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Applying a Local Ensemble Transform Kalman Filter

to the Nonhydrostatic Icosahedral Atmospheric Model

Keiichi KONDO

Abstract

O In this paper, first, we compare assimilation techniques of the full-rank extended
Kalman filter (EKF) and the ensemble Kalman filter (EnKF), using a barotropic gen-
eral circulation model, called barotropic S-model, under the perfect or imperfect model
configuration. We investigate the accuracy of the EnKF in reference to the direct com-
putation of the EKF. The barotropic S-model is based on the primitive equations and
predicts the vertical mean state of the atmosphere. Although it has predictability
comparable to the operational prediction models, the direct computation of the EKF
is possible. Therefore, we can assess the accuracy of the EnKF as a function of the
ensemble members. In this study, the convergence of the EnKF to the EKF is ex-
amined using various ensemble members. The EKF and EnKF directly assimilate the
observation in the spectral space. The observations are made in the spectral space,
and the observational elements are model variables.

O According to the result of the root mean square error (RMSE), the EnKF con-
verges to the full-rank EKF filter when the ensemble member is increased to more than
50 under perfect model configuration and more than 250 under imperfect model config-
uration. An EOF analysis is conducted using the covariance matrices of forecast error
for both filters. The structure of the EOF-1 indicates the characteristics of the baro-
clinic instability waves in mid-latitudes in both filters, showing the same geographical
distributions when it has converged.

O It is concluded from the comparison of the RMSE that more than 50 (250) en-
semble members are required for the non-localized EnKF to converge to the full-rank

EKF for the practical assimilation in the spectral space under the perfect (imperfect)



model configuration of the barotropic general circulation model of the atmosphere.

0 Second, we apply the LETKF to the NICAM (Nonhydrostatic ICosahedral At-
mospheric Model), which is a nonhydrostatic global atmospheric model because an
assimilation system of the NICAM has not been constructed and the optimum initial
condition for the NICAM does not exist. The NICAM adopted the nonhydrostatic
equations and icosahedral grid structure. So, the NICAM can calculate convection
directly. The NICAM is developed to resolve clouds, and has high performance in the
case of high parallel computing. It is expected to understand the rainfall system more.
So in this study, we apply the LETKF to the NICAM (NICAM-LETKF), and inves-
tigate the NICAM-LETKF performance by tuning the localization scale and changing
the observational elements under the perfect model assumption.

O According to the results, the NICAM-LETKF works stably even if the ensemble
size is 20 and the analysis RMSEs are smaller than the observational errors. If the
horizontaly localization scale is 500 km and the vertical localization scale is 3.0-grid in
the tropics and is 4.0-grid in Northern and Southern Hemisphere, the NICAM-LETKF
shows good performance. The ensemble spread corresponds to the analysis RMSE.
Moreover, the performance is comparable for the cases with and without assimilating
the water vapor.

O It is concluded from the results, the NICAM-LETKF works appropriately under

the perfect model configuration.

Key words: Data assimilation, EKF, EnKF, LETKF, Barotropic S-model, NICAM,
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1.1 Oobogoogog

goodgbuobobobobobooboobbobbobbooboobooboon
gobobobbbbooodoooooooobobboboboboboobobobobbbooonbon
O000000000000000000000000O0O0O00O00000000000
O000000200000100000000000000100000000000
000000

gboboboboobodbodbodoboobobboboobodgbaobob
goobobdobdgooobobobobobobobobobobobbobobab
O00000000000000: AGCM (Atomspheric General Circulation Model) O
O0O(1I0km )0D0000D0000000O0DO0OO0O0O0ODOOOOOOOAFES (AGCM
for Earth Simulator; Ohfuchi et al. 2004) D00 0000000000000 0OOO0O
Ooooboooobobobooooooooo iockmooooooonoonDOon
oobooboobooboboooooobooo 0km DOO0O0ODOODOOOODO
Oo0o00obooo0oooooooooboobobooobooboo AceMOODO
gobbobbouooogobbobbbouoooobbobouoooooobboon
OoOd0oooO0ooooooAGCMOOOOOOODOOOODOOOOODOOOOO
000000000000 (eg., Arakawa 2004) 0 0000000000000 00O0O
gbbogobobobogbbooobbboooobbuoobbooobbboabn

OOoboooboooboobooooo AGCMUOODODOooooooobooboo
gbobogbboggbbooobooobbuoobobooobboboob-0ogbon
0000000000000 (Satohetal. 2005) 00000000 AGCMOODOOO
00000000000000000000000000000000 O(N?)00O
000000000000000000000 O(N3)0000D00000o0oo00ooo



0000000000000 000000O000O0bO0obU0oDOO0ODbOoODOoDODOD
0000000000000 bO0bO0DOO0OO0oDOOoDOOobODOOoOOoDODbOODOD
O0O000O0OoOoCFLOOo0obooboooboobooboobooboobon
0000000000

0000000000000 0000000 (CCSR: Center for Climate System
Research) 000 0000OC0OCOCOOO0O00O0O00OOOOOODODODO AGCMOOOOO
000000000000 000O0000000O00DO00DODO00DOD0O0DOoDOOoO00n
000000000 NICAM (Nonhydrostatic ICosahedral Atmospheric Model; Satoh
etal. 2008) 00000 0OOONICAMOODODOOOOOOOOODODOOOOOOOO
0000000000000 00000000000O000O0O0DO0DOO0ODO0ODOOn0n
000000000 100000000000 0000000O0000D0O00O 10100
O000000000000000000O00O00000DO0O00o00oDogoooan
000000000000 00000000000o00o00gooooooooooon
O00O0NICAMDODOODODOODODOODODOODOODDOODODODOoODOoOooOoooDoo 30
kmO00O0000000O00O0O0D0O0O0O0DOO0000O00O000O00ODO0O0O0OO00O000
000000000000 00D00O00bOOOo NICAMOODDODOODODoooDDOoOo
000 (Satoh et al. 2005)0 0 0 ONICAMOOOOOODOOOOOOOOOOOOO
OO0o0O000000000o00oo0oo0ooooooooooooDooboooDoooDaon
(Satoh 2002; 2003)0 Miura et al. (2007) 0000000 3.5km 0 NICAMOOOOO
O00000000000000000000000 MJO (Madden-Julian Oscillation)
OO00oOoooDooon

0000000000000 DbO0DO0DbOO0DO0obO0oO0bO0obOobDOoDOooOoooDo
0000000000000 0o0o0oobOobO0obO0b0ob0obOOobOobOoDbOoDbDOoD
0000000000000 000000000O0bO0b0bOOobOOobOoDODbDOD
0000000000000 0000000000DbO0DbO0ODOO0ODbOODODODOD
0000000000000 0000000000bO0DbO0ObOO0ODbOODbOoDODOD
0000000000000 000000000000DO0DOO0DbOO0ODbOODODOD
0000000000000 00000000000000O00bO0ODbODOODOD
0000000000000 DO0DO0DO00O0DO0O0000DbO0ODOOoODOODOoOn
0000000000000 00000O000O00O0DbO0DOO0DOO0ODOO0ODOODOODOD



000000000000 Db000O0bO0bOoobO0ooD0ooDooOooDOoDOobOoO
O0000O0DO00O00D000O0DO0bO0obOooOooDOooDoon

000000000019920 12000000000000000 (ECMWE: Euro-
pean Center for Medium-Range Weather Forecasts; Molteni et al. 1996) 0 O O NCEP
(National Centers for Environmental Prediction; Toth and Kalnay 1997) 0000 00O
OO00O0ooooon

0000000000000 0O00DO0DO0DO0DO0DOO0oDO0oD0O0ooOooOoooonDg
00 LAF O (Lagged Average Forecasting method; Hoffman and Kalnay 1983) 0 O O
0000000000000 00000000000000O00DO0bOO0ODOODOOn0
0000000000000 00000000000000000O00DbO0DO0ODOOn0
0000000000000 DO0D000000000000000000000O00
000000000000 00000DO00bO0000D0Do0ooDOooDOooDooon

