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Abstract: Predicting severe convective storms has long been recognized as one of the most important aspects as well as one of the most
difficult part of weather forecast. With advanced ensemble-based data assimilation techniques like ensemble Kalman filter, the uncertainties
in initial conditions of storm-scale weather prediction can be significantly reduced, leading to an improved performance of severe
weather forecast. This review paper will briefly introduce the concepts and variations of ensemble Kalman filter, schemes to improve
filter performance at storm scales, applications of various conventional and in situ observational platforms in ensemble data assimilation,
and focuses on the severe weather prediction systems as well as operational and quasi-operational storm-scale ensemble data assimilation
and prediction systems, the issues and difficulties that encountered in current applications, and possible future directions.
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Fig. 1 Schematic diagram of procedures of EnKF data
assimilation at £+,

(v, indicates observations, blue vertical lines indicate
ensemble background, red vertical lines indicate ensemble
analysis after data assimilation, horizontal arrows
between each pair of blue and red vertical lines indicate
improvements of data assimilation™*”)
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(a) 3DVar

(d) EnKF 10-mem

(h) E4DVar 10-mem
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Fig. 2 Innovations of temperature (shaded, unit: K), horizontal wind (vectors) and water vapor mixing ratio (thick black
lines, unit: g + kg™, solid lines indicate positive values and dashed lines indicate negative values) when assimilating
synthetic temperature observation at 500 hPa with increment of 1 K by using 3DVar (a), 4DVar (b), EnKF (c, d), En3DVar
(e, f), EndDVar (g, h) techniques (c, e, g for using 40 ensemble members, d, f, h for using 10 ensemble members, thin

black lines indicate geopotential height at 500 hPa™*'
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(b) 20 MEG HLDL, bR EL 242700 km
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Fig. 3 Sample correlation between model grids and yellow star grid based on an ensemble of global model forecast
(a, c-f) for using 20, 80, 320, 1280 and 10280 ensemble members without localization, (b) for using 20 ensemble
members with covariance localization of 700 km with Gaspari—Cohn function®®®
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M, D& ICE# R VR SRALFERE, KFIH ) 52 R IR
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F1 EAENKFRL EXMMHTRERENFRNTIROT R THEOSEERTMEKFRLSHIEE (27 RRSHH
ERE, “Y RNMEAMEBREFR)
Table 1 Numerical model and EnKF system configurations for data assimilation studies of radar observations on severe
convective storm analysis and predictions ( “?” indicates unknown parameter settings, “Y” indicates application of
additive noise)

