ﬁ
l

100°W 99°W 98°W 9°W  96°W100°W 99°W 98°W oW 96°W
K5.7 EF_PERT %A MHIIT LA E 2 m M SO IS Af, & 2.5K) FEEKE
B OCEAAESZR, F5K)
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2010; ZFLH3C 5, 2009). 5 B BNRER LA A TR S LA 9T, 10 &
ANFEMR PR = 0 AN A RO IR BEAS D) SE R . IR SEAR SO SCyE B A5 .
DA b 2m BIAE AL BRSO HEAE XTI B K 28 R A HI BT =R AT 225, Al
VR0 R B B2 T R P i 2 e 8 A3 s 0o Y 7l 2 R B DR IR R 5

7£ 2000 UTC I} (& 5.7a), H4FH 2 m M40 T IF AR A ARELE, X
I KNSR G2 (PSP UL, 3 0 2 DR SR St It 1 8 7K 118 28 D0 4 00 2357 T S B 8 A
Bo B2, W OF TN XS AR YA IR A R B L T S K, RIS Bl 7
HRIL IR B K DA TR LR AR B ¥t . — /NI 22 JG 76 2100 UTC i (B 5.7b), &4
SERIAR AR TR AT T TE I AT I, X AT AR S K BISEA KBS T E
#, EHIEMIHIL 7 RM) 10K G KB IIX I, R EEE G B IB I AL E
B3R FE R TR AT LE R I AN A o 12

F7 2200 UTC (B 5.7¢), SHEKEEEN 5 K KX IR C A AR w0 2 1K 2R )
TER T — SRS APIR X . X — IR B G R BIURE IX Sl A 4R & T 45 RIS {3 (2300
UTC) A3 55 (& 5.7d), 1 [F) I 8423 T v s i S T 4628 55 (M T 2 m A
AR AT R, TR A ARG AL T IS o R Rl — 2], ¥t i 7 320 34 1 A
THFMKE SK EERBEXE (K574, XEHTFRET BIANET S T4
E A P 2 2 AT B A R KT 1 B

IS 2, (EXTRAdAR 2 J5, i B B R 5 5 1) 22 5 5 350 1 RE R4 i 1) Y R
RV FRAR I 22 5, VAt 5 BREE 2 B PR RH LA FH 5 74tk 1 B ) 55 5 SR v it B i bt
T TR AL S AE AL SURFIE AR AE o 3K — FEBU N 2 TR AN [R] R 6 2 T 7E fi & By
BARNMZESR, HEAFBORFLE S AR A a0 i T 2 AN FARAE ;s FES2 a7 b 45 0
WA FIREC 2 NS R BRI RSB AE G 5.3 Tt — 30,

5.2 EETHRIVIGIM B ERFMEHIRBURE
5.2.1 BUNMIBIENE RN E R RAIF

5.2.1.1 EF_TINY %1 EF_PERT 3 EZFIREIELER

TRVIGET R Z RN B R, 2 MR A S IR KR %E, X
S BRI A AT R B — AN EERFE [ W01 Zhang et al. (2003). Zhang et al. (2009)-
Melhauser and Zhang (2012) %5 ], % EF_PERT HIFIUGTLENIE/N 90%1E NE & Ttk W) ah
) EF_TINY %4 H TR/ YIGE 1R Z R IGO0 T A TR R, KRtk
3.1 iR TR RZESE /N T2 — MR, BF_TINY H B0 fid & 0t (1) 7 2 58
g (8] 5.8a, b), 40 dBZ HE AT R RET/NMEEN, 52 L EF_PERT (K] 5.2a,
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Kl 5.8 EF TINY 4411 40 dBZ A& R FEAMR . BESILENEERIL CNTL 17Z 1Y
40 dBZ H A& [ i HEH 2L

20 97°W 40’ 20' 98°W 40’

b) ®E; XK EF_TINY XXtk i 467 B fA e MK, 2] 7 2030 UTC B,
EF_TINY ) 40 dBZ H & 5 2L G278 55 Ll ih 26 Lt EF_PERT f i 258 in-~1-34,
[FIRE Sk 73X — 45 AE (8 5.3a). 4R, EF TINY FIREZRE G 2 0 A % e 1 [ Ak
5k, #2100 UTC 12200 UTC, EF TINY ([ 5.8d, e) 5 EF PERT (/& 5.2d,
e) ML B 2R 2 [8] 1) 22 HZ /N s T3 T 2300 UTC, EF_TINY (& 5.86) 5 EF_PERT
(B 520 B4 LT aaeE 7. SX—FREAHFRF, 2130 UTC A1 2230 UTC B EF_TINY
)78 55 LU i 26t 5 [/ — IS %) EF_PERT [ Z6 17342k (& 5.3b, ). #EXT UH (1)
WL, TR L PAHFE R UH BRAZR 007 B AN A2 58 B TR E A EME (B 5.9) ib2
TR A S L 28 (B 5.3d-0, #FRH EF_TINY X hefr & 1wk 15 48
bt EF_PERT 1 & %A B B g =
BT EF_TINY [#J451% 2tk EF_PERT /M3 %, fEXI R AT EF_TINY [IEE45F
#1375 CNTL_17Z Z [AIKIRFIA RS 8 P ) 22 7 LU AR RIS %) EF_PERT 5 CNTL_17Z 2
[ 2 BTN, X —Fr B EF_TINY A KHUE /T EF_PERT. 5 40dBZ A&
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58.°W W20 gro 40 20 ggoy
K159 EF _TINY %4 180 m* s UH &M% . RSN FEBAL CNTL_17Z (1) 180
m?%/s? UH 25{H 2.

ST REE A MR RFAE AL, B ARTE ST f & AL R R B EF TINY HbH A K
B LE EF_PERT HE4ErR (18] 5.10a), K HUE FIVA IR E B BFARTE 2 Ja BIFR 43 i 5
Yk BARAE 2100 UTC i EF TINY HHbif 2 m A0 407371 5 K 28 KU

c

2200 UTC,

S

-
|
L

|
E
E
|
i
|
E
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ST (B 5.10b) IS /NT EF PERT ) 5 K £& KBS (K 5.7b),
{HZ] 7 2200 12300 UTC I} EF_TINY (K] 5.10c, d) 5 EF_PERT (K] 5.7¢, d) [#ih
1 2 m A A ALIR I AR G- PSR BUE RS T AL, W] EF_TINY #1 EF_PERT
XoF # J 35 DA B A D% IR B 6T AT T R R IR 1Y) TR BE A AR 40 I T] 1) 2 K TR AR 15— B
EF TINY A FE 35 R [RIAE B S /e RMDTE iZk b (1 5.5). fEEA TR
FIEFE, BT RIEsh 25, EF _TINY i RMDTE tt EF PERT /M5S£ . 4R, 7EXT
WA R B (1900 UTC % 2000 UTC) EF_TINY [{ji# 28K [t EF_PERT tR75%, 7EXt
MR B4R 2 J5, EF _TINY 1 EF_PERT f#) RMDT Bt AR F—FkE T . ZEAR
[7) 7% [] JRUBE P AN [R1 W 46 5 22 0 3G AR R A2 B2 T ORI 2 o AR 7T

5.2.1.2 RERIRELEAE =B RE HAIIBKEHIE

1% Orlanski (1975) RN E X, #ZE LR DTE KIEE & (DTE-T) FflX37
& [RZE3NE (difference kinetic energy, fii#x DKE) 1 #73fift F9 A [F] i 2 18] RUFE ()
ZHATIHE— 0. TR XIETERE (CRJ7 M 400 km, FLJ7 A 300 km) A
B, ToiExt o REE (K> 200 km) URFAEGEAT ARHT, BRI AR S RS it 32 B TR