BGMO (Breeding of growing mode method; Toth and Kalnay 1993, 1997) 0 ONCEP
00000000 0odoooBGMOOOOODODODOOODOODODOODOOOOOO
000000 BV (Bred Vector) DO0O0ODOOBVOOOOOODODOOOOOODOOO
0000000000000 00000000DO0bO0bO0DOO0DOO0obOOoDOooDOon
OO000000000o0oDdoooooboooooooooooooooooog
BGMOOOOODODOOODODOOODODOODOOOOOO BVOODOOODOOODOoOOoOOoOOoOOO
O00oOooooBGMOOOOOOOOODOOODODOOOOOOOOOOOOO00
OO00000000D00D00D0ODO0D00DO0ooDOooDooDoooooooooooDon
Ooo000000o0O0oo00obo0o0ooo0oobo0obO0ob0obUobOobUobUOoboboo
OoOoooOoz2007r0bobobobobobooonog

SV O (Singular Vector method; Buzza and Palmer 1995) 0 O ECMWF O OO OO
00000000SVOO0Ooooo (ooo0o0oooooooooooooooo
000000 1248000000000000000030-60000)0000000
0000000 SV (Singular Vector) 000000000000 O0DO0O0OOOOOOO
000000000000 0D00DbO000O0DbO000O0obO 1wOooOoOooDOoooDOoon
000000000000 000DO0O0bO00DO0bO0o0DO0oDOOoO0oD wwOooDOoon
OSvOoOooooooooooooooo0ooooooooDooooogosvooo
0000000000000 000000000O00DbO0DOO0DOO0ODOO0ODOOoDOODOODn



Oo0obOooooboobobooosviooobooooooboooboboobooo
O000000000000000 (Palmeretal. 1998)00000000000000
ooooosvooooo
00 0O O Matsueda et al. (2006)0 Matsueda et al. (2007), Matsueda and Tanaka.
(2008) D0 0000ODOOO0O0000O00O0ODODODOO0OOMCGE (Multi-Center Grand
Ensemble) 00 0000000000000 O00OO00OO0OO0OOMCGEOOOOOOOO
guoobobboooobbobuooooobbbuooooobbbuoooooo
goooooog
gogoouobbooooobbooooobobboooouobobobbuoooon
guoooobboooouobbobuoooouobobbooooobobbboooooo
gugooubbboooouobbbuooooobobbbooooobbboooooo
guooobobbooouobbobuooooobbbuooooobbbuoooooo
guodobobboooouobbbuoooobobbooooobbbuoooooo
goobobooobbooouobbuooobbuooobbbuoobbbooooo
godobbboooobboboooouoobbbboooobobbuoooooo
godobobboooooboobooooobbbuoooobbbuoooooo
godoobbbooodoobbbuoooouoobbbboooooobbbuoooooo
godoobbooooooobooooobboboooobbbuoooooo
gooodoo
gooooobobooubboobbooobbooobbooobsobooooboo
O00000000000000000 (Panofsky 1949; Gilchrist and Cressman 1954)
obooboooboobboobbooboobobooboboobooboobooboon
guooobbbodoooobbboooooobbbooooobobbuoooooo
guooooooobbbooooobbbbobod
gobbbodoogubbbooooobbboboogobbobooooobbo
0000000000000000000000000 (OI: Optimum interpolation)
000000 (Elassen 1954; Gandin 1963) 001000 0000000000000O0O
gudoobbboduoggobbbbboooooubobbboooaooobooo
oooolobooobobooooobooooboooboooobooooboboon
gbooobbogoobobuooboboobboobbobbooobuoobboo4ob



Oooobooooboooooboooolgoooooooooooobooooboooooon
0000000000000 00000o00000oo0ooo300000 (3D-Var:
3-dimensional Variational method) 0 19910 6 0 0000000000000 OOO
00000000 (Parrish and Derber 1992)03D-Var OO O OO0 000000000
oboooooooooooooooobobooooooooooDobooOooooDooDo
O003D-VvarOOUOoOoOoooooooooooooooooobooo
O000003D-VardOooo400000 (4D-Var: 4-dimensional Variational method;
e.g., H. Liu and X. Zou 2001, and Pierre and Jean-Noél 2001) 00000000000
4D-VarOOOOOOOOOO0ODOOOO0OO0OO0O0DOOO0ooooooooboooooon
Oo00ooooooosb-varOoooooooooooooooooooooooo
O00000o004b-VaOOOOOOOOOOOOODOOOODOO4D-Vardooono
oo0oooO0OoooooOoOooooooOoOooooOoooO0ooooOoboOoOooooDoDO
Ooo00o0oooo0OoooooOoOoooooO0oooOooOoooooooooonDO
Ooo0ooo0oooooooooo4b-VvaOOooooooooooOooobDooooo
oooO0oooO00oooooO0OoooooO0OooooOooOoUooooOooOoOoooooDO
O004D-VarOOOODOOODOOODOOODOOOODOOO
001000000000000000000000000  (KF: Kalman fitlter;
Kalman 1960) 000 O0KFOOOOOOOOOODODODODOOOOOOOOOOOOO
0000000000000 Jazwinski (1970)0 KFOOOOOODOOOOOOOOO
0000000000 (EKF: Extended Kalman filter) 00 000000000000
ooooooOOOOO0OOOOOOOOOODO EKFOO0O0O0O0O0O0O0O0O0O00000O
OO00OEvensen (1994)00EKFOO0OO0O0O0OO0OOO (DOOOOOOOO)00O0OO
0000000000000 00000000000000 (Ensemble Kalman filter:
EnKF)DOOOOOENKFOOOOOOOOOODOOOOOOODOOOooooooo
O0oo0ooOoooooocoobooooooobooobooooobooboOoo4b-varoono
O0000000000000000000C0OCO0O0O0O0O0O0O0O0000EnKFOO
Oooo0ooooo0oooooooooooOobooooooOooOoDOObOO00ooooODO
Oobo0ooooooooooooooooooOooboOoooooOoboOooooDoODO
OoOoOooooooooooooOOODDOOOOOOO0O000000000O0EnKF
OO000000O0O00000O000000O000000000EnKFOOO0OODOO



gobbbbbouoooobbbbbodoooooobbbbouooooooboboo
gbbobuoogbobboooobbbooodn
EnxKFOOoooogobooboooobobobooboooobooobobobobo
ooboobobobobobobob200b0000010b0000 EnKFOOOO
gbgoboboobboboobuobuoobobbobooboobaooboon
PO O (Perturbed Observation method) 0 0 00000 OPO OO OEvensen (1994) O
Houtekamer and Mitchell (1998; 2001) 0 0000000000000 00O0OOO0O0O
oobobooboobo1b00dEKFO000ooooooboobooboboogooon
O000000000000000000000000000000 (Square Root Filter:
SRF)0 000 00OSRF OO OWhitaker and Hamill (2002) 0000000000000
O (Ensemble Square Root Filter: EnSRF)0 Anderson (2001) 00000000000
000000 (Ensemble Adjustment Kalman Filter: EAKF)O Bishop et al. (2001) O
O0000000000000000 (Ensemble Transform Kalman Filter: ETKF)OOtt
et al. (2002) 00000000000 COOOO0O (Local Ensemble Kalman Filter;
LEKF) 000000000 Hunt (2005)0 Hunt et al. (2007) 0000000 EnKF
ooboogoobobbooobobboooobobbooon LEKFO ETKFO OO
00000000000000000000000000 (Local Ensemble Transform
Kalman Filter: LETKF)OOOUOOOLETKFOOODOOOOOOODO0OOO0OOOO
0 0 O OMiyoshi and Yamane (2007) O 0 OAFES TL159/1L480 LETKFO O OO OO
OO0000ooooboob LETRKFOOO0O0000oooooooooboobobooo
Oobob1oooboobobooooboboobooobobooo400000 LETKFOODO
O000O000oO0o0b0b000 LETRKFOD0O0000000000b0O000b00000
00099.99%000000000000Miyoshi et al. (2007a) DO OLETKFO OO
O00000000000000 40000 (4D-LETKF; Hunt et al. 2004) 000000
0000000 1000000000000 ALERA (AFES-LETKF Re-Analysis) O
OO0OO0OAFES-LETKFOOOO0ODOOOOO0ODOOOOO0DOOODOODOMiyoshi et
al. (2007b) 0D 0OO00O0O00ODOO0O0O0OOO LEKTFO local patchD 0000000
O0ooboooobooo0oooboooboboouooo0oobDOod local patchO OO OO0
O0000000000000000D000000000D0OOMiyoshi and Sato (2007)
OOOGSM-LETKFODOOUOOOO0OOOO0ODOO0OO0DOO0D0DOO0O0DOOSzunyogh et