Ry = 11 115 . FMH1E (km)
E e BERE RERE gammmE — (%) R
m min 7}(:'2 EE
Snyder%% (2003) *¥ 2 5 50 4 4
Dowell 25 (2004) 2 4~5 50 6 6 5
Zhang % (2004) ) 2 5 50 4 4 0.5 RTPP
Caya % (2005) 2 5 100 73 73
Tong % (2005) 2 5 100 8 8 7 & 10
Xue £ (2006) 1.5 5 40 6 6 7
Gao %5 (2008) 7! 1~4 5 40 8 8
Jung % (2008) 2 5 40 6 6 15
Tong % (2008) ) 2 5 40 ? ?
Aksoy %5 (2009) ™ 2 2 50 5 4 5
Dowell 25 (2009) 1 6~8 50 6 6 Y
Jung % (2010) 2 5 40 6 6 15
Xue % (2010) 7 1.5 5 80 45 45 7 & 20
Yussouf %5 (2010) " 1 1 40 4 4
Dong %% (2011) 2 5 40 6 6 5
Dowell 2 (2011) 1 1 50 6 6 Y
Snook 4 (2011) 7 2 5 40 6 6 25
Dawson 4% (2012) 7Y 1 2 30 12 6 Y
Jung % (2012) ™ 1 5 60 6 6 15 Y
Marquis % (2012) *” 0.5 2 50 6 6 Y
Potvin % (2012) ™ 0.6 2 40 6 3 Y
Thompson % (2012) * 0.5 2 45 6 3 Y
Yussouf % (2012) * 1 1 40 4 4
Potvin 45 (2013) 9 1 2 40 6 3 Y
Sobash %% (2013) * 3 5 50 12~18 3 Y
Tanamachi 25 (2013) *°! 1 3 45 6 3 Y
Yussouf 4% (2013) 7 2 3 45 12 6 Y
Calhoun %5 (2014) 9 1 5 24 2 2 Y
Lange % (2014) ™ 2 5&20 50 8 & 32 1~6 5
Marquis 45 (2014) ) 0.5 2 50 6 6 BEVA
Jones 25 (2015) Y 3 5 36 18 6 I N Y
Kerr %5 (2015) 2 50 12 12 Y
Snook %% (2015) ¥ 2 5 40 6 6 3
Sobash 45 (2015) ¥ 3 5 50 12 3
Thompson 2 (2015) ) 1 2 45 6~12 3~6 Y
Wheatley % (2015) 15 36 18 6 1 Y
Yussouf %% (2015) ©7 3 5 36 9 3 Y
Bick % (2016) ¥ 2.8 5 40 32 32 0.95 RTPS
Cintineo % (2016) ) 4 5 50 8 8 I N
Qiu % (2016) " 1 60 36 SCL SCL 0.5 RTPP
Snook 4 (2016) " 0.5 5 40 3 3 0.95 RTPS
Yussouf 45 (2016) " 3 5 36 18 6 I NV Y
Supinie % (2016) " 1 5 40 6 6 3&20 0.9 RTPS
Yokota % (2016) "* 1.875 60 32 25 15 10~20
Bao %% (2017) " 1 6 60 SCL SCL 0.8 RTPP
Supinie % (2017) " 2 5 40 6 6 20 0.9 RTPS
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Wrig /Iy, EnKF7EZ AT A2 v 715 5es AR ok i
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[Rltt,  Anderson® Hi 7B i [a) 0% 1] 22 44 (1) 3 S A 1
TR TT %, X7 ER A B . IR 2=
I S A 0 I (1) 380 7 R R 22 v R AR e N A
IR 2R, DA AR AN ] R0 0 3 A R ISF 1] ) B 1 1
LR BIRERAF A« R RN BR
LI TAEAE T ax— P

Bax 1 0T B 7 22 5 B A M 24T 2 K DA AR, e
B REMES RN RGP S H P28
INPEEEE (additive noise) 75, 3k — 7 ik AR
AR i CIHH A H o (R 0 S 5 B AL 1)
SRR X 35O (1) X7 R R 3 38 0 28 e~ b B R
By, LA A A8 2 (1) 5 T % R AR PN IR B2k} A Ak 2
(i) PR A B A5 Tl B8 B tH O 22 (P TS,
INAEA B o T IX — 5 VA RE o 35 Hh Y N AR 45 Tl
TERT I DRI B R, SOAS 2 A A A X0 AL X 3 10
It N S B R AR e, IR 2 o 2R AR
GRS TIX— % (KD o A
TR ORI, FE BRI 0 1 R 2 P ) A A o
I, BT ORI ) B I8 S5 ZaAE A BIE A, R EA
B I R ZE ORI ORI SO ) 2 ) A
O EMAE ) — &85, BE W B AT B0 P b 3 in 45 S 2 L
B, 3RAF AR R AR DY,