1.2

1

a. Meso-p DTE-T b. Meso-y DTE-T

i ——EF_PERT _ | 0.8}
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0.4} fak
V3
0.2} HE {0

p——
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24— T T T 2 -
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2+ - e
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0.4 1047
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B 511 BEEA TR AIE 2= 8]+ ) RMDTE-T 1 RMDKE i i [8] 25 4L,
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TP K 200 km LRI B (20~200 km) Hidry R (2~20 km)o Kl 5.11 AR R E
t RMDTE-T 1 RMDKE Pt i) (138 ki £k . %} EF_PERT 44, 7E 2000 UTC B R
Ay RER DKE BEHEMFEEE (- 5114, mMEEHARREFSK DTE 4
BAEIXBNAI N L # B 22 L. £E 2000 UTC 2 )5, W p Al y REEH)RZ B B H# T IR
MK A, F oy REMREM X R ZRIEKAEL 2100 UTC 2 JEtE ik 1 (E
5.11b, &), MEH B RIEH BN R ZE LK (K] 5.11a, o) HE 2215 UTC i RMDTE
BB KME (B 5.5 X—IERKH, |y REEMIRZELE 2100 UTC Z J5iE3 [ 1A,
Tk

%}F EF_TINY, 1y KX DTE-T #1 DKE #J7£ 2000 UTC 418K (&
5.11b, d). ' B KE K DTE-T M1 DKE [FIFEA K (& 5.11a, ¢, {HEX —HKLE
T 1800 UTC 2 J&, it v R DTE-T A1 DKE Ak 424 PR T 48 2 J5 3L %13
Ko IREEBRRNE ARG K RHE AT B 5 iR Z R KA % BT 4SS
TR A HAAELERTLTE SN 1% R B VRIS I F AR5 22 RBE S K (1 B2 - (HE,
FERTR AR 2 Ja, RZESE K IR ZH AR K 2000 UTC 215 2000 UTC 2 J5ix %1
KA EHEZ M UERA T Zhang et al. (2007). Hohenegger et al. (2007a, b). Selz et al. (2015)
F1 Sun and Zhang (2016) H AL IR ZEAEA TCHREXT LR 25 AF R G AL HA B A ]
451 .

2100 UTC J&, EF_TINY £+ y RE#) DTE-T Ml DKE JL-F-A1 EF_PERT 1 #H £k %1
{EAHE, X AR — IR 1 X AN By RIERZE A RZILE 2100 UTC 25
IEFIAN, TIAEFR BN EERY DTE-T A1 DKE W 4k 22 K B £ 2215 UTC KA E| H K ME -
X — A FEWIEEI B R /NG K5 A 5] — B P 20 18 135 22 AN () 30 R A H IRAE 2 TR 2
RS AT TR O 70 A (Hohenegger et al., 2007a, b; Bei et al., 2007; Melhauser and
Zhang, 2012; Selz et al., 2015). BtAh, TE—HCH TIIEESEUAN T I8 AR it
T RIBHWTRE 7 AR IE R “F (fake dry)” SEIGH, AT R DTE-T
DKE HJ3 K LT3 T3, 3t — DR 1 BRI AR A/ ROBERA R AR 22 PR 3
KPP R EEEH .

5.2.2 AEFIRIMENITZIXSE RIHRAIF T

Wz 3.1 Frzn, EF_1900 F1 EF_2000 ££& KW 4G4 & K BUE L EF_PERT /). {H
52, BT PN X S ARG, XIS AR A &1 25 1 e KA
2 5& EF_PERT &% BT X8 KPR, XA EEE oo 8 B AL & HL
FEEE IR, EES B 2 /M [HEP EF_1900 £ 2100 UTC #f (& 5.12a) Al

VIRZEM AT SRR ESR A, SRS S RERM A ERER OGRESME) AR REEH 52
ERE (RERES) MHUYREER EXZFHTESCLeMER, ZRERRZERAGRAEE K.
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2300 UTC &5

a. EF_1900
2100 UT :

f. EF_2000
2300 UTC ML

d. EF_2000
2100 UT

?.
a

980W 40’ 20 970W 40’ 20 .

“% | [e. EF_2000 JF
# | 2200 UTC4/@8

36°N

40'

20"

35°N

40

20"

980W 40' 20 97°W 40' 20 980W 40' 20 970W 40’ 20

512 (—#E) EF 1900 44 (% —HE) EF 2000 4241 40 dBZ 41 & [ i FEA W
R, By EAEA (3 —HE) CNTL 192 1 (35 —HF) CNTL 20Z ] 40 dBZ A& K%
O R EH L

EF_2000 7£ 2200 UTC i (] 5.12¢)], XM EAT 40 dBZ 406 RO 2R A REZ ik
B4 L AR —K %] EF_PERT EAME (K 5.2d, ¢ .

HE O R B o5 bl th 263t —PAER 17 BF_1900, EF 2000 #1 EF_PERT HIAHAL
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5.13a2) HHEFR. AL, £ UH BRRNER TR (& 5.132), EF_1900 TRk (1) 2615
Yo AL CNTL_19Z frrd 8t 0.5°, H HAE L UH B4R AL LS 35°F iz i) UH
AR Z A, TR R T — &K B BN E, X AR EEA T
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AR I AT e 2 52 BIFTAG BN IR G5 AR /N RIS

5.3 WNESSIRYIFHE T

N T K AEAS R B A R N IR EE SR B0 A2 A ]k F& D S5 25 PR 5 0 it 7 2 Tt
iRz, ACEHCT EF_PERT ££6 HH IR 13 FIRLA 17 #ETHE— DI AT, 1X
PIANEES B A 2 T8 RMDTE M 1715 UTC (CEAWIIAL) I 0.105 m/s K& 2215
UTC (RMDTE ik 2| KME) 1 2.62 m/s, A& EF PERT Fi %A B 2 6] RMDTE 3
KK —X R A Aah, B 51 R 53 ¥ AE AR 13 5 17 fkhse, d3k—
W RRES TR K EL . 1900 UTC CHimfmAR ) I bt 51 Fp it 53 Z 8]} RMDTE
F& 0.524 m/s, T IEETAE G AR R 2 8] 5 K RMDTE (0.526 m/s), 1 A —H ZI s i1 13
ARG 17 Z (8 RMDTE 72 0.199 m/s, 4215 i 426 5 1 2 [ 5/ RMDTE (0.182
m/s). R 13 FARIL 17 B TR0l LLIRTS 5 20 Bhim B i R 45 55 BAT17E 1705 UTC

BT 46 5 28— AN I O I Z R R THRFE W 5.1 FR.

X PYANRE S 2 A SO R A 5.14 BT . 7€ 1930 UTC B, A5 13 MR 5 17 )
XTI B AR LA Z 55 ( 5.14al, bl), TG 51 A1 53 2 Ja) i T #4511
ZARK, WIGEXT A TR A & R R X (B 5.14c1, d1). F| 7 2100 UTC K, %
T3 AR 17 B X R AR ARSI 2, B 13 P 1R BRI TE r 24 FE v (1 5.14a2),
MR 17 ()5 B0 20EFE O & LT 4501 . vl LB R Hh 7 21 s b ) 28 (18] 5.14b2).
H—J7IH, A 51 FEGR 53 X RALE M EER I T E R ER (B 5.14c2, d2).
TEZ G —A DI, S B T &SR, B 7 2200 UTC, it 17
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K (E 5.152), IEMRG 13 W B FSER A K, SRR 13 /0 UH BAE LR 5
17 B P AL, 2 BX AN TR oo B 2 th AN A B TR AR AE A — 38 B AN & 1
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(15 4354, "EAT0T UH BRAT I Tl 22 5 [RIFF S Bt 1 3K /N AS40, b 7 2 R R i R A e e
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# 5.1 EF_PERT HJRLGL 13 FELGL 17 £E 1705 UTC B 22 51 (1) 48 TR

T (K) Qv (g/kg) U (m/s) V (m/s)
VIR ZE R 0.039 0.090 0.085 0.087
K EST 1.48 5.3 5.2 3.0
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5.25a). fEE IR R, XA T BRI VI AT S (L EDRE RV (RAE TRl
WOR TR BT (Bl 5.250); EMANT RS IF G, XBORAE R IR AR 5T
YERE TRTER (Bl 5.25¢), A& ERERE (B 5.25 Hidy “M” K B4
SR AR SRR TR — B TA] (& 5.25d).