al. (2008)0 Whitaker et al. (2008) 0 0 ONCEP 00 00 O T62/L28 0 LETKF O O
O0OONCEPOODDODODODODOODOODOOOOBaek et al. (2006) O O O Lorenz-96
model (e.g. Lorenz and Emanuel 1998) 0 LEKFO OO OO OOOODOOOOOOOO
000000 Miyoshi and Kalnay (2005) OO EnKFO OO OOOO0O000O0O0OO 10
googboboob KrPOoooobooboooboobooboboobboooo
guooobbbooooobbooooobbbboooobbbuooooo
guoobbbooooobbobuooobobbboooobobbbooooon
0000 (Miyoshi and Yamane 2007)0 O O O O Li et al. (2007), Kalnay et al. (2007)
00 O Miyoshi and Kalnay (2005) 0 0 0000000000000 O00 KFOOOOO
oo buooobobboooobobboooooo
gooboboobobobddooooooobobobobbb0d00UUUEnKFOOOO
000000000000 OZhanget al. (2004) OOO0O0OO0O0OODO EnKFOODOOO
Miyoshi and Aranami (2006) 0000000000000 NHM (Saito et al. 2006) O
LETKFOOOO (NHM-LETKF) OO O0O0O0O0OO0OO0O00O000OO000O00O0O0000
godoobbooooboobooooobbobuooooobbbuoooooo
gogd

O000000000boooo4b-Var ExXKFODOOODODOODDODOOODDOOOO
O00000000000000Kalnay et al. (2007) 00 O04D-VarO EnKFO O OO
godoobbooooobobobuooooobobuooooobbbuooooo
godoobboboooooooboooobobbboooobbbuooooo
0000000000 4D-VarO KFOOODOOOOOODO (OO 1997; Bouttier and
Courtier 1999) 0 EnKFO0 0000000000000 0ODOO0DOOOOOOOOO KF
O0O0000bobooo4D-VarOOOoOOooooDOOoOoDOOEnKFOOODOODOOO
guooobbbodogobbobudoooobbbbboooobbbuoooooo
guooobbbdoooobbbodgoooobbbbooooobbbuooooon
gudobbodooobbuooooobbbuoooobbbuoooouoooon
000000000000000000000000000Firtig et al. (2007) 000
Lorenz 96 0000000 4D-Var EnxKFO OO OUOODOODOOODOOOODODOOO
gboobobooboo4b-VvarOOUooooogoobooobooobo EnKFOODO
guoobbooooobbuoobobbuooooobbooooobbooooon



googdd

EnKF O EKFOOOOODOOOODOOUOOoooooooobobobobobbboood
EKFO EnKFOOOOOOOOOO0OOOOZang and Malanotte-Rizzoli (2003) 0 O O
000000 reduce rank EKFO EnKFOOOODODOOOOODOOOOOOOOOO
EnKFODODOOOOOQOoobobobobobbboooooooooobbbobbbooo
O000D000b000booooodfllrank O EKFOOODOODOODOOODOOO
fullrank O EKFO EnKFOODOOOOOOOOOOODOOOODO (2006) 00000
S-model (Tanaka and Nohara 2003) O full rank EKFO EnKFOOOOOQOQOQOOO
gogobbobbdogoobboooguonbboboboooubbboooouobnoo
O0000000000000000000Kondo and Tanaka (2007) 00 000 (2006)
O00D00D0000D00o0ooboboboobooodfull rank EKFO EnKFODO OO
O00D0O0EnKFOOOOODODOOOOODOOOO

0000000200 KFOEKFOERNKFOOOOOOOOOO 300OO0O00Ooono
00000000 SmodelJDOO0O0O0O0O0OO (Kondo and Tanaka (2007) 0 O O
0)OODODODO0O0O00000000000S-modelEKFOOQO S-modelEnKF OO OO
O000040000NICAMO LETKFOOOOONICAM-LEKTFODOOODOOO
OO0 NICAM-LETKFOOODODODOOODOOODOOO 0000000000000



1.2 OO

O000000000000000000000000 S-model (Tanaka and Nohara
2003) DOEKFOOO EnKFOOOOOEKFOOOOOOOODOOOOOOO EnFKO
EKFOOOO0OoOoooooooooooooooooooooboooooooooo
Oo0000OO0O00ooooooboooOoOoOooo

00 SmodelDODOOOO (u,v,0) 03000000000000000 w;000
000000 (boboobom=0)000000000000O0O0O0O0OOODOODODOO
O00000000000oooooOoOOoo0oooooooooooooooooooo
20000000000DO00 I000O0DO0OO0ODDOOSmodelDOODOOOO
oo cCMOOOOOOOOoOooooOoooobooooOooooEKFOOOOooooDO
OoooooobooooobobooooobobobooooooobobooUoOooofull-rank
OEKFOOOOOOOO0OO0OOOOO0DO (200 0D00EKFO EnKFOOOODOOOO
OoooooooobooooooooooooOobOoOoObOoO0OooOOb0OoO0oooODO
O0000000000000000 SsmodelDOOOOO0ODODOOOOODODO
O00000000EnKFOOOOOODOOOOOOODOOOODOOOOOODODO
000000 LETKFODODOOOOO0OO0OODOOODOOODODOODODOOOO000O

OOONCEP/NCAROOOUODOODOOODOOOOOOOOOODOOOOOOOOO
000000000000 000000000 EKFDO EnKFOOOOOOODDOO
OoO00O0000oooooobobobbo0oooo

0000000000000 NICAMOOOOOOoOOooooooooooooo
NICAM-LETKFOOODOOOOOONICAMOOOOOOODODOOO0OO0O0O00000O0
Oo0oo00ooooooooooobooooooooboO0ooooOobOoOooooDoDO
OO0OO0OOONICAM-LETKFOOOUOOODOOOOOODODOOOOO0oOoOo000o
Ooo00oooooooooooooOooooooooooooObooOooooDoDO
OO000000000000O00D0 EnKFODODOOOOOO



20 Uootddboobotudood
Juoobogdug

2.1 00000000 (KF)OOOODOOOOOOOO0O
(EKF)

KFOOKalman (1960)00000000000000000O0O00OOOOOOO0O
gobboobobbbbbbouoooooobbboobbouoooooobbobon
O000000000000000EKF OO Jazwinski (1970) 0000 KFOOOOO
gbobboboboobooboobuoobo0 ERFO0OO0Doboooboooo

Kroboboboooooooboboboboobooooobobbobooboooo
gobbobbouoooogbobbbboogoooobbobouooooooboboon
gooo

OO000000xy,00000000MOOOOOOOOOOIO0000000 (O
O00)00000ooooooood

x/ = Mx?_, (2.1)

000000000000 o, f00000000 (analysis) 000 (forecast) 00 00O
gooboodtoggobboobbboooboboboooon

xt =M'x! | (2.2)

00000000000 000+¢+000ggo (erwth)yDO0OO0OOOOOCOOOOO
OMOOODODOODOOO

x, =Mx;_; —q (2.3)

goobbbbdod quuobbbbooobbooobobbooobboognn
(qy=000000000(0)000000O0O0O0O0ODOOODOOMX*OO0O0ODOOOO
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ox/ 00
ox™ = x»f — x! (2.4)

0000000000000 000000000000 P{OO
T
p/ — <5Xg (5xg) >
.
= < Xt_Xt Xt_Xt> >

<1\/Ixt1 (Mx{_, - q)) (Mx_, — (Mx_, —q))")
(M (g, = xi0) + @) (M (xy —xi) +a) )
::<Mﬁﬂﬁq(M&L+®>
((Moxi,) (Mox,) "+ (Mox)a” +a (Moxi,) +aqa’ )
<Nw@1<ktﬁ M7+qd§
= MP? M'+Q (2.5)

