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A Comperison of Kalman Filter, Variational Assimilation
Methods and their Hybrids

in a Barotropic General Circulation Model

Takuya Kurihana

Abstract

The effect of hybrid data assimilation (hybrid-DA) method becomes one of the
cutting edge research trends in the recent DA field. Especially given that ensemble
forecasting within hybrid-DA system, Ensemble Kalman Filter (EnKF) provides the
background error covariance for three dimensional data assimilation (3DVar) and four
dimensional data assimilation (4DVar). Meanwhile, the predictability of ensemble fore-
casting sometimes could be deteriorated. This research, however, runs these hybrid-DA
methods by coupling Kalman Filter (KF) in the spectral barotropic general circulation
model in University of Tsukuba, called S-model, under the perfect model configura-
tion. The S-model enables to implement KF because of the relatively lower dimension
of model parameter, which avoids the extremely expensive computational cost of KF
in a typical general circulation model (GCM).

As a result, according to the difference between truth and analysis of barotropic
height, the performance of hybrid-3DVar and hybrid-4DVar was higher than that of
non-hybrid-DA methods. Root mean square error of these hybrid methods also showed
smaller. Following these consequences, hybrid with KF could also work well in lower
dimensional GCM.

In addition, this research concurrently focused on the influence of background error
covariance matrix to 3Dvar, 4DVar and proportion of the hybrid rate for hybrid-DA
methods. An appropriate background error covariance has been regarded as one of
the key parameteres for the good performance of assimilation system. However, prior
studies did not veriy the best combination of the covariance matrix given by KF due
to the aforementioned model related problems. Hence, this paper proposed suitable
DA running conditions.

Consequently, the covariance matrix, which was made by approximately 100 hours’

KF running, was able to estimate the opptimal background error. In hybrid-DA, the



equal ratio between a fixed background error covariance and flow dependent one was

concluded as the best mixed rate.

Key Words: Background error statistics , 4DVar, Hybrid , Kalman Filter, 3DVar
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K (trace (P*)) =0 (122)
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gbbobuoogbobboooobbbooogn

0 T r

A (tmce (ABA )) = A (B +B ) (123)
P T

o4 (frace (AB)) = B

gboboboil21oogdgoon

0 a\) __ 0 . f . T T
e (trace (P*) = — ((I KH) P/ (I - KH)” + KRK )
= —2P'H” + K (R + R") (124)

+K (HP/H" + H"P/H)
OD000PORODOOOO0O0O0OOOOOO0O0000O0 12400

—2P’H” + 2KR + 2KHP/H" =0
KR + KHP'H” = P/H” (125)
K — P/H” (HP'H” +R) ™

O000000000000000 KOOODODOOOOO 1250 121000000
D000 1210000000
P*=(I-KH)P/ (126)

gbobogoooobooaoboo
O0O0000OKFOOOOOooOO 1120117000000 11901260 00000000
01250 500b0go0bogooobbooboobog

4.1.4 Inflation

Obooooobob KrODOooboobooboobooboobooboobo
gbobldbbuooboogbboogbboobbooobobuogbnb 11100

r=M(zim1)+y (t=1,2,...) (127)
D0000yeR" N Guassianii.d 0000000000
P/ = MP¢ MT +T (128)

DDDDDDDDDDDDDDDDDDDF:<%7T>D FreR>"O0O0O0OKFODO
gobobobbooooooobobbotodooooboboobobooooooooboobooo
0000000000000 000000000000000O0O00000 (Inflation)
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guodbbtooooooooooooobbboon
0000000000000 Multiplicative Inflation (Anderson and Anderson 1999)
0 fix10% 0O Smodel DO DDOO0OOODOOOOOOOOODOOOODODOOMulti-
plicative Inflation D OO OO0 O0O0O0ODO 12800 000000000O0O0ODOODO
gboobobobobd

P/ = aP/ (129)

O00000000D000000000 Anderson HamillD Miyoshid Whitaker 0 [
OO00D0D0O0D0O000o0ooogon