7y — PR Py 5 ZE KA (covariance relaxation)
1 7 St mT DU G by 25 A 3ok 1 I KO . X — vk
K S ESI M G &
PR ATIR G, X FERE AE 0% (R B EnKE Tty K 1 38
BNA, EE/NEnKFRT S 28U A S N
B T XTEEA AN AT IR & (BFOA < S i
ih” , relaxation-to-prior-perturbation, RTPP) 24,
WhitakerS8 6§ | “ 15 5L HURAA " (relaxation-
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to-prior-spread, RTPS) [ 7 %, Ying® X A/ERTPSJS
R B T “ BN T A (adaptive
covariance relaxation, ACR) 77", w57 T4
R IRAX LCAN [ (R W 7 ZE R st Rl g 22 RN 5 58 R )
SR 15 2 RS 35 2 v () AN [R) A )50 2 REA T A
WA X SN TR IR 5 58, BUE B ATAR 45 5 DL
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B0 SRR R AR A ORI AN oG AN [R] R RA R
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2 HTHT PRI RV ] DA X 2 AR 2 s =X T i
IRCATSRE s eAh,  p TR ] DL AR 1Ak B AR
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J2 N 5 R ik R RN R R B UITAH DG I B sh A4t 23
TRV PR 3 SR A T SRS A RO, e Rt
[F) A4 2R 498 50 R A XA R OR3P S [ P v
IXBCZER ) AT 4 R . CAHIR Z4EE FRHALEST
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O 2T i 17 R 2 A TR X3 1R 5 A K YR ) EE T O3
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fil e« SRPERIE K A Tk, IF HAE S AR 0E S T
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KEH‘J%}HWWS’ 104, 121]0
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TIEMICY R A HE BB TR LS4
T4 RHIMWEIT TAE 2 A8 PTG 4 KT 45 17
FPE. T . TCHEST. JoEE AR, ZRM
AT AR A A T 46 2% SO B 2 . Rk L
SCHO RS, BIBLAEIR 209 TAE C L TTF A6 T
WIWRF-ARWIX A 2% (1) b RO

FH - 225 i T A 1R AR 1) AR B B AL TR 8 P 30
IIHER IR LG, SR Z DA RERE [ e LT 2
R A ACRL T IR40 41, EnKE 773 N AE g3 15 i 2=
TIN5 ZEHE BT B A8 A LI PR B R A VR S IR
BLHEAT A3 M7, DRIHAT FH EnKE 77 345 [B 44 55 18 W00 e % 4%
KHOESGE ) T A G B SRR SR AT 5 1, FF4e
PR e A A T3 (R TR 7 E i
EnKF /7 vE AL TE I ZORHIOHTST TAE 247 LU R LK.

1) X o B KA T, Wi20114F4 H27
H 56 [ B 7 1 5 ) fe A B . 201245 6 H HASS
KPR EETRE. 201345 H8H T AR M2 W il 2.
20134F5 H 31 H 3 [k 50 B ar By N 1R 0 45 A0 5k ik
FE. 20134F6 30 [ 2 B 2 iy o i 1100 1027104 1060,

2) BT e BT RSAA 1 TR 5 5, X IR KA
SR AR TR AT T, PRI A5 S i E R K
FRANN BT RERT AT TR LA T4 50 55 100 100,

3) BRI B R ¥ NEnKF Jy ik M A 56 1 7 2%
B, WEA SRR RS R Rk
M) 2 420 (R AR Pk AN 5 EnK BV, 11 2243 1 %R EnKEF
7‘3—‘}2[67,71, 85, 89, 94];

4) WSROk TR AS ) e, o F a2 Ou)
(R R R 2 . M3 22
bR A S I R A | R E S 3 S A N SN e W Rl R S
. RN Z S A WE ST R0 0 Mg i

E(J %ﬁ HI-LL[I [63, 65-67, 76-79, 82, 87, 89, 98];

50 PREHHN A MM A, e ik S A
WP 2 5 BB MRS &, S BORCHE B
BRAFBE VSN HABTE XTI, WX B CASAHIA
AMBNEIE . XUk 2 8 dis . AEPERE, Bt
TOLI o2k r PR 00 L 1A WL 55 LA 15 R 0
W 5 R A L I I Ao 43T 47 T e 3 g o0 % 7 7%

75,77, 86,90, 93, 103-104, 106]

5

6) ANIF kAL k2 M LA, WEnKFY
ADVar FIXN 2 8 75 18 7 AT i L, LETKFFIEnSRF
o A R R AR R 1 L A B #4250,

SR, IRAEAE H EnKE 5 v R4 R A R koW
BEAT 5 75 B KA T AR 2k T — AN g
BN 00 2 T, BARIX— ik I A
IR 2 5 B i ) (W2.3795)