DDDDDDDDDDPﬁlz<&ﬁﬂ&ﬁJvDD1DDDDDDDDDDDDD
00000000000 6, 000000q00000000000000000
(Mox¢_,)q' 00000000000 0000QO0D0D00D00000N00000
DOM'0000000MOOOO0OO000000000000000000000
0000000 (2)000000000 (25 000000000000000
000000000000000000000 (21)000000000000 Pf
000000006/ 0000000000000000000000000000
00000000000 P/00000000000000000000000000
D00D00DROOOODODOOOOOOO0OOP,,RO0DOODOODO0OO0ODO
00D00000000000000000000000000000000x/00
0y 00D000000000000000000000000000x*00000
D0000000000000 o000 (observation) 0 0000000000000
0x*0000x/000y 00000000000000000000000000
D000 K, 00000

x{ = (I-KH)x/ + Ky’

_ Xf+Kt@ﬂ—Ib4) (2.6)

11



oobooboooboogOibOOobOoobOooobooooboboooobooogoo
OoOooooéy, 00

Sy, = y? — Hx! (2.7)
DDDDDDDDDDDDDDDDy?—HX{DU
yf—Hx{ = yf—HXi—l—Hxi—thf
= §y? — Hox/ (2.8)
0000000006000 (2.6)000
ox¢ = x¥—x|
= I-KH)x/ +Ky° —x!
= (I-KH)x! + Ky’ (2.9)

0000000000000 D00D P00
P = (o (0x))T)
.
_ <((1 ~ K,H)ox] + Kt5y0> ((1 ~K,H)ox] + KtayO) >
= (- ox] (o) (1- KH) )+ (1 - KH) oxf (Kidy") ")
T
+ <Kt(5y" <(I ~ K,H) ox/ ) > + <K5y0 (K(Fy")T>
= I-KHP/ I-KH) +KRK' (2.10)

gboudgbuogdgbuoobodgbugboobooboobbobobooboobn
DDDDD&({(KtéyO)TD ooboboobdubdxybubouooaodabdaoan
oo00O000K,O0OO0OO0OODOOO0O00opy00000ooooODOODOODODOO
gbbogobobobooobbooobbbuoobbuoobbbooobboogbo

0000000000000000000 20000000 2000001000
00000000000000 (¢%20000000 (¢°)?’000000000000
000 0000020000000

(6" = E[(2"—2")?] (2.11)

(0°)? = E[(z°—2")?] (2.12)

12



guooooooooobbbbboobodogo
E[(z® = 2" (2 —2")] =0 (2.13)

gboooboooboodbbde.e0ddodbbwb0ooboooobboaon
gboobooogn

2% = (1 —w)z’ + wa® (2.14)
gbobboogobbbooad

(0)? = (1= w)*(¢)* + w?(0°) (2.15)
A(o)?

w

0000000000(e*)?00000000000wD000000
googd
B(0")?
ow
e [ wP (e u(o%)] =0
—2(1 —w) (o) + 2w(6°)* =0
w((o!)? + (0°)?) = (o7)?
£y2
N i
goodoooooboboboon
0000030000000 0000b000b0obD00bobDoUbobDo0 KOO
gooboodboouboobooboooboonboooboouboooboo o
0000000000000 0bO00000o0oD0ooOoOO0ooOOooooooD P*OODOO
00 (traceP*)0000trace(P*) 00000000 KOOOOOOOOO trace(P?)

Ooo0ooobob Koo (traceP*) =00000000000000000

=0

0K
a - v o fr_ T T
K (trace(P*)) = K [tmce <(I KH)P’ I-KH) + KRK )]
= 8iK [trace (P! — P/H'K' — KHP/ + KHP/H'K') + KRK']

O000000000000 P/ 0O0000000000OOOOOO
trace (PfHTKT) = trace (KHPf)T
= trace(KHPf)

13



goo

(trace(P*)) = 8iK [trace(P’) — 2trace(KHP/)

+ trace(KHP/H'K ") + trace(KRK )]

gbobobooogn

0 TV _ T
A (trace(ABA )) =AB+B))

0 _ BT
DA (trace(AB)) = B

00000 (Gelbetal. 1974, 0 2.1-72, 2.1-730000)0

(trace(P®)) = —2P’H' + 2KHP/H' 4 2KR

K
= 21I-KH)P/H" +2KR =0

(2.17)

(2.18)

(2.19)

(2.20)

oboobbooobbobooboboRrRObDO0bOO0ObDObOObOO0O KODOOOODOOo

oboobobobo KObooooo

K—P/H (HP/H +R)

(2.21)

DO00D00OH=1I010000000 (221)00 (216)0000000000000
(221)00 (210)00000000 (00000 HP/H +R=A000)00000

Ooooop OO

P* = I-KH)P/I-KH) + KRK'

— (I-P/HA'H)P/ 1-P/H'A'H) +P'H A"'R(P/H'A™Y)’

= P/ —2P'H'A"'HP/ + PH'A"'HP'H'A'HP/ + PPHTA'RA'HP/

— P/ —2P/H'A"'HP/ + P/H'A"! (HP/H" +R) ' A"'HP/

= P/ —2P'H'AT'HP/ + PPHTA'AA'HP/
— P/—P/H" (HP/H' +R)  HP/
= (I-KH)P/

(2.22)

000000000000 (222)000000000 P/O00000O0O0KOOO

OO00O0bOO0bOOo0ooooooO p*O00O00OD0OODODOODOODOODOD
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oooooboobooooooooooooMooogoooooooobobooog
000000000000 00000KFOOOOOOO0OOOOOJazwinski (1970) 0
0000000000000 0000KFOOOOODOO0O000O0o0D000 (Extended
Kalman Filter: EKF) DO O0O0OO0OO0O0000O0 MO x, 000000000 ODOOO
oboobodMOOD

Mo M (2.23)
ox X,

O00000KFOOOOOOOOOOO (2)0oooooMOOoooooo MO
0000000000000 (25)000000MOQCDODO (223) 00000

0000000 KrPOOODDOOOOOOOooOboobooobooobooobo
googobbooooboboooon

P— (1+0)P (2.24)

00001000000000000000000000000000000000
0ooooog

OD00OO000EKFOODDOOOOOO0OO0O0O0O0D0O0O000000000000000
D00000000100000000x¢,000000000000000000
00x000000000

X{ = Mx" (2.25)
000 1000000000000000000
P/ =MP! M' +Q (2.5)

obooboobboobooboobbooboobboobooboobbon
Ooo0obobooooog KO

-1
K, = P/H' (HP{HT + R) (2.21)
KOOODODODOO P/ 000y 000000000

ﬁ:g+m@tﬂﬁ) (2.6)
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KOODOOOOOOOOOOOOO P/ 0000000000 P'00000000
P¢ = (I- KH)P/ (2.22)

gooo

Kroboobobooboooooobobboooooobobobobooboooo
oboboobobooboboboosb-Vargooooooboooooboooo
gobbobbbouooooobbbbbbouoooobbobboooooooboon
Ooooooob Krooobooboobobobobooboboooooooooo
gobbobboooooobbobobbouoooooobboobboooooooboon
gobbobboogooobbobboodoooobbobbooooooboon
gobobobbbouoooogobbbbouoooobboobboooooooobon
gobbobbbouogoogbobobobbbouooooobobouooooooboon
OoobooOob0 KrOooDooobooO EenFKOOOOOODOO
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22 000000ODOO0OOO0OOOOO (EnKF)

000000000000 0EKFOOOOOOOOOOOOOOOO (Ensemble
Kalman Filter: EnKE)O OO OQOOOOOOOOOO