4.2 00U
4.2.1 3DVar

3Dvar 000 000O0ODODODOD KrPODDOOOOOOODDDODOODODODOODOOO
Oooooobooobgoooooooooooooooooooboooobooooon
Oooooooooooobooooboolooooooooooooobooooon
00 (Parrish and Derber 1991) 0000000000000 0 yOOOOOO0OO
Ooo00O0ooooooOooooooOoooooooOoooooOobooOooooDoDo
000000000000 000 (2005 000000)000 (201700000000
O000)000 (2009 0000000000
Oo0O0O0o00ooooooboboooooo
0002/000 y0OOODODODODOOO0OO0000D00O0

1. </, y0oooooooo
2. #/,y000000000000000000000
3. DOoOoooooood

gobodobooooogodobododn o000, UOOOO

1 (l’f o xtrue)?
P(27|2tre) = ex [—— 130
(@) = e |y (130
1 <y _ mtrue)2
P(ylat™) = —— exp [—— (131)
V2mo, 207
O0O00Do0Ooooooooog
1 (If — xtrue)? <y _ xtrue>2:|
P(z|zf,y) = exp |— — 132
(ale!.) = e |- v (122)
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goboopPUOO0DLDDOOO0ODLDDDODOUOOOODDRDbDDbDUODUODbDDRDOO
(:L.f_xt'rue)2 <y_$true>2

2 2
207, 20,

J(z) = (133)

0000000 J(x)0OOODOODOOoODOOOooooooooooooooooooo
000000000000 000000gg Jx O 200000 VJ(@)=000O00O
U0 z00000000

ooo00e,sO0, UOKFOOOOOOOOOOOOOOOOOOOOOOOOOO

OOo00b0obo0 BeR™™OReR™™ ODO0OOO0OOO0O13300000000

Ja) = S~ 2B (@ — o) + Sy~ HE) Ry~ H@) (134

goobobtods4 bbb bbtid0 oooobbbbbooooubbo
00000000000VJ(z) 00
VJ(z) =B Yz —2)) - H'R ' (y — H(z))
=0

O00 HeR™™ OODODODOO HOODOOOOODOO
0000000000000 0000 (iteration) DO0D00OO0OO0OO0DO0DO0OOOOOO
O000000000000000000 (Conjugate Gradient : CG) 00000000
00000000 (Quasi-Newton)JOOODOOOOODO (Gauss-Newton) DO 00O
guoobobboooobbbooouobbbooooobobbbuooooooo
O000 100 LBFGSOODODODODODOODDODODOO0O0O0O0ODO0ODO0ODOODbOOnOO

(135)

4.2.2 KFUO 3DVarOooognog

O0000OKFOOOOOOOOOOOOO 3Dvar 0 KRFOOOOOOOOOOO
0000 1340 1130 «f =zt 4+ 60000000
1
J(x):§(ch—5x—xf)TB’1(xf—5a:—xf)

+5(y — H(z! — 62)) "R (y — H(a! — 6z))

DN | —

(136)
d=y—-HEHOODOO

= J6rTB 4 (d — H(5r) "R (d — H(x))
000002000000 6200000 00000000000000
VJ(dz) =B 6xr —H 'R *(d - H(dz)) =0
(B'+H'R'H)dz =H'R™'d (137)
0z = (B! +HTR'H) 'H'R'd
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00000000 3DVar 0000000000 KF (€ Gaussianiid) 0000 dx0
dOP/=BO000O 1200000000

2* =2/ + K (y — H(z'))

=/ +Kd
. (138)
1 — 2/ = BH" (HBH" +R) d

§z=BH' (HBH” + R) ' d
00000000000000000(B+H'R'H) 0000000 1380000
0000000

-1

jz=(B'+H'R'H)"' (B"' + H'R'H)BH’ (HBH” +R) 'd

(
(
(
(

1

)

B'+H'R'H) ! (H" + H'R"'HBH") (HBH" +R) d

B~'+H'R'H) " (H'R'R+H'R'HBH") (HBH” +R) 'd (139)
)

1

“'H” (R (R+HBH")) (HBH” +R) ' d
— (B~ +H'R'H) 'H'R '