LA 17 PEBRBEZNAE AR, SEEHR 13 FRE RN, E£E680
17 hE R BRI (B 5.24e, D, HHEIAPHEEEEST, &R IES KR
13 $&A7 10 708 I (Bl 5.26a). HHEEHA 13 P E RIS EANR, £EK
P17 PR (S BEEBA TAMESRE N R@RbERz T (B 526b). —
IR R “S” T AT IR FE AU . PR AR R e itz O RIE SR P
LIRSS 1, —J7 T & N7 AL N AT 0 E 2 “S” YW, {158 % “N”
(1) 50 T R IR ek 55 (1] 5.260). S RLFEIN, & IFE KA IR v de s m#s), 5 Bt
SRR AL, 13— HI55 1 T B YER T AR I NS )RR (& 5.26d) . BEE A
13 A1 17 T8 2S5 R I 22 5 I Bk 18 B R T B R I TR) A7 L 9 FE AR B A7 B R
R B BUR M, X — T G IF I AR R BUB I S SR I B R
Bluestein et al. (2000) &% # AL Hp 5 X It B 2 10 & A G SR R i 7 BT b SE . 4R
AR BURPE ARG U 51 8 53 IR I (18] 5.14), &EE AR 51 KH R MAE

a. f®172050 |,
EREE BERME 365
10000, . me
7 Ta6 5000 a8

o 2500 o 345

12 0-14 1z

12 e = 55"

7 8 335

| 36" 5000- 738
2500- o4 2500 o
4 4
, y iz 014 12

’ 38 12 .

526 2050 UTC % 2150 UTC & 17 1 20 m/s EAHEEEER (F ). 60 dBZ
TIA R R (L0t FIHLE 2 m A SR R AR BRI ) o TR - SR E 2R I
10 m/s FFf & 10 m/s [ B TH#EEE GEE) Fil 40 dBZ/60 dBZ A& 5% (4th), “S”
AN AT T REAR, “M” /& “S” M “N” &5 1 E R iR,

63



BN i e L VAT

HIFE I T REE ISR (& 5.14¢3).

HBL B0 i mT BLRDGE, 5 KR BT SRAR SR B 2 AN IE OB, AR SR i
FURM IR E KRR T EEMEH . FERENE, XEIERGSERES
s IS BN A S AR, R s i BNk R . RISTEX 4~ EF_PERT 4
A R WG R 22 LLIUE LI A28 A A BR B 2 M3 1R 22/ — DN E R BT,
B R BN IX L NI AR iR ZE AR AT R F BUE A (1900 UTC % 2200 UTC, R
XPRARAEAN 3 7N SR E B AR IR 2R S ARSI FE AT & 5300 i 7
T [P A AT P A AR A FR

5.4 REING

REFSAMMA 1700 UTC B Jsa s HAEBUA WL K F R ey at w2 i i
UEPLBNIEAT T EE G TR SLES (EF_PERT ££4), DARZR LSRN i B F2 0 A vl i
k. AR — 7, Fra A RO AL T AR 50 bz fur M1 558 P4 A v 26 1
TR GGG, PR R BT PR SR AR 70 A o, ARG B KR AT E It
AU FRAD G S PR AT AL L e 240, JF B S B S CNTL_17Z UL
BHZS, RYIZ KRG RO P 2% A AR AR S AA0L AR I 2 Y [ N A A6 AR sl ) AR
TR T JT I, BRI TTER BR AR A E . TSR R R P 2
S, AR B E - E AR, RUIME S B RE F IR A 7T i
AR PR .

A HIUR R 2208/ 0% EA Tk (EF_TINY #£4) t, W Bk KA w
EME LA AN, Bk SRR, SR ZEBREE (DTE) Wil A 278 EF_PERT
FEF TINY HRZE/KTFA Y. @876 1900 UTC 8% 2000 UTC B, tHEIXHR 4
AR RIS FFAREE A TR (554 EF_1900 24 F1 EF 2000 44, BAREAIHIYILE
"Z/KF5 EF_PERT &Y, EXWMES TR EREREE K. 55,
EF_1900 X} 15 JiE 2% 1% HINE R TR A L e 42 & Ik A 5 B KA e e, FHE™
AR T ARG S EAE SR8 CNTL_19Z F L A ek 42, R IR Eh it 451
[F) 200 B A JRURE PRI 6R 6 PO P 435 SR 77 A 2

¥ DTE 73 figyrh B ARy RUBE B RUEE 7 e o0 B e T 7 iR Z2 3 K L o T
EF_PERT 44, RN & T LL AW Lo 53, (A y REERIS i3 O A
B R Z K . £E 2000 UTC Z )5 FIEEXTRF R AH S KR AT R B, F B R
JER y REERISN 5 MB 1 # I 7 B iR ZE K. 1 /M5 2100 UTC i, o
y REERIRZAF 1L T, HF ARG Ptk ok 22 39045 B AR AR BUE i i, SRR
ZER y RECEMWA; 52k, #p REMREMSRSEIK S| 2215UTC, Z/EhHE

64



SE SRR R HAE AT R b

FEAROTIR R BT AR B0 PR . X LG 5 2 B (R 70 32 H (R ZE T RURD T R 4
KRR . AR ZETH R K B PR AR WA PRI IR IS L S Re s L, X
EF_TINY &G 115 22 B9 K Hh 22 10 3t 28 BRI 22 D AR IX AN i 72

EF_PERT MI£EG A 13 FIEE G LA 17 3% FH Tk — 20 2 A AN [A) (R A48 o 0 i
TR A R B VEAN R . 1 53 N IR T TG R e R BT R 2 T B B K B T
HEEAEH . AR B, SR B SR XE AR T, I HIR)Z 0-6 km
i B XY A HBUR K R AR, AR AER & — AN WIUE T 6 2 Bl HIOE & FrE iR
KIFH] o X T RPN R B B 5, TSR B S I AR R 98 2 1 i S A
775 FEE AR INsE_ TR PRI, T8I Ak R R AN 1R b TS P i B A B
o R R N B S 6T ) i R AN L ) 22

TR IR RS AT A L A SRR SR A AR SIS 4
TG IS R H I S IR NS R AR RHE ST B E SR
Wi &5 2 J5 TR B R R RI4E R . SEA L 13 (NG IE 3 BR4EFE TR ], M4EE L
RATH—NEREANT H—ADHERAASE, EHNMERGIHE LTHRRRE LA
U EIES, (154 FF 1 BRI L.

SR, WA 25 A HR AT 1R 22 2 P B HL I P AR R s B SR, B RRR
(1) 22 7 2 (R Ry 3 5 [ IORA ¥4-th 22 TR) A ELAE FH i R oK, 1 B B R A 9t S
TR (8] A7 B A B ROV BURS, B — DI iR . TR 2E SR RIB X
(A B TR R, T B — PR 5 PR TR B8 HE M 2% R U6 2% 1R P e e W
MBI RZE, BRI, BRI SRR B R T [R] AR A ROBE R AT S 2% 1 DA ROt 4.
SILAH LR @ IRE, 78 3 3 6 /NS PR 28 R 50 I 7 2 B ) TR A A
iR E LB RR .

65



BN i e L VAT

PR +
a1 IILE‘.'\-Q—H

2013 4£ 5 H 20 H N RATE S B v b faf SN FE/R T I EF-5 R84 A2 3 EUT 4
KICTNBUIRZ . REBREKO S . 774 T HOes K E SR R E R R4
SEAE YRR TERLAT NN SR SRR E MR IR A T, 52 B4 s el 1 e
R . ASCEH B 785 WRF/ARW = EdTEt, DS TR L, Stk
XoF U T B RS S A () S B AT TR P RO AR AT R AT TR AL X SERR AT TR P
ARG R T RAE SRS RINE] 2572 0 R AT PR 22 068 58565 It 7 2 Tl (1 2 il
PRZHUE R AT 32 B0 LRI 22 SR JE0O6T s it R S TR AE B FE B (i . TR
PERTTRR M, AR SCEE HR T 1IN U6 158 22 75 JE R0 T LS /N ST Py S e B8 AN S 0 I 7 R R 4t
(R PR (1) 152 22 B KL, DUBE AR SR LA & BORHRM FI AR & U 9 Al ) 0 35 R A< Pt
By iR B SRR AR B