0000000000 (EKF)OOooooooooooooooooooooooo
0000000000000000000000000000000 N =0(10%0
D0000D000ONDOOODOOOODOOODOO000O000D0000 P/ 000000
OoooO0op*00D0OCOOO0O0O0DOODOOOOODOODOOOODODOOOOO
Oooooooboooooboooooo oo weGBoooooooooooboDD
Oo0ooO00ooooo0oOooooocoO0ooooo0ooooooooOooooDoooDO
00000 (221)00000000000000O0O0O0OOO0OOOOOOOOOO
DO0DODO00DO0DODEKFOOOODOOOOD PYO00D000000DO0O0
0 EnKF O Evensen (1994) 0 0000000000000 0OEKFOOOOOOODOO
O000'00000EnKFO0000O0O0OC0OO

OoO000o0ooOoO0O00000ooooooon

X — [X(l)’ x? . ’X(m)] (2.26)

D000O0mO000000000000000000000000000000
(m< N)01000000000000 X, 0000000

X{ = M(X{) (2.27)

00000000000000E 000000000 X 0000000000

1 — 2 — _
E{ = [X{()_X{7 Xf()—X{,---,X{(m)—X{

= x/-x]/ (2.28)

Oo0o0ooOooO0OEnKFODOOOOOOOOO P{DD

)
Pf=:f%é$£%— (2.29)

obobooobboobbooEKFO000OoDoooon P;fDDDDDDDDDD
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gboobobobo  NOOboobooboobdg E;fDDDDDDDDD(Qﬁ)DDD

P;f = <5X{ (5X{)T>
v/ (k).
N1 (2.30)

D00000O0E/00UUT =100000000000000E/0000000O0

D000E/UD00O0O0DO000000E/00000000000000 (2.29)0

000 (230)0000000000000000OmMO0OOOOOOONDOOOOOO

O000O0O0O0O0O0ODODOOOOEKFO P/OODODOOOOOOO00O0O0O0OOOO

O000ODEKFO P/0000000000DDODO0O0O0OOODODDODOOOOQ

ogoooo

000000000 mOoooOooooo NOOOOOooooooooooooo
dobddoooooooooooboooooooooboooooboooooonon

0000000000000 (Dee 1995; Fukumori and Malanotte-Rizzoi 1995; Cane

etal. 1996) 00 00000EKFOOO0DODOOOO P/O00O00OOOODOO

goddddoooobobbbboooooodggooooooboo

EKFOOOOOOO0OOOOPYO00

P/ ~ VAV
E{(E{)T
- —— (2.31)
mO0000000000000000000000000000000000000
O00ADDOOODOOODOO0O0O000mxmOO000O00O0OVOmxNOOOODO
0D00000000000000EKFOOOOOO0O00O0OC0O0000 E/000C

0000000000000 0000000 (25)0000000Q=000000

P/ = MP2 M’

12

1
;;jihﬂﬁ%(MEiJT (2.32)

18



DO0O00ME?!, 00

ME;

Mox"Y, Mexe®@, - M(SX?ET)}

12

M(xiy + 6% 0)) = M(x(), M(xiy +6x;%) — M(
) - M(xi_y), |

%[, o M)

Xt7"‘

T M(i?—l + 5X?£T)

[ a(l - a(2 _
M) - =, M) - =4

X 1)

(2.33)

gbobodbbtuodmuodobobbbooobobboooobboooobboooobn
obooboobbooobooboobboobuooboobbobbUUUdEKE
gbobobouoogon P;fDDDDDDDDDDDDDDDDDDDD

P/

12

MP,* M"
]' a a T
T
E/ (E{ )
N 7 _p!
m—1 ¢

(2.34)

Oo0o0ooboobobOEnKFOOOOOoOoODOOOObOOoobooobobooooboon
obobobooobooboboooboboboobobooobo NODbUODODbOobDoo
gboooogobnbObOooobboogobboobobbooobbboooooboon

gobooo

gobbobbbodoogoooobobobbbodoooooboboobbboooooon
gobobobbbouoogogobbobbbooooooboboobbooooooobooon
gobobobbbooooooobobobbbodooooobobboooooooooboooD
gbodobboobooboboobobobobboobbooboooboobbon
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0000000000000000 (22)000 (234)0000000O

’ / -1
K — PfHT(HPfHT+fQ
1 T[T O1 T -1
::E:TH(HM){EtTHm<HM>44m—U§

T 1 -1 T 1
:Eﬁl+@mﬂ-——ﬂﬂﬂﬂ I+@m0-——3ﬂﬂw
m—1 m—1
T T -1
(HEQ {HE{@ﬂﬁ) +on—1ﬁq
T 1 -1
:Eﬁb+@mg-——ﬁﬂﬂw}
m—1
—1

Fﬂﬂ(HEOT+On—UR}

T 1 -1 T
:Eﬁb+@mg Ejfrmmﬂ @mﬁ
-1
m_

P4——£—IR7HJE{<HIK)T}{HE{(HIX)T+4nz—1ﬂ4

T 1 -1 T

:1ﬂb+@mﬂ-—jﬁﬂﬂﬂ}(ﬂm>
m_

-1

;;%TRA{W%_UR+}ﬂﬁ<HEQT}Fm—lﬁb+HEf@ﬂ¥>q

T 1 -1 T
:1ﬁb+@mﬂ-——ﬂﬁHm}(Hﬂ)--Rl

m—1
_ E{{(m—1)1+(HE,{)TR*HEZT(HE,{)TR—1

00000000000 (235 000NxNOOOOODOOOOOOOOODOOOOO
D00000000ONxmOOE OrxmO0HE (¢0000000HE/0DOO
0000000000000000000000000000000)0000000
00000000D000000000000000000000000000000
D0000000000000000(2350000000000000000 (2.36)
00000000000000000000000[]000mxmO0000000
0000000000000 1000000000000000000000000
00000000000000000000000000000000000000

oboobobobooboboROODOOOOODODOODOODDOODOODOOO
0000000000000000000 E 000000000000 10000
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(2.35)

[(HE{ )T + (HE] )T %R*HE{ (mE/) T}

(2.36)



Ooo0obobHOOOOODODOD FOOOoOobOOoooooboboooboo

HE/ — [Hox/", Hox/®, .., Hox/™]

12

H(x] +0x/") — H(x]), H&{ +6x]?) - H(])

- HE 4+ ox{™) — H(x]), |

= |H(x") ~ H), Hx™) ~ H(),

- H{"™) — H(=])] (2:37)

0000000000000 P0000000000D0O000O0P/ 000000
D0000E/ 0000000000000 000D000000P 00000000
OO0 E*0000O0ODOOOOOOOO0OP'OOO0O0OO0O0OOODODDOOODOOO
OO0 E0000O0O0CODOOOCOPODOOOOOOOOO0OOOODDOOODOOO
oooooODooODOOOODOOODOODO000000000000E*00000000
bodgoboobodbbuodgboobuodbbuoobobobooobogoooad
Oo0od00Om—-10000000000BGMOOOOOO0ODOOOOODOOOOOOO
gbobbuoboobugbuoobuodgbuodboobooboobibomabgd
DDDDDDDDDDDDDDD%mDDDDDDDDDDDDDDDDDDDDD
OooooooooooobooooooobbooooooobooooBGMUOOOOO
OobooboooboobobobooobobobEnKFOOODOODOOOOOODOOD
gbooboon

OOobobO0ooboooooooboob200000000000000 EnKFOO
000000000000000000000 (Perturbed Observation method: PO
0)OoOO0O00oO0o0ooOooooooOoo0oU00oooooooOoOooooo 1000
000000 (Square Root Filter: SRF)OOEKFOOOOOO0OOO0O0O0O0OO0OOO
(222)0 0000000000000 O0OOOPOO0ODOODODOOOO

pOODOODOOOOOODOOOODODOOOOODOOOOOODOOODOODODDOO
OOo0obOOoOobopOOOO0ODOOODOOXOOOOOOOOOOOOOODOOOD
O0ooO0o0oooooooo

Y = [y”+0y’] (2.38)
POOOODOOOO 3 000000000000000PO0OO0DOODO0OODN
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00000000000000000000000000000000
X* = X/ +K(Y°-HX/)
X 4+6X* = X 46X/ +K [Yo +0Y°—H (Xf + 5Xf)] (2.39)
00000000000000000000
§X* = 0X/ + K (§Y° — HOX/) (2.40)
00000000000000000000000