B!'+H'R'H

000 1370139 0000000000b0obO0 KFO s3Dvar OO0 ooon
gbobobodgo

0000000000000000000 (OI)O 3DVar 000 O00oooooooo
oboboooboobobobo0 KRPoobooboooboobo 1booboboo
Oobo0oob0oooooboobooboobooooKFO OlODOOobooboogo
gobobobbbooogooobobbbdooooobobbuooooooobobooon
gbobboboobooboobooboob

4.2.3 4DVar

ADVar 00000000 3DVar DO OOO0OO00OO0DOOOO0DO 400000000
Oo0o0O00ooooooOooooooOoooooooOoooooboOoOooooDooDO
O00003Var 00000 (00 600)00000000000000C0OO00OO
Ooobooooboboooboob4bVa0bO0oooooooooooooooboOoon
OooOoOoO0O0000000oooOoOODOO0DOOO00000—000000000000
000000000 (Lewis and Derber 1985, Courtier et al. 1994) 00000000
Oo0o00OoooooOoOooooooO0oOoooooOoOooooooOoOooooDooDO
Oo0o0o00ooooooOooooooO0ooooooOooooooOoooooDooDo
0000000000000 0000000000000 (Miyoshi and Honda 2007)0
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Dododooooooooodoooodoooooooooooooooooon
Oodooododouoooooooooooooouoonoononon 4Dvar0ogno
Oo000ooooooooooooooooooooooooooooooooon
Oo0doooooooooooooooooooooooooooooooooonon
0000000 (2009000 (2015000000)000000000000000
oo

2=M(r) (t=1,2,...) (140)

gbobobooogbbobuoooobobobuoooobood

+ Z %(yt - Ht(xt))TR;l(yt — Hy(z)) (141)

000000000000O000 to0000 (boooooo)oooooO t=o0
U0 ¢t=T000000x, 000000 DOO0OODOODOOO0OODOOO0O0OOD
ooooooddlH, R, 0000000000DbOO00O0ObOOobOO00bobOOoOooD
OO00ooopbobobo0oobOonbD KrPO3DVar OO0 He R R e R™M™
gooo

Ubb0Db0Oz, 00000000 g, 00bbb0ooooooboboogd

H,(z;) = H, (M'(z;)) (142)

goobobbodbogbbobogboobbuooboooboobbboobod
000000 (forwardmodel) 0000001420 00000000000000

J(x) = %(%‘ — )" B i —2l) + ) %(?Jt — Hy(2:))"Ry (g — Hi(;))  (143)

guddd z 0b0ooboboobn
t=0 (144)

O00D0DHD H,OOODDODOOOOOO
H, = H,M,_1M,_, ... M, (145)
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D0O0O0OD0OH,0 H,OOODODOODOOODOOODO 14600
VJ(z) =B Yz — )
T
=y oMMy . MY H R, (y - Hy (M (24)))
t=0

dy =H,R; (y — I:It(%)) ooao (146)
=B !(z; — 27)

+ (Mg (M7 (... (Mp_ydr +dr_1)...) +di) + do)
=0

00000000 oooM 00000000000000000000000000
0000000000000 0000000000D0gooooO (backward model)
ooooboboooobodbg bobob0oboooobobobooboogooDoo
gobbobbbuodgooobbbbbodooogobobbouooooooboooon
goboboooobbboooobboboooooboo

0 4DVar O O Outer Loop O Iner Loop OO ODOOOOO 200000000000
Iner Loop OO O0OO0O0O0OO0O0OO0O0ODOOO0ODOOOODOODODOODODODODOD
OO0 obOO00O00D0OODOboOoOoOognOOuter LoopDOOODOOOOOOODODO
O00000000000000000000 (D0 2017000000000000)O
gb2000000b0bo0goboboboooobbboooooboooooboon
oboboboo 100000

O000004DVar 0000000000000 O0O0O0OO0OO0O0 MO M,O0O
000 (D0OCO0O0000D)000000000D0oooOOoOoOOoooO (oo 2009)
gobobooogooboood