AR SR SR o] TR A BT T IR T PR 55 TR R LR SRR — AN RA T
FH T 3R 5 X S = A BRAE Xt o R AU s TR 4R BT B 5, o — AR B T X5
AR ORI Ak A7 B ) PR 22 5 o ARADLEE SR ORI, SRR TS Sel B) R AR RS AL, XTI
fitk 2 (P T ) Bk A 55 &ML U6 S5 AR IR R AR SRR 28 o 32 BT FE S [R] R A4
Wi T 2 AR RRAE 5 RS S [RIAHDEEC BT S 800, 72N [F B R R 2 Y K
PRI I =97 = O i 11 i i o e 1 = e L L 1 s ol SRS R P R = OB Y VR S = [
TERSTS S 1] i A2 28 A B AN [RIASEADLIA 045 1) T 56 30 Ak 5 P B 358 25 A 4D BF T A A2 AH
(AR AL, S AN [RIREFUL Fp St 3 ik o R A AT BSS T) o BBURR P S BB UE B, X JE Al % PR B [ 5
I Z GASED) KRGV, T 52 B 52 /N o 3% —2H 5206 1) 45 SRS
AN 3 B i gt B R Aff b o 1 R R AT AU (B M %) R S A T A 4D R B M
AR ZZ AT 5D WA B o i AR B Tk, I3 B AE U Pl 4 SR 1 B
H, G R BT R AE T RIR 22, DA ERE R . I T B A U 1S
B0 B AR /N OB PR 0T I i AR T A I 38 8 T 37 A i AT ERE (1]

T 20 ik A BRI K AR AR AR RIS, ASON AL s & (R I [R] J A T A8 Ak, BBEHULEY)
TN R R AA LR A T A MO TR = B ()28 A 2 B2 i - 28 DUAR b DX R R 7K
TRENEIROL, OB IX — XA AKVR I ARG 1 2 1, ST 0TI i i PR PR 58 2% 1 i A 22
S, SZMERTIAC A BN LRI HBER A B o B T ISR AR BAAE, RS0 /N RS Hh T 25
P2l 77 B 2 385 03 1 G2 ARG L R XD AR S Bl ) 2k AT T R R AR
B IE R ERES ,  FE LR R AL s [RI IE 2 2R T AR 4 S i TR B AR IR BT R
JiE % (SREHD, 50 it fil 2 FR A 8 RIGHAL ) e e 5 A 2Rt i o s XS0 P 5o ik
5 SEBR B S IRt A R 2 A0S AL B R ZE ), ] B bR AR OB RO ) R R R AT RS

66



eI M Lk
5@/\? E'\/u

FFASRE IR IR ML B VR 22 T e K A TR B A I ZE 5% o

AR SCAE X SE B AT AR PR AR 7T s R B, RIS B I 2 (A1 22 AR /DN, oAt fis
WAL EAK IH S s T BELIE, X R B iRz X BIRKRW, RIEA B
PIGG RS, SBAi i B A FRAR IH AL — € AN E T, AT ke v R & —
SE MR R, AR SCGEIE W T2 A ERTAE 26 AT R I BLUA BT ACP T TeiE gou I 2
M1 WA AN IR PE N IF AT S & PR K S 56, 3t — D3RI 1 M AR s X
TR ANE W] PR A A A 3 B R 22 A G LB

WHFas RERW, ARRERRIRGREL AT A B 2R —J5H, A
[FlEE A5 AR IR ANRRE PEARHA A S A B 26 AF RO L P s el A, JFH S R
ESRIR ML LA Z 5, T ISR G BRI 1 v S ar 1 458 A #E 2 P X
MRS (QLCS) W& MM —Jiii, BEANEEH AT ERPARNAE. BN E
WA ER, TR BEAE - ERNAREE . £E AR EERK
RIANHRE P, R WAL TR B U B RO A M R P R A BR A . JF H, R AR £R
B AR APILG R ZZDN 90%)J5, X F IR A S S 2 AN e Ui AL B O BE R g 45 2R
T R AR PRSI I B IR AR, R IR X 7 R R A R TR
PERR AR -

SRS UL 2 R 22 I YD RE S 2 T 2 RO RUEE (R s ot e AR IR 7T R R
ZWRIEREIAL . XS YL A A SO ok B4, A TRy RIS 13 B
WEMK, X2AHTH5UREN RIS A RIREY BN B KOS R B .
BEE XA A S . BRSO IR G R O 2, o B R v REMSI1M
RAAE GRS RE RO AR B 7 B PUE AR E K. — B R 2 5y
RUE MR Z L 7T, IF BAFRRIR SN A5 & Tk o iz ROZ AR Z2 B 4E 45 AL AR UL
MIAUE L, T B R RIR Z AR EEE A 1 — B[], X ESRAE R MR 2 B 1 12
BN RN B R LR

XA B PR e M ik — 2 B, SRR A R A E PR TR TP AU )
SR RIENERRIRZE . 0T LT R ALE A 98 B ) A P DGR R B
RCOIAZ Jai 2L 5 K P AR A, e fid 5 RS2 B S AT 46 TR e (R 2 355 I 18] X LAAE R T
B, BT BT R A I R R TR v A i U P O S i e TR, A
X AL A S SN B TP A ) i PR A B SR A PR D W S R T UAE D 9 R A L
Z5, Rt B RIS BT AN A R EX D) AR A LA EAR B4R 1 R 5
RZ IR 70 2 & TS AT Tt — 22 R RO BRI B TS MR I RE ) 22 57 o
R RIS EE S TR TR, 50— B E VE TR C iR A IR AT 46 2% 1 b e il
R B R 22, DR A 2 RUBE (R R ST R A SR S TR i ik, DA HI46 3%
AN E PE I AZS S

67



BN i e L VAT

A ER AL, AR SO S B ) PR A PR DR ZE SRR A ) PR F R ZE 0 R
173 A 2875 IR T — R B X A i R, IR B S5 IR Al H B 2 SR AL o R U
RARGA Rt DRI HR2, ARCHIRBLAR Z K3 R AR i fE
RARG BTG AZEAIRE DR AR SR I PR 52 5 Xt U o 2% R 5 Bl T
[ R 2R 58 X I T % RS IR A R PR AR AR AT Al RE AR PR F-X — M. 5
BETRII S AR5 T S ] TR AR T T4 1 oMk 55 28 G0 478 i e ox U 7 R R T
WP RETT [, T I T AERATHA S KL 52 &0 1 AR iR Z 1)
BUERE RGO« X SR i B R PR rT B B A iR ZE E S . B, A4t
TR XA BERHFME MR S TR R GEAI N L 32 3 TR B30 A 5 P AR 4 4 Fr
T Al R B AR AR G € I B, AT AR SRR 9 T R IR AN T 2 S 1) B
M5 K&

68



27 3k

S22 3Rk

WA, ar/hm. PERGRIN 22 ARFIED]. &, 2015, 41(7): 793-805.

INARRR, SRR, ALE, & SRR IR HIEA S HORTEA M. dERt: AR R, 2014,
TR, R, FRURE, A8 T REERABII M. dERt: AR R, 2009.

AKSOY A, DOWELL D, SNYDER C. A multicase comparative assessment of the ensemble Kalman filter

for assimilation of radar observations. Part II: Short-range ensemble forecasts [J]. Monthly Weather
Review, 2010, 138 (4): 1273-1292.

ATKINS N, BUTLER K, FLYNN K, et al. An integrated damage, visual, and radar analysis of the 2013
Moore Oklahoma EF5 tornado [J]. Bulletin of the American Meteorological Society, 2014, 95 (10):
1549-1561.

BAI LANQIANG, MENG ZHIYONG, HUANG LING. An integrated damage, visual, and radar analysis
of'the 2015 Foshan, Guangdong EF3 tornado in China produced by the landfall typhoon Mujigae (2015)
[J]. Bulletin of the American Meteorological Society, in preparation

BEINAIFANG, ZHANG FUQING. Impacts of initial condition errors on mesoscale predictability of heavy
precipitation along the Mei-Yu front of China [J]. Quarterly Journal of the Royal Meteorological Society,
2007, 133 (622): 83-99.

BEINAIFANG, FUQING ZHANG. Mesoscale predictability of moist baroclinic waves: Variable and scale-
dependent error growth [J]. Advances in Atmospheric Sciences, 2014, 31 (5): 995-1008.

BENJAMIN S, GRELL G, BROWN J, et al. Mesoscale weather prediction with the RUC hybrid isentropic-
terrain-following coordinate model [J]. Monthly Weather Review, 2004, 132 (2): 473—494.