0X?® = X/ — KHoX/
E* = [I-KH]E/ (2.41)
000 (24)0000000000000000000O0000O0D0000DO000

000000000 (24) 000000000000 P*O0OOOOO
1

P° = ETTWEHT (2.42)
= E%TG—KHMWKL—KHﬁﬂT (2.43)
= I-KH]P/[I-KH]" (2.44)

O00000000000000000 (24400 (222)0000000[I—-KH]O 1
gobbobbougoogobobbbooogoboboobooooooobooon
0000000000000 (24)00000000000 (DO0O0ODO)ODOODOO
goobbbodoogooobbbbodoooooooboobbooooooooboobooon
O00000000000000 (21000000000 KRK'OOoOoOoooQd

P* = [I- KH|P/[I - KH]" + KRK' (2.45)

OOo0pOOO0OO0O0ODOOO0DOODODOO0ODOOODOODOODOOLODOODOD
gobobbobobbodougooooboboobbbodggbouooooooobooon
00000000 EnKF OO O Evensen (1994), Houtekamer and Mitchell(1998; 2001)
gboogbogbbogboobbobobooboobooboobobobobboobn
gobbobbooooooobobobbodooooboboobooooooooobooon
0000000000000 SRFOOO0DODO0O00000O0OO0O0O0O0O (Whitaker and
Hamill 2002)0
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SRFO0000000000000000000000O0O (222) 00000000
OOOSRFOOOOOOOODOOOOOOOODOOODbOOObOoOOooDOOooDoOooD
000000 (transform) 000000000000 0000O0O0OODOOOOOOO
Ooo00boboobo0ooooboobOoSRFO0DOOODOODOODbDOObOOOODOD
gbooobuooooboo

SRFOOO0O0O0O00ODO0ODOObOOobOOoooooo TOOoooOO

E*=E/T (2.46)

0000000000000000000 Serial EnSRF (Ensemble SRF, Whitaker
and Hamill 2002) 0 O O O Serial EnSRF O 0O O

E“z(L—KH)Ef (2.47)

D000D0000000000000000000KOOK=eK0O0OOOOaO0O

—1
R

(14— 9.48

“ ( HPﬁF—+R> (248)

000000 (000 Whitaker and Hamill (2002) 00 0) 000000000000
000 (2350000000

K — B/ (HE')" [HE (HE') + (- UR] (2.35)
00 00Serial EnSRFOO0”Seria’0 0000000000000 100000000
DDDDDDDDHWHﬂHEﬂHEWHWY}RDDDDDDDDDDDDDDD
O0000000000000OSerial EnSRFOOO00O0O0DO000OODOOO0OO
000000000000 000000000000000000000000000
0(235)000000000000000
OD0D0000Serial ENSRFOOOO 1000000000000000O0DOO00
0000000000000 0000000D0D000000000D00000000
0000000000000 0000000000D000000000D0000000
000000000000 000000D000000000000000000000n
D00 EnFKODODDOOODODODOOODDODO00OODOD EnKFOODODDOOOOO
D00000000D000000000000000000000000000 (Local
Ensmeble Transform Kalman Filter, LETKF)O OO OO OO
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23 0O0OO

gobbobbbooooooobboobbooooobboboobobooooooon
gboogoobbodgbbliggbogobuogobbuodobboobooboboonn
gobbobbouoooogobobobbbouoooobbooboooooooboboon
gobbobbbouoooogobbobbbouooogbbooboooooooooboon
gobobobbbouogogobobbogooooboboobouooooobooboon
gobbobbouogoogobobobbooooogobooboooooooboboon
goobboobboodgobudooooooboboooooooooboboooon
gobobobbbuoggooobobbbbouooooobobooooooobooon
O0o0b0Ud0 enkKFOODDOOO0ODOOO0OOO0oO0booboobooboboooobon
gobobobobobodgooobobobbboooooooboobbuooooooboo
gobobobboooogoboboobobboodooooboobbbooooooooboooon
ggbooobooobobobobobobobobobobboboboooooo
gboobooobooboobbooboobboobooboobobooobon
obooboobboobooboobbooboobboobooboobbon
gobbbbtoooooobbbbbbodooooobbbbbobbooooooobbo
obobooooboboooobobooboboo oobobooboboobo
ObOoobooobo EnKFOODODOO00OO000O00000b000b00boobon
gobbbbbouoooobbbbbuoooooobbbbbboooooooboo
gbbooudgb ogbbuoobobboobbboobooobbuooobbuoogbn
gbboboogobood

O00000000000001000000000OPatiletal. (2001) 00 ONCEP
gbogoboboobodgbugbuobuoobobobobooboobaoboon
gbodgbogbogbogboobooboobooboobooboobooon
gboogbbogbboobuoggbooboobbobobooboooobboonn
gbobogobobobooobbooobobuooobbooobbbuooobboognbo
O000000000000000D00000000D0000 Patil et al. (2001) 000
gobbobboogogooobbobbodoooobbobooooooooboboon
gobobboobbooooogooobbobobbilibbobbbodoooooobon
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O00000000000000000 (local low dimensionality) 0 0 0000000
guoobboddo lgooouobobbuoooobbuooooobbuooooon
guoobbogoobobbuooobobboobobbuoooobobbuoooooo
oogggilodgbbbooggbbbuooogbbobboooobboboooobon
guoodoooooobbobbbooooooooog

gobbobobobbuooooooobobbbbbbouoooogosooooon
gobobbbbuooooooobbbobbbdodooooooooooobboboon
gobbobobbbooggooooobooouosbbuuoooooonobbon
guoobbobbooouobobuooouobobbbooooobobbbuoooooo
goobsogugoboboobobbbotouooooooboboobboogsboon
L(r)00O

(1. 1, 5 5,

1—2pdp—pt gy 28 2 <1
147’14‘27“5—*—87’537" 2 =
L(r) =< — % _ Zpt . 503 4 202 4— 971 (1 <92 2.49
(r) T +87’ —|—3r 5r + 5" (1<r<2) (2.49)
0 (2<r)
\

gbboodbr0obogobbooobbuooobboosbugobobuooobn
00000000000 000o0 (0D21)000500000(R<r)0000O000O
godgbbboogobbuoogbbbuooobboooobbooobbbooonn

00000 L(-)0 EkKFOOOOOOOOOEnKFOOOOOOOOOODOOOO
gooobooodn

1

K = (L0)PHH' (H(L(r)P)H" +R)

12

L(r) (P/H" (HP/H +R) ) (2.50)

obogbobooobuobob Koobooooooboboooboboobooobooboo
gooo
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24 0000000OO0O0ODOOOOOOOO0O (LETKF)

O00000000000000000 (Local Ensmeble Transform Kalman Filter,
LETKF) O O Hunt (2005), Hunt et al. (2007) 0000000000000 OLEKFO
ETKFOOODOOOOOO0O0O0000O0DOO0OCO0 EnKFODOOODOOOOO0O0O
O0O000LETKFOOOOOO0O0O0O0O0O000O0 (local patch) 000000000
OO0 local patch D0 000000000 DOOOOOOO01000000D000O00OO
Serial ENSRFOOUOOOOOOLETKFOOOODODOOOOOO

LEKFOODOOUOODODOO lecal patch D OO O0DOO0OO0OD0OOOODOOOOODODOO
OOOlcal patch OO0 OO0 OO0D0OOO0DOOODOOOOO0OO0ODOODOOOOOOODO
00000000000 (2006) 000 Ottet al. (2004) DODODOOOOOOOODOO
OO0 LETKFOO0O0O0OOO0O00O00OO0O0000OO0000000ooooooooonDO
000 ETKFOOOO000O0ODOOOCOOO00000000OOOOOCcOOOO
ObobooooooooooooobooooooOooboOoooooObboOobooDoODO
0000000000 Harlim and Hunt (2005) OO0 OOOLETKFO LEKFOOOO
Oo0ooo0oooooooooooobobooooooOoboooooooObboO00oooDoODO
Oo0oO0o0o0oooooooo