4.2.4 Quasi-Newton method

O00000000000000 f(x)DODDOOODODOOODODODOODODOODOODODOO
goobbboogguoboobbobbooggubobooobooooonobooo
O000000000D00000000 (Nocedal 1980)00 000000000 Nocedal
(1980) O Byrd et. al (1995) OO D000 O0O0O0O0O0O0O0O0O0O0O Nocedal (1980)0
Byrd et. al (1995)0 OO (2015 000000)0000000000000000OO
O0000000000000000 10000 Limited -BFGS O (L-BFGS) 00O
00 (Liu and Nocedal 1989)0 00 0000000000000 LBFGSOOOOO
O (Nocedal and Morales 2011) D0 0000000
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O0000000000oQooOoOoOo0o0ODO000D0 f(o)ODODODDOOOODODOO
000000 200000 dz=2°—2o000 Taylor OO OO

F(a) = foo) + f (@) + 3 f (w)oe? (147)

0000000000009 0000000000 rmO00OODOOM47TOD0OODO
goboo

! f(xl) - f(xo)

f(xa):
1 /2533 .o (148)
=5 (£ a4 £ Gy gon)
2 0ggdag ogono
! 12 1
f(wo) + f (350)5537:0
/ 149
$a:l‘0—2—f (xO) ( )
f//(xo)
0000000 HOOOOOOO 14900
1" = x9 — H 'V f(z0) (150)
000 o OO0 O0O000O0O000o0oooooogon
Tn+l = Tn — H_IVf<l’n) (Z = 07 17 ) N) (]‘51>
ooooo
n = Vf(z, —V{f(x,
Y f(Zni1) f( ) (152)

Spn = Tp41 — T

0000000000 HOOOOOOOOOOOO (Dennis and Schnabel 1989)0

Hypw = VIHV, 4 ppspst (153)
Ve = I — paynst (154)
pn = 1/ynsy (155)

OOo0oooooooobooooooboooobooooooooogoL-BrFGSODODO
000000000000000 f(x) 000000 z20000000ODODODOODOO
obogboobboobooboobbooboobboobbooboobbon
gbooogo
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5 0O

OO0D0000Db0O00O0 S-ModelDOOODOODOOODODOOODODODODODOO
Oo00o0o0ooooooooooboooobo0o RMSEOOODODOODOOODoOOoOoooo
gbodbogbogboobooboobooboobooobobbobbobn
OOooooboobOoboOo RMSEODODOOODODODOODODOOoOOoooooooooDooD
gobbobbbouooogobobbbodooooobobbooooooboon
gobbobbbouogogooobobbbouoooobboboooooooboon
gobobobobboooogbbobbodooooboobobbooooooooboobooon
gbbboooobbboooobbbdad

5.1 UUooood
5.1.1 0OU00OO0OOOOOoOoOoboboOd

gobbobbougooobbbbbodoooooobbobbouooooon
gbobobooooboboboooobon

5.1.1.1 KF

OO0 100000000000000000000000 KrPOOOOOOODOODO
OO0 RMSEODUODODOODODOKFOODODODODODODODODODOD
00000000 400000 (0DODDOO0ODOO700)0 RMSEC 0030000000
OO0000bD0oOobooOoo4aDVard RMSEO O 0.0503DVard 0.170 000000
OKrFO3OOOOooOobooboooo400ooooobooboobooboboboon
O000RMSEODo02000000000

5.1.1.2 3DVar

OO0 100KFOOOOOOODOOODOoOooOooooo RMSEOODOOOOOoOoOoOo
O00000BOOOOOOOOOO30000((OO0O00005M0)00000KFOO
Dvar 0000000000000 OOOORMSEODO 0060 KFO 3000 (DOO
Oo00O0s50000000000DODO000BOOOOCOOOODODBOOOOOOO
O00od0ooboooobooboobobooboobooooDboobooobon
O0O0O00oOOoogsoolo0bonono RMSEDD 0.02000000000KFOO
Dvar 00 O0OO0D0OODOO0O0ODODODOO0O0OODDODOOOOO
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5.1.1.3 4DVar

OO0 100200000000000000 4DVar 0 RMSEOODOODOODODOODO
OO0 KFOOOOOooobobooooboboobosoboooobo RKFOOooon
gobobooooboboooobboooon