BLUESTEIN H, PARKER S. Modes of isolated, severe convective storm formation along the dryline [J].
Monthly Weather Review, 1993, 121 (5): 1354-1372.

BLUESTEIN H, WEISMAN M. The interaction of numerically simulated supercells initiated along lines
[J]. Monthly Weather Review, 2000, 128 (9): 3128-3149.

BROOKS H, DOSWELL C, COOPER J. On the environments of tornadic and nontornadic mesocyclones
[J]. Weather and Forecasting, 1994, 9 (4): 606-618.

BRIGHT D, MULLEN S. The sensitivity of the numerical simulation of the southwest monsoon boundary
layer to the choice of PBL turbulence parameterization in MMS5 [J]. Weather and Forecasting, 2002, 17
(1): 99-114.

BROTZGE J, DONNER W. The tornado warning process: A review of current research, challenges, and
opportunities [J]. Bulleting of the American Meteorological Society, 2013, 94 (11): 1715-1733.

BRYAN G, WYNGAARD J, FRITSCH J. Resolution requirements for the simulation of deep moist
convection [J]. Monthly Weather Review, 2003, 131 (10): 2394-2416.

BURGESS D, ORTEGA K, STUMPF G, et al. 20 May 2013 Moore, Oklahoma, tornado: Damage survey
and analysis [J]. Weather and Forecasting, 2014, 29 (5): 1229-1237.

BURGHARDT B, EVANS C, ROEBBER P. Assessing the predictability of convection initiation in the High
Plains using an object-based approach [J]. Weather and Forecasting, 2014, 29(2): 403—418.

69



BN i e L VAT

CHOU M-D, SUAREZ M. An efficient thermal infrared radiation parameterization for use in general
circulation models [R]. NASA Technical Memo, 1994.

CINTINEO R, STENSRUD D. On the predictability of supercell thunderstorm evolution [J]. Journal of the
Atmospheric Sciences, 2013, 70 (7): 1993-2011.

CLARK A, KAIN J, MARSH P, et al. Forecasting tornado pathlengths using a three-dimensional object

identification algorithm applied to convection-allowing forecasts [J]. Weather and Forecasting, 2012,
27 (5): 1090-1113.

CLARK A, GAO JIDONG, MARSH P, et al. Tornado pathlength forecasts from 2010 to 2011 using
ensemble updraft helicity [J]. Weather and Forecasting, 2013, 28 (2): 387—407.

CLARK A, WEISS S, KAIN J, et al. An overview of the 2010 Hazardous Weather Testbed experimental
forecast program Spring Experiment [J]. Bulletin of the American Meteorological Society, 2012, 93 (1):
55-74.

COFFER B, MAUDLIN L, VEALS P, et al. Dryline position errors in experimental convection-allowing
NSSL-WRF model forecasts and the operational NAM [J]. Weather and Forecasting, 2013, 28 (3): 746—
761.

COLEMAN T, KNUPP K, SPANN J, et al. The history (and future) of tornado warning dissemination in
the United States [J]. Bulletin of the American Meteorological Society, 2011, 92 (5): 567-582.

COLLE B, MASS C, OVENS D. Evaluation of the timing and strength of MM5 and Eta surface trough
passages over the Eastern Pacific [J]. Weather and Forecasting, 2001, 16 (5): 553-572.

CONIGLIO M, CORREIA J, MARSH P, et al. Verification of convection-allowing WRF model forecasts
of the planetary boundary layer using sounding observations [J]. Weather and Forecasting, 2013, 28 (3):
842-862.

CONIGLIO M, ELMORE K, KAIN J, et al. Evaluation of WRF model output for severe Weather and
Forecasting from the 2008 NOAA Hazardous Weather Testbed Spring Experiment [J]. Weather and
Forecasting, 2010, 25 (2): 408—427.

CROOK N. Sensitivity of moist convection forced by boundary layer processes to low-level thermodynamic
fields [J]. Monthly Weather Review, 1996, 124 (8): 1767-1785.

DAVIES-JONES R, BURGESS D, FOSTER M. Test of helicity as a tornado forecast parameter [R]. 16th

Conference on Severe Local Storms, 1990.

DAVIES-JONES R. Linear and nonlinear propagation of supercell storms [J]. Journal of the Atmospheric
Sciences, 2002, 59 (22): 3178-3205.

DAWSON D, WICKER L, MANSELL E, et al. Impact of the environmental low-level wind profile on
ensemble forecasts of the 4 May 2007 Greensburg, Kansas, tornadic storm and associated mesocyclones
[J]. Monthly Weather Review, 2012, 140 (2): 696-716.

DEMARIA M, KAPLAN J. A Statistical Hurricane Intensity Prediction Scheme (SHIPS) for the Atlantic
basin [J]. Weather and Forecasting, 1994, 9 (2): 209-220.

DEMARIA M, KAPLAN J. An updated Statistical Hurricane Intensity Prediction Scheme (SHIPS) for the
Atlantic and eastern North Pacific basin [J]. Weather and Forecasting, 1999, 14 (3): 326-337.

DEMARIA M, MAINELLI M, SHAY L, et al. Further improvements to the Statistical Hurricane Intensity

70



27 3k

Prediction Scheme (SHIPS) [J]. Weather and Forecasting, 2005, 20 (4): 531-543.

DOSWELL C, BROOKS H, MADDOX R. Flash flood forecasting: An ingredients based methodology [J].
Weather and Forecasting, 1996, 11 (4): 560-581.

DURRAN D, GINGRICH M. Atmospheric predictability: Why butterflies are not of practical importance
[J]. Journal of the Atmospheric Sciences, 2014, 71 (7): 2476-2488.

DURRAN D, WEYN J. Thunderstorms do not get butterflies [J].

DURRAN D, REINECKE P, DOYLE J. Large-scale errors and mesoscale predictability in Pacific
Northwest snowstorms [J]. Journal of the Atmospheric Sciences, 2013, 70 (5): 1470-1487.

EDWARDS R, LADUE J G, FERREE J T, et al. Tornado intensity estimation: Past, present, and future [J].
Bulletin of the American Meteorological Society, 2013, 94 (5): 641-653.

EHRENDORFER M, ERRICO R, RAEDER K. Singular-vector perturbation growth in a primitive equation
model with moist physics [J]. Journal of the Atmospheric Sciences, 1999, 56 (11): 1627-1648.

ELMORE K, SCHULTZ D, BALDWIN M. The behavior of synoptic-scale errors in the Eta model [J].
Monthly Weather Review, 2006, 134 (11): 3355-3366.

ELSBERRY R, LAMBERT T, BOOTHE M. Accuracy of Atlantic and eastern North Pacific tropical cyclone
intensity forecast guidance [J]. Weather and Forecasting, 2007, 22 (4): 747-762.

GASPERONI N, XUE MING, PALMER R, et al. Sensitivity of convective initiation prediction to near-
surface moisture when assimilating radar refractivity: Impact tests using OSSEs [J]. Journal of
Atmospheric and Oceanic Technology, 2013, 30 (10): 2281-2302.

GLICKMAN T D. Glossary of meteorology [M]. Boston: American Meteorological Society, 2000.

GRAZIANO T, CARLSON T. A statistical evaluation of lid strength on deep convection [J]. Weather and
Forecasting, 1987, 2 (2): 127-139.

GRAVELLE C, MECIKALSKI J, LINE W, et al. Demonstration of a GOES-R satellite convective toolkit
to "bridge the gap" between severe weather watches and warnings: An Example from the 20 May 2013
Moore, OK Tornado Outbreak [J]. Bulletin of the American Meteorological Society, 2016, 97 (1): 69—
84.

GREEN B, ZHANG FUQING. Numerical simulations of Hurricane Katrina (2005) in the turbulent gray
zone [J]. Journal of Advances in Modeling Earth Systems, 2015, 7 (1): 142-161.

GRELL G, DEVENYI D. A generalized approach to parameterizing convection combining ensemble and
data assimilation techniques [J]. Geophysical Research Letters, 2002, 29 (14), 1693.