LETKFOOOlocal patch OO mODOOOOODOODOOO0O0O0O0mOO0000O
0D000000OOlcal patchD0O00DOO0O0O0 NxNODOODODOODO P/ OO
0000 (NOOOODO local patch 000000 xOODOOOOO)OmOOOOOO
OmxmOO00000000 Pf:ﬁDDDDDDDDDDDDDDDDDDD
oooP/ o0

P/ = Ef (Ef)—r

- E'P (B)' (2.51)

O000000O0O00LETKFOUOOD EnKFODODODOOOODOOOooOoooooo
gobobobbbooooogobobobbbodooooobobbooooooobooboon
OooobooobobOo0obU0OKFOOO EKFODODODOOOOOODOOODOoOoDOon
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gbobobooggn

Pl a+op (2.52)

gooo ?fDDDDDDD5DDDDDDDODDDDDDDDDDDDDD
oboboboboobooboobuoobooboobobb TOOoDLOODOO

E‘=E/T (2.53)

Oo0O00OOoO00oDO0ooOoOoooOoobOboOoooooo peOO

1
P* = ——E“(EY)’
m—1
- L wrr )’ (2.54)
m—1

000000000000 (25)00000mO0000O0O0mxmOO0O00000O
D0 P'000000000D00000000O0OP'0000O0

pr — L RITTT (B
m— 1

— EP(E)’ (2.55)

00000000mO000000000000000 P'00000000000
DOOKFOOOOOOOO P*00000 (222)00EnKFO0000O0O000 KOO
(2.36)000000

P* = [I-KH]P/
= [I ~E/ |(m - I+ (HE')  R™'HE/| CEE) RlH} ﬁEf (B
- ﬁEf (B
— L B/ |(m— 1)L+ (HE/) R™'HE'| " @E) RHE (B)
- ml_ 1Ef (Ef)T
— L B |(m — 1)1+ (HE') ' R™'HE/| B
([m =11+ (HE)) RHE!| - (m - 1)1) (B)) (2.56)
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0000 (m—1)I+ (HE)) R'HE/ =A 00000

pa _ ml_ B ol
-~ BIAT A (- D1 (B)
= ml_ /T (E)' - ml_ B/ [T (m—1)A "] (EN)"
— ml_ B/ (m — DA™ (E)"
— BEA(E)
— B/ [(m- 1)1+ (HE') R™'HE/| NGO (2.57)

0000mO000000 mxmOOOO0D0DO0000 P00

4 —1

P’ = |(m— I+ (HE')  R™'HE/| (2.58)
D00000000000000000 (251)000

P = [(m%r?l + (HE/)' RlHEf} h (2.59)

D000000000000000000 HOOOODOODO HOOOOOOOOHE!
HEN

HE' ~ H(X' + E/) - H(X/) (2.60)

gooo
0000000000000 xNx1|000000000000000 x00

x' =%/ +K (y’— HEx')) (2.61)

0000000 (236)0000000

% = %/ +Ef [(m ) (HE{)T R‘lHE{] B (HE{)T R (v — H(x))
— %/ +E[P" (HE{)T R (y° - H(x')) (2.62)

goboubooboboboobooboboboboobooboobooboboobogon
O00000000000000000TOODOO0DOO0O0O0O0O000 (255)000

T=vm_1 (15“>é (2.63)
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0000000000000 0000000000000000 P 00000000
1
DDDf’aDDDDDDDDDDDDD<l5a>2DDDDDDDDDDDDDDDDDD

oy -1
DDD(P) alalalslsislnlsls

ﬁa::[92:i2+(HEQTR1HEq1

110
— [vAavT]
= VA VT (2.64)
(Pa)é — VAT2VT (2.65)

VOOOOOOOOAODOOOOODOOOOO0OO00000000000000000

P'00000000000000000000LETKFOOOO00000000000
E* = E/T

_a11/2

- W“m—mﬁ}

= E/'Vm—1VA~2VT (2.66)

0ooooooQ

00000000000000000000000000000000000000
0000000000 (262)0000000000000000 (26600000000
000000000000000000000000 x/[Nx1]00000X"[Nxm]
Doox+0X*oooooooooooX® =[x/, xo/, ... %/ DON xm
oooooo

X" = X'+E°
_ . T _
- Xf+Eﬁ><HEQ R“<f¥JﬂXﬁ>+Eﬂhn—1VA4”VT

a T _
= X/ +E/ {P (HE{ ) R (yo 0 )) +Vm — IVA~YV2VT | (2.67)

gobbobbbouogogobboobbodoooobooboooooooooon
gobooo

LETKFOOOOOOOO0OO (259)0000000000000000OO0 TOOO
0000010000000 00000D0O0D0OO0O0OO00DOOOD (267000
0000000000 000000000000 NxmOOE/ 0000000 10
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OoooO0O0O0OD0O0OD0OD0ODO00000000000N>mOOODOODOLETKFOO
Oo00O0000oo

O0000LETKFOOODOOOO0O0O0O000O0 NICAMO EnxKFOOOOOOODO
ODO0OO0OOOOLETKFOOOO0O0O0O00000000000O0O0O0O0O0DDODDOO
000 Serial EnSRFOOOUOO0ODOO0OO0O0OO0OO0OO0DOOO0O0ODOOOOOOO 100
OooooooooOooooooobooOooooOobo0oOoooDooOoboOooooD10000
OO0D0O0O0OCOOOOLETKFOOOOOOODODODOODOOODOODDOOO10000
OO00000000000ooO0ODOOO00000000oooooOoooobooOoDODOOO
OO0 EnKFOOODOOODOOOO

LETKFOOOODODOOOOOCOOOOO0O0O000000000OOLETKFOO
00000000000 (observation localization) 00 0000000000000
O000000000000000000000000000000000 L(r)00O0O
oo0o0OC0OOOoO00o0O0OoooooooooooooOOOCODbOOOoOoOooooooo
Oo0ooooobooooOO0OO0O0OLETKFODOOOOO0O0ODODOOOO0O00ODO0O0OR
DO0DR'O000O0O0O0O0OOO (4900000000000

R'!'+«— L(rR™ (2.68)
00000000000
K = (PfHT (HP/H + R/L(r))’l) (2.69)

0(250) 00000000000 (269)0000000000000O00O0O0O0OODOO
0000000000 Miyoshi et al. (2005) 00 LEKF O 00O O Miyoshi and Yamane
(200 O0OLETKFOOOOOO0OODOOOO0OOOLEKFOOO LETKFOOOOOO
Oo0ooOo0ooooooooon

OOD0O0OOOOOOLETKFOD 100000000000 local patchOD OO OO0
OO0 local patch 00 0000000000000 O0O0OODOOOOODOODOOO
ODODOD0OD0O0OO local patch OO0 O0O0O0O0O0O0O0OOODOODODODODODOODODOOOO
ODD0OD0O0O0O00 local patchOOODOODOODODODOOOOO local patchO0 00000
O0000000D00O0O0Olecal patchOOOOOO0O0DODOOOOOOODOODOO
Oboo00oo0OooooooooooOoooooooOoOoboO0ooooooDobOboDo
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2.5 Non-local patch LETKF

000000 Miyoshi et al. (2007b) 000 local patchOD OO0 OO LETKFOOOO
O000000000000 LETKFO local patch OO OO0D0OOOOOOOODOOO
J00b00o0ooboboooobbuooobobbuooobbboooonbD local patch O
J0o0ooo0ObOo00b0oo00o0ooooobobobbobouoggdtlocal patchOD O OO
000000000000 0000000OMiyoshi et al. (2007b) 0 LETKF O local
patch 00O 0O0O0OD0DOO0OOOO0ODOOO0OO0OOODOOOO0O0ODDOOODDOODOD
000 (0000000000000 000 LETKFOOOODODOOOOOooooo
00)0

000000 rO 0 Hubeny (1953) 0 00

r=+/(A-dP)?+ (B-cosP-dR)? (2.70)