5.1.2 0J000O0ODOOO0ODOODO BOOOOO

000000000000 00 KFOODODOODOOOOODODOO BOOoOOooDoOd
O0000000000000D0O00DO0O0D 20000000 default D 2000
0000000 KFO 60000000000 0O0ODODO0OODOOODOOODODOO
OO00000 BOOODODO
5.1.2.1 1 hour
OKFO 1000000000000 00000000O0 BOOOOoOoOODOOo 20000
O0003DVarD4DVar 000 DO0ODOO0OO0 RMSEOODOOODOOO BOOOO
0000000000000 oD0DO0o0oo0oooooooooooooooooon

5.1.2.2 7 hour

O7000000 KRPROOOOOODODODOOOOOO 3DVarDOOoooonoono 0.2
O00D000oooooogo4bvard 10000 BOODODOOOOOoOooOoOoO
OO00DO0DOO00OOoOoooogon

5.1.2.3 31 hour

O03000000000000KrFOODOODODOODOOOO 3DVar 04DVar 0000
O000000booooogsbvar DO0OOoe00100 00 000O00OD0DOODOO
0000000000000 000bO0oO00o0bOOooOoooO RMSEODOODOOOOO
O0000004DVar 0OO0OD 3100000000000 O00OODOOODOOO
OO0O04DVar 00000000 DOOO0OO0ODOOODOODODO0ODOODOODOODOOO
O0OoooOOoooRMSEODOODOOODOODODODOODOOODOODOODOO

5.1.2.4 61 hour

O4DVar OO0 0OO0O0OOOOORMSEOODOOOODOO 610000 KFOOOO
O0000000000000000000000 40000 (DODODODODOYO0O)O
00150000 RMSEOOUODOOOO
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5.1.2.5 103 hour

O3DVar 00D 00D0O0O0O0ODO0 KFODODOOOODDODOOOODOOOOoooOoooo
0000000000000 000D00D00D00000OO00O00OoD 200000000
O0obobOoboobogo4bvar OO ODDOODOOOOGIODOOKFOODOOOO
I A N O O 391/ 1 2
O0oo0200030 0000000000000 O00ODO0OODO0ODO4DVaronooon
OO00000DOO00000oOoooogon

5.1.2.6 301 hour

0020000000 B0OKF301000 3DVar RMSEOOOODOOODOOO3DVar
O0O00000b0o0b0o0obOoobOooboo4bvar D00 ooooooQ 150
O0000000000000000b0bO0obOooOooooooooo,ooooon
O0O000RMSEOD 00200001 00000000000

5.1.2.7 703 hour

00 2000000000000 KF70200000000000000 3DVar,4DVar
OO0O0D00O0ORMSEOOOOOODOOODOOOODOOOODOOODOODDOOOOOOn
0000000000000 00000b0oO0O0o0obO0obOoboo0obOooO 3DVar O
000001 000000000004DVar00 0000 RMSEOD 0.200 0.050
o000 1ovyoob0b0oboboobooooobob0boboboboooooon
o270 000000n0goon

5.1.3 ODUO0O0O0OO0OO0O0OD0OO Hybrid DODOODO

5.1.3.1 Hybrid 3DVar

OO0 300000 KRPOOOOOOOOOOOOOOoObOboooooboooo
O0000 BOOO Hybrid DOO 3DVar O RMSE 00 0O0OODOOOOHybrid O
O0003DVar OOODOO0OD 10000 RMSEO 02000000000 Hybrid
3DVar 0000 100000000001 D000000DOOODO0O0O0DO0ODOO0OS00
OO00000300000000000O0H”Hybrid D000 100000000 KFODO
ORMSEOODOUOODOOODOODODUODODOODOOOOOObOOOOObOO200000
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obobodb4bvar 000D O0O0OO0OO0ODOO0DOO300b000O000O00b000
OO004DVar OO0 O0O00OO0OO0DOOOODOOO0ODODOODOOOO0ObO0ObOBOOO
O Hybrid OO 3DVar U0 OO OOO0DUOO0O0O0OO0O0OO0OOO04DVarOooonoooon
goboboooobobobooon