HAWBLITZEL D, ZHANG FUQING, MENG ZHIYONG, et al. Probabilistic evaluation of the dynamics
and predictability of the mesoscale convective vortex of 10-13 June 2003 [J]. Monthly Weather Review,
2007, 135 (4): 1544-1563.

HOHENEGGER C, SCHAR C. Atmospheric predictability at synoptic versus cloud resolving scales [J].
Bulletin of the American Meteorological Society, 2007a, 88 (11): 1783—-1793.

HOHENEGGER C, SCHAR C. Predictability and error growth dynamics in cloud-resolving models [J].
Journal of the Atmospheric Sciences, 2007b, 64 (12): 4467-4478.

JOHNS R, DOSWELL C. Severe local storms forecasting [J]. Weather and Forecasting, 1992, 7 (4): 588—
612.

71



BN i e L VAT

JOHNSON A, WANG XUGUANG. Object-based evaluation of a storm-scale ensemble during the 2009
NOAA Hazardous Weather Testbed Spring Experiment. Monthly Weather Review, 2013, 141 (3):
1079-1098.

JOHNSON A, WANG XUGUANG, KONG FANYOU, et al. Hierarchical cluster analysis of a convection-
allowing ensemble during the Hazardous Weather Testbed 2009 Spring Experiment. Part I:
Development of the object-oriented cluster analysis method for precipitation fields [J]. Monthly
Weather Review, 2011, 139 (12): 3673-3693.

JOHNSON A, WANG XUGUANG, XUE MING, et al. Hierarchical cluster analysis of a convection-
allowing ensemble during the Hazardous Weather Testbed 2009 Spring Experiment. Part II: Ensemble
clustering over the whole experiment period [J]. Monthly Weather Review, 2011, 139 (12): 3694-3710.

JOHNSON A, WANG XUGUANG, XUE MING, et al. Multiscale characteristics and evolution of
perturbations for warm season convection-allowing precipitation forecasts: Dependence on background
flow and method of perturbation [J]. Monthly Weather Review, 2014, 142 (3): 1053-1073.

KAIN J, WEISS S, BRIGHT D, et al. Some practical considerations regarding horizontal resolution in the
first generation of operational convection-allowing NWP [J]. Weather and Forecasting, 2008, 23 (5):
931-952.

KAIN J, CONIGLIO M, CORREIA J, et al. A feasible study for probabilistic convection initiation forecasts
based on explicit numerical guidance [J]. Bulletin of the American Meteorological Society, 2013, 94
(8): 1213-1225.

KARSTENS C, STUMPF G, LING CHEN, et al. Evaluation of a probabilistic forecasting methodology for
severe convective weather in the 2014 Hazardous Weather Testbed [J]. Weather and Forecasting, 2015,
30 (6): 1551-1570.

KIRKPATRICK J, MCCAUL E, COHEN C. The motion of simulated convective storms as a function of
basic environmental parameters [J]. Monthly Weather Review, 2007, 135 (9): 3033-3051.

KLEMP J. Dynamics of tornadic thunderstorms [J]. Annual Review of Fluid Mechanics, 1987, 19: 369—
402.

KNAFF J, DEMARIA M, SAMPSON C, et al. Statistical, 5-day tropical cyclone intensity forecasts derived
from climatology and persistence [J]. Weather and Forecasting, 2003, 18 (1): 80-92.

LANE T, KNIEVEL J. Some Effects of model resolution on simulated gravity waves generated by deep,
mesoscale convection [J]. Journal of the Atmospheric Sciences, 2005, 62 (9): 3408-3419.

LANGLAND R, SHAPIRO M, GELARO R. Initial condition sensitivity and error growth in forecasts of
the 25 January 2000 east coast snowstorm [J]. Monthly Weather Review, 2002, 130 (4): 957-974.

LAW K, HOBGOOD J. A statistical model to forecast short-term Atlantic hurricane intensity [J]. Weather
and Forecasting, 2007, 22 (5): 967-980.

LEBO Z J, MORRISON H. Effects of horizontal and vertical grid spacing on mixing in simulated squall
lines and implications for convective strength and structure [J]. Monthly Weather Review, 2015, 143
(11): 4355-4375.

LEONCINI G, PLANT R, GRAY S, et al. Perturbation growth at the convective scale for CSIP IOP18 [J].
Quarterly Journal of the Royal Meteorological Society, 2010, 136 (648): 653—670.

LORENZ E. Deterministic nonperiodic flow [J]. Journal of the Atmospheric Sciences, 1963, 20 (3): 130—
72



27 3k

141.

LORENZ E. The predictability of a flow which possesses many scales of motion [J]. Tellus, 1969, 21 (3):
289-307.

LORENZ E. Atmospheric predictability experiments with a large numerical model [J]. Tellus, 1982, 34 (6):
505-513.

LORENZ E. Predictability—A problem partly solved [R]. ECMWF Seminar on Predictability, 1996.

MARKOWSKI P, RICHARDSON Y. Mesoscale meteorology in midlatitudes [M]. Chichester: Wiley-
Blackwell, 2010.

MARKOWSKI P, STRAKA J, RASMUSSEN E, et al. Variability of storm-relative helicity during
VORTEX [J]. Monthly Weather Review, 1998, 126 (11): 2959-2971.

MCNULTY R. Severe and convective weather: A central region forecasting challenge [J]. Weather and
Forecasting, 1995, 10 (2): 187-202.

MELHAUSER C, ZHANG FUQING. Practical and intrinsic predictability of severe and convective
weather at the mesoscales [J]. Journal of the Atmospheric Sciences, 2012, 69 (11): 3350-3371.

MENG ZHIYONG, YAO DAN. Damage survey, radar, and environment analyses on the first-ever
documented tornado in Beijing during the heavy rainfall event of 21 July 2012 [J]. Weather and
Forecasting, 2014, 29 (3): 702—724.

MENG ZHIYONG, YAO DAN, BAI LANQIANG, et al. Destructive winds behind the shipwreck of the
“Oriental Star” [J]. Science Bulletin, 2015, submitted.

MLAWER E, TAUBMAN S, BROWN P, et al. Radiative transfer for inhomogeneous atmospheres: RRTM,
a validated correlated-k model for the longwave [J]. Journal of Geophysical Research, 1997, 102 (D14):
16663-16682.

MORRISON H, MORALES A, VILLANUEVA-BIRRIEL C. Concurrent sensitivities of an idealized deep
convective storm to parameterization of microphysics, horizontal grid resolution, and environmental
static stability [J]. Monthly Weather Review, 2015, 143 (6): 2082-2104.

NAKANISHI M, NIINO H. Development of an improved turbulence closure model for the atmospheric
boundary layer [J]. Journal of the Meteorological Society of Japan, 2009, 87 (5): 895-912.

NAYLOR J, GILMORE M, THOMPSON R, et al. Comparison of objective supercell identification
techniques using an idealized cloud model [J]. Monthly Weather Review, 2012, 140 (7): 2090-2102.

ORLANSKI 1. A rational subdivision of scales for atmospheric processes [J]. Bulletin of the American
Meteorological Society, 1975, 56 (5): 527-534.

RHEA J. A study of thunderstorm formation along dry lines [J]. Journal of Applied Meteorology, 1966, 5
(1): 58-63.

ROEBBER P, GEHRING M. Real-time prediction of the lake breeze on the western shore of Lake Michigan
[J]. Weather and Forecasting, 2000, 15 (3): 298-312.

ROEBBER P, SCHULTZ D, ROMERO R. Synoptic regulation of the 3 May 1999 tornado outbreak [J].
Monthly Weather Review, 2002, 17 (3): 399-429.

ROEBBER P, SCHULTZ D, COLLE B, et al. Toward improved prediction: High-resolution and ensemble
modeling systems in operations [J]. Weather and Forecasting, 2004, 19 (5): 936-949.

73



BN i e L VAT

ROTUNNO R, KLEMP J. The influence of the shear-induced pressure gradient on thunderstorm motion [J].
Monthly Weather Review, 1982, 110 (2): 136-151.

ROTUNNO R, SNYDER C. A generalization of Lorenz’s model for the predictability of flows with many
scales of motion [J]. Journal of the Atmospheric Sciences, 2008, 65 (3): 1063—1076.

SCHAEFER J. Severe thunderstorm forecasting: A historical perspective [J]. Weather and Forecasting, 1986,
1 (3): 164-189.