HZ W RS TIEMMALL, <5 DENNEEH
LR AP 38 R/ TR 32 T R0 AT 0 245 38 g B o &
AEAE— ST VAR A 3 X, iR % A I AS AT
TEIX— s eAh,  RACETIA RO 6] 53 o 2 B K
VAR (19082 L 4y N W A I ST I U b= % 7 €1 2 s A B 4 )
AR HEAT LI 1R AR5 T I B8 0 3 A T BB K ) =
RUATHI, R REE L TR A B Lk “F” 2 IEAER
B 5T, “uEENZ )G, A% BEE
GG ESIPR T S N 128 P T TR S N e
FR B R RN R 1) o R T DAOBE , 3 2R % T
AHA TR IS Rk i

78 DX SR b Ad A TR A 5 ¥R IRl A R A
IR DRSS R R BAEMEGMID 1A H R
BRI . B CE AW R IAL FH EnKF R {642 R
AR L1 AN I S BE 08 CGE Y SE M e BT R i, H
TR BT T AIF 508 2215 B AE 1R S 3 Hi s 1k
R S I R N = [R) Ak T3 AL s 9 1) /il B AR K
TRBRER RE M8 L5038 M i RS AT 450, iRl o
B (ORI Ak N R R (R TR A 22 5 TRl T OB 1)
25 KB AR 0% L5 3 6o o T 5 Ml R R 4 4 0o R ) U 5
T TR IR A 1) Sl 2004 MR) A TR S 8 1 2 T B
[i] 7% 7K B AR R A /K B A BUAR AN e i — 20 S8 0 2
(o HT s R, FIRENE IR 2 (R T s 20 2 12l
BARAT AR A FEASERLULIN [7] 1 [R) Ak T T8 W30 AR 1
TPARLAN RN, AR ZE 5T T R
WIARAK (4 km) , X5 Hy BRSO HR Y H 19 & A
BRC, fedfr /3 A FHEnKF [FI{LGOES-16 T A2 #4351
Se R 151 (Advanced Baseline Imager, ABI)
(PR G A R 28 R S iR, A B 7 2 11 fish A v
A T T 0 JE S5 A4 T TR ) i 8% SR A5 K 1) 24
e, HEIAME, PAMEREE RS
BRI RGN, U AR PR RS il
DI AL, BTG E — S (2.375)

T X U Al 1 AT 1R A 0 BB AR A i
W X% 5 TR AR f 0 Bk LAAL, 44 kLI
b F G 3 mT LA [ B ) 00 00 50 4 B8 o 4 3 0 R S 4
e Zh S8, X RERR 28 (parameter
estimation) o AP & 0T T AR T &
(2 H0 ik b b TH] Sl R0 JRU 36 2 75 2k 1R U £ 4 %2 T
S SRS HAN T BN S, KA E RS
SR T Sk = e B S R4k RS 5
PSR LRI g, Af F EnKE [R] IR SRR AS A
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Bl = PR BE VT SR KT (R AN W A Jie RV 5 B 1) AN
W, A A R R ASE X DX Sl R 0K 40 PR Tt A AT 53
HERA A I () bR F L2 AT EnK R [R A6 IR 5 Tl e
Trlfig. VAR, AR AT IR T T O
FHAWE R R RS TR RS, HhAEosst
EES FN |4 SO

NOAAHRRR#E L T-20 144FFF 4 FHEn3D Var
TR A OB FAL 7 3 km s o R A U R A v 4h
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BRI or A AT 2% . b4, HRRREIA A —&
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T g B o Al HHHRRREM 4L A Tk &5 BAE bW ih
R AT, L E KR &K % (National
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PO HERLS kmy R IR AR 1D RO B R X
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15 min AL —JCE A MM, AR AR TR T H )
[T/
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FHUA B2 T BT R gl K 3 R AR “ /2
TREG 7, FEX— R0 e b 25 PR &6 11 5 B LR 2
(B PRI XL ) A2 L, AR 10T d S 3 1 BB ABE R 8 )
() A4 5 9250 B AL R ) TR R SR A 45 I3 FH 2B A7)
R RN LA ERZER K BT ) R LA B AL 1)
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PERHAME R G M AR Y, 3% R Gl 4013 km ) HF
FIEEA K, FHEnSRFAELALS minli) B [F) 46 7 ik
M, I HAEH T MPIFIOpenMPAH 45 4 VR & IF T4
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