5.1.1.2 Hybrid 4DVar

00 300000 Hybrid 3DVar O OO Hybrid O 0O OO Hybrid 4DVar O RMSE 0O O
0000000000000 000bO000o0obO0ooogooOo300000n0n0 RMSE
0000400001 000000000000KFOODOODOO Hybrid-4DVar 000
OO000O0o00O0o000O00obOoO0obO0bO00obO0oobOoO0bDbOOoUooOOoODOoo
00

5.14 0000O0DO0ODOOD KFRFOOODOODOOODOO

OOOoobOKFOOOOOODOOO 107031061010303010703 0000000
gbobooooboooobbooobbuooobbooobbuooonb 40 500
oboooboooobodobb -1o0 ob0buoobboobboobodoon 10
00000000000000000000000000000000 1.0x107' O
Oooobooobooboooooooo gMTOODODODOOOoOooOooOoooooo
gobobodgd
girogboodboogbogbooboobob200booboobobb oo
0000000000000 -10000000031 000000000000 (2,2)
000 5.0x1020000000(3,1) 000 (1,3) 000 8.0x1020000000
gb3l1gobobuoogbbuoogobbbuooobboooobobuoobbboooobn
goobeigilosbouggooboboooooboboooooboaseotnbnon
gobobobbbooogoooobobobbooooobbooboboooooooobobooon
gbogboobbooboobboobobooboobbobbooboobbon
gobbbbbuogoooobobbbbbouooooooobbobbbooooboo
gobobobboooogogobbobbouoooooobbobouooooooboboon
gooo
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5.2 S-Model
5.2.1 S-ModelOOOOOOOO

O0obOoobdob BO KFO 1020000000000000O0DO0ODODODDOO
OOo0OO0bOoO0oO0Os3bvarOD4DVar U0 1020000000000000000000OO
gbobobouoogon

5.2.1.1 KF

OO0 70 KFO 100000000000O0O0 RMSEODOOOOOODOODOOOD
00000000000000000000000020000 RMSEOO 5.0x1074
00 25x10400000070000000000000

RMSEO 5.0x10° 0000000000000 700000000000000
goddooooooogg 2bbobobobobbobobobbbbbbbbbbibb
goobb st 1odgooooobobobobbotdoooooooboboobobn
obgobuooboboooboobooboboboboobuoobbooboobobon
ooogbobobobobooooobobobobooboobobob 11booobod
gbobboogoob 3bugoobbbuoooobbbuoooobbodan

5.2.1.2 3DVar

OO0 70 3DVar 0 100000000000O0O0DOOO0OOODODODO 52110000
O0O0OKFOOODOODOOOOODOODOODOODODODODO0OODOODORMSEODO 5.0x107%
00 25x104 0000000 KFO 200000000 3DVar0 40000000
000000000000 000O00bO00bO 8O0O0UOKFOOODOOOOO RMSE
00000 80x10°000 KFOODODODODODOOOOOO 10000000000
00000000 sK0OD000000000DO0O00DO0DbODODOD

5.2.1.3 4DVar

OO0 70 4DVar D000 DOOO0OO0DOO0OOOODOO0OODOOOODOObODbDOODD
O0O0O0O0OORMSEDODDOODOODOOD KFOODOO 20000 3DVar O
O0000000O0O0RMSEODOOODO 9.0x10° 000000000 100000
O0ooboobobooboobouooboboobUooboboobooboboobOon
gobo0 3o obuooobooobuoobboobobooobboobbod
O00d0ob0o0oboooobooooboobOooobooobooobooooon
000000000 4000000000
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5.2.2 S-ModelOUOOO BODOOOO

KFOOOOOD (000ooe000Os3000oe000Onl10200030000070200)
000000000 o000 BOOOODOODOO RMSEODOOODOODOODOOD
OO000bO0bO0oO0s3DvVarO4DVar DO O0OOD0OODOOOOOO