SCHULTZ D, DOSWELL C. Analyzing and forecasting Rocky Mountain lee cyclogenesis often associated
with strong winds [J]. Weather and Forecasting, 2000, 15 (2): 152-173.

SCHWARTZ C, ROMINE G, WEISMAN M, et al. A real-time convection-allowing ensemble prediction
system initialized by mesoscale ensemble Kalman filter analyses [J]. Weather and Forecasting, 2015,
30 (5): 1158-1181.

SCHWARTZ C, ROMINE G, SOBASH R A, et al. NCAR’s experimental real-time convection-allowing
ensemble prediction system [J]. Weather and Forecasting, 2015, 30 (6): 1645-1654.

SELZ T, CRAIG G. Upscale error growth in a high-resolution simulation of a summertime weather event
over Europe [J]. Monthly Weather Review, 2015a, 143 (3): 813—-827.

SELZ T, CRAIG G. Simulation of upscale error growth with a stochastic convection scheme [J].
Geophysical Research Letter, 2015b, 42 (8): 3056-3062.

SIPPEL J, ZHANG FUQING. A probabilistic analysis of the dynamics and predictability of tropical
cyclogenesis [J]. Journal of the Atmospheric Sciences, 2008, 65 (11): 3440-3459.

SKAMAROCK W, KLEMP J, DUDHIA J, et al. A description of the Advanced Research WRF version 3
[R]. NCAR Technical Note NCAR/TN-475+STR, 2008.

SNOOK N, XUE MING, JUNG Y. Ensemble probabilistic forecasts of a tornadic mesoscale convective
system from ensemble Kalman filter analyses using WSR-88D and CASA radar data [J]. Monthly
Weather Review, 2012, 140 (7): 2126-2146.

SNYDER C, ZHANG FUQING. Assimilation of simulated Doppler radar observations with an ensemble
Kalman filter [J]. Monthly Weather Review, 2003, 131 (8): 1663—-1677.

STENSRUD D, WEISS S. Mesoscale model ensemble forecasts of the 3 May 1999 tornado outbreak [J].
Weather and Forecasting, 2002, 17 (3): 526-543.

STENSRUD D, GAO JIDONG. Importance of horizontally inhomogeneous environmental initial
conditions to ensemble storm-scale radar data assimilation and very short-range forecasts [J]. Monthly

Weather Review, 2010, 138 (4): 1250-1272.

STENSRUD D, BROOKS H, WEISS S. Weather prediction: Severe Weather and Forecasting [J]. //
HOLTON J, CURRY J. Encyclopedia of the Atmospheric Sciences. New York: Academic Press, 2002:
2568-2576.

STENSRUD D, WICKER L, KELLEHER K, et al. Convective-scale Warn-on-Forecast system [J]. Bulletin
of the American Meteorological Society, 2009, 90 (10): 1487—1499.

STENSRUD D, WICKER L, XUE MING. Progress and challenges with Warn-on-Forecast [J]. Atmospheric
Research, 2013, 123, 2-16.

SUN YONG QIANG, ZHANG FUQING. Intrinsic versus practical limits of atmospheric predictability and

74



27 3k

the significance of the butterfly effect [J]. Journal of the Atmospheric Sciences, 2016, 73 (3): 1419-
1438.

SURCEL M, ZAWADKI I, YAU M K. On the filtering properties of ensemble averaging for storm-scale
precipitation forecasts [J]. Monthly Weather Review, 2014, 142 (3): 1093-1105.

SURCEI M, ZAWADKI I, YAU M K. A study on the scale dependence of the predictability of precipitation
patterns [J]. Journal of the Atmospheric Sciences, 2015, 72 (1): 216-235.

SURCEI M, ZAWADKI I, YAU M K. The case-to-case variability of the predictability of precipitation by
a storm-scale ensemble forecasting system [J]. Monthly Weather Review, 2016, 144 (1): 193-212.
TAN ZHE-MIN, ZHANG FUQING, ROTUNNO R, et al. Mesoscale predictability of moist baroclinic

waves: Experiments with parameterized convection [J]. Journal of the Atmospheric Sciences, 2004, 61
(14): 1794-1804.
THOMPSON G, FIELD P, RASMUSSEN R, et al. Explicit forecasts of winter precipitation using an

improved bulk microphysics scheme. Part II: Implementation of a new snow parameterization [J].
Monthly Weather Review, 2008, 136 (12): 5905-5115.
THOMPSON R, EDWARDS R, HART J, et al. Close proximity soundings within supercell environments
obtained from Rapid Update Cycle [J]. Weather and Forecasting, 2003, 18 (6): 1243—-1261.
UCCELLINI L. Service Assessment: May 2013 Oklahoma tornadoes and flash flooding [EB/OL]. Silver
Spring, Maryland: U.S. Department of Commerce/NOAA/NWS, 2014 [2015-11-1].

http://www.nws.noaa.gov/os/assessments/pdfs/13oklahoma_tornadoes.pdf.]
VAN SANG N, SMITH R, MONTGOMERY M. Tropical-cyclone intensification and predictability in three
dimensions [J]. Quarterly Journal of the Royal Meteorological Society, 2008, 134 (632): 563-582.
VIE B, NUISSIER O, DUCROCO V. Cloud-resolving ensemble simulations of Mediterranean heavy

precipitating events: Uncertainty on initial conditions and lateral boundary conditions [J]. Monthly
Weather Review, 2011, 139 (2): 403—423.

WANDISHIN M, STENSRUD D, MULLEN S, et al. On the predictability of mesoscale convective systems:
two-dimensional simulations [J]. Weather and Forecasting, 2008, 23 (5): 773-785.

WANDISHIN M, STENSRUD D, MULLEN S, et al. On the predictability of mesoscale convective systems:
three-dimensional simulations [J]. Monthly Weather Review, 2010, 138 (3): 863—885.

WANG HONGLI, AULIGNE T, MORRISON H. Impact of microphysics scheme complexity on the
propagation of initial perturbations [J]. Monthly Weather Review, 2012, 140 (7): 2287-2296.

WECKWERTH T, PARSONS D. A review of convection initiation and motivation for IHOP_ 2002 [J].
Monthly Weather Review, 2006, 134 (1): 5-22.

WECKWERTH T, PARSONS D, KOCH S, et al. An overview of the International H20 Project
(IHOP_2002) and some preliminary highlights [J]. Bulletin of the American Meteorological Society,
2004, 85 (2): 253-2717.

WEI JUNHONG, ZHANG FUQING. Mesoscale gravity waves in moist baroclinic jet—front systems [J].
Journal of the Atmospheric Sciences, 2014, 71 (3): 929-952.

WEISMAN M, KLEMP J. The dependence of numerically simulated convective storms on vertical wind
shear and buoyancy [J]. Monthly Weather Review, 1982, 110 (6): 504—-520.

75



BN i e L VAT

WEISMAN M, KLEMP J. The structure and classification of numerically simulated convective storms in
directionally varying wind shears [J]. Monthly Weather Review, 1984, 112 (12): 2479-2498.

WHEATLEY D, YUSSOUF N, STENSRUD D. Ensemble Kalman filter analyses and forecasts of a severe
mesoscale convective system using different choices of microphysics schemes [J]. Monthly Weather
Review, 2014, 142 (9): 3243-3263.

WHEATLEY D, KNOPFMEIER K, JONES T, et al. Storm-scale data assimilation and ensemble forecasting
with the NSSL Experimental Warn-on-Forecast System. Part I: Radar data experiments [J]. Weather
and Forecasting, 2015, 30 (6): 1795-1817.

WILSON J, ROBERTS R. Summary of convective storm initiation and evolution during IHOP:
Observational and modeling perspective [J]. Monthly Weather Review, 2006, 134 (1): 23-47.

WU DUOCHANG, MENG ZHIYONG, YAN DACHUN. The predictability of a squall line in South China
on 23 April 2007 [J]. Advances in Atmospheric Sciences, 2013, 30 (2): 485-502.

YUSSOUF N, MANSELL E, WICKER L, et al. The ensemble Kalman filter analyses and forecasts of the
8 May 2003 Oklahoma City tornadic supercell storm using single- and double-moment microphysics
schemes [J]. Monthly Weather Review, 2013, 141 (10): 3388-3412.