5.2.2.1 3DVar

5.2.2.1.1 0 hour

o0 7000 ledbob0dbbO0bbO0ObO0OO0ObO0O0ObO0ObDO0ObL BOODOO
Oo00ob00o0oooboboo 70000 RMSEOOOOOOOODOOO 52100000
O0O0000ob0o0obO0oboooboboboobouoobobooobooobOooog RMSE
gooobooobbtbobooobboooobbooobobuoooobo sbgooo
Jo0o0bo00o0o0 1'7000b0bbo00o0oobobbooooboboooon

5.2.2.1.2 6 hour

OO0 70060000 KRPOOODOODDODUODOOOODODODOOODOODOODDOO 5.21
OO0 3DVar OO0O0O 3000000000DO0O0O0OOO0OO7T0ODOO KFOO
000000000000002000025x107400 RMSEOOOOOOOOO
0000000000000 00O0000bO0DO 1YyoooooooooobOooDoo
OO000bO0bOO000O0b00oOOoDO0obOobooo

5.2.2.1.3 30 hour

OO0 700300000 KROOODOOOODOODODODOOODOOOOOooOoD1000
KFOOOOODOOODOOOOO0OO0OOO0O0O0O BOOOOOO RMSEODO 1.2x1074
000000000000 000 20000000000DO0ODOOODOODOODOD
O00ob0obooogob 80b0boboooboboooorbooboobobOoooon
000000000000 000DO00O00000D0000DO00O0

5.2.2.1.4 60 hour

OO0 70obe0o0000 KFOOOOOOODOOOoOoOOoOoooooboooo3oooo
Ooboobooboobooboooboobooobobooboo40000 RMSEODOOODO
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000000000000 6000000000 RMSEODO 80x10°00000
gobbbuodgoooobobbbbuooooobobobbboooooobboboo
oboobdgeodlD KFOODOODLODOOOOOOLOOooobOOo BOoboooooodg
000 4300bb0obgilcbooboobobooboboobooboobobooon
gbooogo 2600 100030007000000000000LOUOO0DLOOnOD
goooooon

5.2.2.1.5 102 hour

01020000 KFOOOoOooooooboboboboboboooooo Tobooo
cogdboodbobuogoboodbbugbobogbbooboobbug et
000000 RMSEOUOOUOOO7000000D00ODODODOODOO 5.0x107°0
000000000000000000000000200000 40x10°0000
oboobogb eb7000O0OD00O0ODO0ODOODODDODODOODO

5.2.2.1.6 300 hour

OO0 7003000000 KFROOODODOOODOODODOODOODOODOODORMSE
OO000000 10200000000000000D0D0D00O00O000 RMSEODODODDO
000000000000 0000 2600 20000 40x10° 0000 RMSE
O000d0obo0obO0ooooo0 10000 200000DbD0O0OO0O0DDO0OODOO0
000010000 20000 KFOOODODOODODODODODODOOOOoOOoooooo
OO00DO0D0DO00oo0ooooooood

5.2.2.1.7 702 hour

o0 voo720000 KFOOODOOoobOoooooooboooboooboooboo
gb sobooggbobuoooobbbugobobuoooobbbooonoon
0000 (200000 40000 800)000000

5.2.2.2 4DVar

5.2.2.2.1 0 hour

OO0 7000000000DO0ODODOO BOODODOODOOODODDOOO3DVar O
goodbbuodgobto BOUbbooobuoooboobboobb4bVargooo
O00000D000 RMSEODDODOODOODODODOODbOOODOO3DVar O 4DVar 00O
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obooboboobodb BOobOoooobooboobbooboooboobobo
Obooooobob 40000 3Dbvar DODOODOOO0DODODODOOODOODO
4Dvar 00O 3DVar OO0 UOO00OO0O0OOO0OOO0O0ODOODOOOOObDOoboonDOon
O00boOob 300b00b00boobodsbvar 0o obooboooooon
goooo

5.2.2.2.2 6 hour

OO0 7006000000000DO0D0 BOODODOODOOOOOoDODOoOooODooOOO
0000000000 3Dvar000004DVar O RMSED 5.0x10°°0000000
oboobo3Dvar D000 0O0OO0O0OO0O0bO0ODObOObOOO0obD0o0obDooboobOon
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