YUSSOUF N, DOWELL D, WICKER L, et al. Storm-scale data assimilation and ensemble forecasts for
the 27 April 2011 severe weather outbreak in Alabama [J]. Monthly Weather Review, 2015, 143 (8):
3044-3066.

ZHANG DALIN, ANTHES R. A high-resolution model of the planetary boundary layer— sensitivity tests
and comparisons with SESAME-79 data [J]. Journal of Applied Meteorology, 1982, 21 (11): 1594—
16009.

ZHANG FUQING, SIPPEL J. Effects of moist convection on hurricane predictability [J]. Journal of the
Atmospheric Sciences, 2009, 66 (7): 1944-1961.

ZHANG FUQING, TAO DANDAN. Effects of vertical wind shear on the predictability of tropical cyclones
[J]. Journal of the Atmospheric Sciences, 2013, 70 (3): 975-983.

ZHANG FUQING, ODINS A, NIELSE-GAMMON J. Mesoscale predictability of an extreme warm-season
precipitation event [J]. Weather and Forecasting, 2006, 21 (2): 149—-166.

ZHANG FUQING, SNYDER C, ROTUNNO R. Mesoscale predictability of the surprise snow storm of 24—
25 January 2000 [J]. Monthly Weather Review, 2002, 130 (6): 1617-1632.

ZHANG FUQING, SNYDER C, ROTUNNO R. Effects of moist convection on mesoscale predictability
[J]. Journal of the Atmospheric Sciences, 2003, 60 (9): 1173—-1185.

ZHANG FUQING, BEI NAIFANG, ROTUNNO R, et al. Mesoscale predictability of moist baroclinic
waves: Convection-permitting experiments and multistage error growth dynamics [J]. Journal of the
Atmospheric Sciences, 2007, 64 (10): 3579-3594.

ZHANG YUNIJI, MENG ZHIYONG, ZHANG FUQING, et al. Predictability of tropical cyclone intensity
evaluated through 5-yr forecasts with a convection-permitting regional-scale model in the Atlantic basin
[J]. Weather and Forecasting, 2014, 29 (4): 1003—1023.

ZHANG YUNIJI, ZHANG FUQING, STENSRUD D, et al. Practical predictability of the 20 May 2013

tornadic thunderstorm event in Oklahoma: Sensitivity to synoptic timing and topographical influence

[J]. Monthly Weather Review, 2015, 143 (8): 2973-2997.
76



27 3k

ZHANG YUNIJI, ZHANG FUQING, STENSRUD D, et al. Intrinsic predictability of the 20 May 2013
tornadic thunderstorm event in Oklahoma at storm scales [J]. Monthly Weather Review, 2016, 144 (4):
1273-1298.

ZIEGLER C, RASMUSSEN E. The initiation of moist convection at the dryline: Forecasting issues from a
case study perspective [J]. Weather and Forecasting, 1998, 13 (4): 1106—1131.

ZIETLER J, BUNKERS M. Operational forecasting of supercell motion: Review and case studies using
multiple datasets [J]. National Weather Digest, 2005, 29 (1), 81-97.

77



BN i e L VAT

Bi

RSO PIBIBRANE . BRI R WA, R R E
BX—FB P BEAF R O N SEAER 2, (HEDARITE W RREARA TN 8 o 2R
XA 28 (AT B AR B Bl DA —Fh@18; prl e R Cprge, X Exbilg
ZN3

B S B A e B A2 BN T T R B 2. FRZ AR 2008 £F (8] [ AN R IEAE 13K
FITAE B R AR E L 2006 AR FIBEEAE . AR IHEKIE Ll i 3 17 R
PR BN TR AEER KK, (HRZ AT ER 7 REUR%E, JEARITE
H CRE T A 58 B VIR ANRITE 2 I B A RE I AR EL 2 Ja AT R TN &
It 2 M BB SO I — 2 — DR =TT, X AR i B T B R 3R AE
ARHRIE AR 2 18 ) 2 i L, s AR AN PR LU ) IR 2 B o R BN 4 T A
o BT HEG OB A I, RN RGBURZE L SERFES KR, AR A A R
W PRIZ I BERE K 52 I Q20T hate S B ARRHEL & SC AR 0 A2 TS g RoR
R R A, AR RARL G R MRS A ARG, WAERIR T iXA
RSSO TR RE e ZJEAERIEE L A AL RN, d AN BO BRI 2] L FBHE
AATERME 7 A 2 MR ORI B, then 3t 7 RERRIIT RIS, bk
ST V2 BN AR S W BAEL, SCRFRFITE R F R RN QIR ££35%
[H e 1 B E R TR TE o rTRLUE, QR X R G F R I 2 %
HIoEMH LY, BART A6 A GIAEXFEX BT 780 1 2%, X i sc iR
A REE A A . BRI IR YL, d A bR 1 3B N A8
B, TR R BB E L E R .

FLR B RO R [ 5 A SR WM NS K2 IR R IKAR T M. k2 iR 3
6 [ P 4R I 55 77 0 ) 1) S T, 3 1 ki SO 3 S P 5t U FRAE 5K T TR A A
BRI SR . EIXPIEIE], sRZ ML aAb B S 22— BRI AR
5 EBATINE MR RS, B BIRAES 22 AR 2B RHEAR TR Z AR AT
BRMZNN. AL A EIR A 1 1 He 5 B AT A 0 PR A 48 S BEAT 1+ 5 BHIE L
YRR, BN 1 RENS 5 AR S AL A B W 7L P R R AR AR 3R 5 % (0 A
2 M TARLR . Ah, STMIMILKRZE TR AN JCHZ AR T Z MRS A 1 [F 2
IR R 2, RF RSP E RS SRR T 5 H MR #) RO6—
B, AR AAT. PURAE RIS 15 7RI H o 53 B AT AE T2 M AL RS
R A e ORI

FRIGE BRI AR, AATIFE AR BT RIR A H IR, FE2EWS ARG 1 SCRE . Rt

78



B

BHIF RSBV R H T MM ESE B3 R RS R B+ /MBI B —
SRR IR . AL H e ik 28 55 3 A YAt e vF SN T Ak R R AR AR N £
FEXT BRI AR 45 T OBt A 50 FERRIT IR U0 T 2K BF I U e 4 A i %
SR B T BRAEEE T DIN . R 55N LT B, FABTELONR T .

B Jr AR R B AT DB T ik 44 sV IR B 2 RE 3 (HE AT —H
RN FEEN RN, 25 FAMATRERAE, HERSCHIXAERN 7RI L
FALRI NG P R PURII A RO A MATHIRG A, X B R RS ORI, R 2
AREENY ANEETE, RBAEAE B H A IR B AR e . B A N & T8
WANLERTT F EARIBRERG A, XN Z 2 BA TR S F O e

vER T 2EAE, B2 S B0 R RHE I A A A S 2 AR MERE T R 0E B ORI
ZNE T o AR RIE IR R AR R BOS R FOAME,  EAMKIH R 3L iR VI L.

rELLAIL.

79



BN i e L VAT

ERKRFFAIL IR Q1% AR FIE A 1%t R

JRRIEE R

ANFEEFEY: fr 2 AAR S —RANAETITNITE T T, SO BATHE T AR B
WAR ISR - BRICH CEW gl N AL, AR SO SR AR NBiS ik e K
REBRE I B EUSCR o XA ST HIBI T H E TR AR A, By ErE s b
BT Wb o AS S BRI 2 SRt A R

[SCEE TS EFPE S
AR SO A U

CILAHEAT FEFRAZ A A B VR AR BRI A

ARNGEAE T IR R TR R AF AL SCRIRE, Bl

® LSRR GE AT AL Ve SCH ER A A HL R A

® HRCARUIRAF AN SCHI EVRIASHT FL i, FF B2 B AR S0 MR 55, AR
el b S A A 55 5

® R LURARZEN. g, s e R BRI S

® IR IR iR DR 75 AR IR A AT AL SO TR, SRR O — 4/ O /0 =
FLLG, AR R |4 3CRA

COR VR S AR 3 Jr 3 7 IR E D

WIXANEHEREA FIMREA -
EE R £ A H

80