OobogpPdPdrRODOODOOOOOO200000000200000000000

A BOODODODODOODOODOODOOD
Ry,
(1 —e-sin® P)3/2
Req
(1 —e-sin® P)1/2
O0O00D0R,, =6334834.0 [m] (000D 0), Ry, = 6377937.0 [m] (0000 0) 0000
e=10.0066740 000 0000000000000 (249 000000000000

000000000000 00D00000O0O0000000o00 (2490500000

1
7‘:2-\/30-0 (2.73)

goobooooobooooo

0 O O non-local patch LETKF O OO OO 0O OO OO Non-local patch LETKF O O O
1000000000000 0000DO00O0O0XO0Oo NOOOoOoboooooooo
0000000000000 000000O0000 (Dobooooooo)ooooo
0000000000000 000D00D000000000000D0DOoD0ooDOOoon
0000000000000 0b00000O0local patch0 O OOODODOOOODODO
O00D00000DO0D000000DO0DO00DbO0bOO0ODOOo0ODOO0o0DbOOobOOoDoOOon
O0000D0 LETKFOOODDOODODODOOODDOOODODOO0OOOOO0ODOOOoOn
obooobooooobooon

A:

(2.71)

B = (2.72)
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26 UO0OO0OOOOO

EKFOOOOOOOODOoOooOooooobooooboooobooooooooo
0000000000000 0000DO0o00b000 EnKFOODODODODDOOODOOO
O000000o0b0o0obOooboboobooobOooboobOooooooobon
00000000000 000b0o0bOobOdO covariance underestimation O O O 0
0000000000 DO000000000DLO000000000D000000OEKEF,
EnKFOOOOOODOOODOO0O0ODODOO000ODO000DDbO0oooobooooboooon
O0o00oO0O00OO0OO0O (221)000O0OO0OO0OOOOOODOOOOOOODOOOOOOO
O00P/ 00000000000000O0000000000KOOOOOOO0O
000 (26)0000000000000000C0O0O0O0ODOOOOOO EKF, EnKF
O0000000DO00000D0O00bO0o0bO000obOo0OooDDOOoOoDOOoOoDDbOOon
000000000 KFROOODOODOOODOOOOOODOOO0O0O0000o0o0oo0n
000000000000 00000000 (OO0 2006)0

ooboobooboboobooboobobuooboooboobooboboobo
oooooon

P/ — (1+0)P/ (2.74)

s00000000000000000000D00000O00000P/ 010000
gobbbbbuooogbbbbbboooooobbbbouooooooboboo
goudgdg

(1+6)P =P/ +Q (2.75)

gobbbbouoogogobbbobbouoooooobbobouoooooobobon
OOoobooboboQUooboobooboboobuoboboobobooobobooobOEKFO
EnKFODODOOOoDOoooobooobooobobooboooboooboooo
gbooooo
EnKFOOOOooOooooboooboobuoobbobbuoobbuoobooo
gbobobooooboobbbuoooobbbuooobboboooon

E/ — (1+0)E/ (2.76)

32



D000D0000000000P/0@0+6)?0000000000000 multiplicative
inflation0 0 0000

00 1000000000000 00O00000000000bO0DOO0obOOooDOood
000000000000 pO0DOO0OO0OO0ODOODOOd

E* — E“ +1n (2.77)

O000000000000000 additive inflation0 00000 ODOODOODOODO
goboboboboboogoooobbobobbooooooobobooqgpobbbn
gobobobbbouoooooobboobbodooooobobbbooooooboobooon
goboboooobbbdqphoooobbbuoooobobod

E/ = M(E"+7n)
= ME" + My (2.78)

guooubbboogooubbboooobbboooouoboonbbbboooo o
gooooobobobbtodooo MpOObooooooobobbooooooobooo
00000000 Miyoshi and Kalnay (2005) 00O Lorenz0 40000000000
goooobobobobobobbbbb0ouo BVvOoOououoooo Bvoooooooooo
Jo0ooboooobooobooboboobboobboobooboboobooOooboo BV
O BreedingO O ODOOOODODODOOOODOOODDOOOOOODODOOOODOOOOO
godguobobbooooobobuooouobobbboooobobbbuoooooo
godobobboooouobbobuooooobboooooobbobuooooo
goodoooobobbbboooooooooboobbbon
KFrOOoOoODoooobhooooboooooobooooobooboooboooo
godoobobooodooobooooobbbooooobbuooogoo
god20000000000b0bu0obbuooobbuoooobobooboooon
gooodooobbobobbooodooodoobooobboboooooooooobooon
00000000 forgetting factor (Pham et al. 1998) 00000 0O
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27 UUoooooobboooobod

OobodboouoooooooooobobooooébboobooobooonoDg
OO00ooo0oqés0000O00O0O00OO0OO0OOOOOoOOobODOobOOoDg EnKFOODO
goguobbobibodgoooooobobbboooouobobbbooooooooon
Miyoshi and Kalnay (2005) 0000000 /000000000000 O0O0OOOO

D000 o0U0EnKFOOODOOODODOODODOOODOOObOOOoODbDOoOooDDO
OOooOobOobooobogoogégDb

(do_pd,_,) = (1+ 6 HP’H+ R (2.79)

000000000000000000d,_,=y°—Hx/)O00ODDODODDOOO0OO0OOO
0 =D0 000D000000000000000000000000O0OP/ 0000
0000000000000 0DoOoo00ooooooOoUoOonD (2Moooood
obooboobboooboobbo20b0o0bo0boobobooboboobon
obobooobobooobobdobobooboobobooboboobobboon
0000000 (279)o0o0oooo0oo0o0s0d

d,_d, , — trace(R)
trace(HP H)

5= (2.80)

gbobobooogobood

000 Desroziers et al (2005) 00 0000000000000 O0OOODOODOOOO
gobbobbbouoggoobbobbodooooobobbbooooooobon
obooboodbgRrROOObOOoOOoOobOobOOoO0obOobObOOobLDOoOobUobobOobLOon
obooboobooboobobobobobobobuo EnKFOODOOooDoooboo
000000 Desroziers et al (2005) 00 000000000000 ROO

(do—od, ) =R (2.81)
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00000oooooooood, ,=y’—Hx9)OOOOO (281)0000000

(doud] ) = <(Y°—H ) (v = <Xf>>T>

12

(yo ~H(x') — H(dx“)) (yo ~H(x') — H((Sxf)T)>

(5y" — H(éx“)) <6y° - H(6xf)>T>

5y° <5yO)T> _ <5y0 <H(6xf>T>

= R (2.82)

.
DDDD@%mLQDDDDDDDDDDREDDDDDDDDDDDDDD<®%H@ﬂ)>,

T T
<H(5xa)<5y°> > <H(5x“)<H(5xf) >DDODDDD
00000000000 é0D00000000ROOOOONNONO00NO0
0000D0000000000 EnKFOODOOOOODO0000000 (0°)200

(0°)? = trace (do_od, ;) (2.83)

00000000000000000000000000 (¢°)?0000000000
jodbbooboooooblgobooboooooboboooobooboooooobobooboo
000000006 0000000000 (¢°)?000000

gboboglgbobogdgbbgoboboboogbooobooobooobooooon
0000000000000 0000O000oOo0oo0oooooooon (2.80)00
(283)0 0000000000000 0OOO0O0O0OOOODOOUOODOOOODOO
gobobobobboogogobbobbodgogboboboooooooobooon
OO000000obO0obO0bO0obO0obOobOobOOooDobOobooobobooOoéésbOoD
0000000 (0°)?00000000000000000

00000000000 A*0D0000OO AMIOD0ODO A°O0D0O0O0OODODOOO0
00000000 0000000 A°0000000éO0O0DO0O0DOODOOOOO
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(¢°)?’0000AD00D0O0ODOOO

A = AY (2.84)

v o= av? (2.85)

O0000O00DAQOOODOOODO

oAb bAo

A — % (2.86)
Ub

vt = (1—vb+vo) v’ (2.87)

ooogf

OO000eb00002000000000000000000000O O0Miyoshi and
Kalnay (2005) 00 OLorenz0 00 000000000000 OODO a0ve00000O0
0000000000000 00000Miyoshi and Yamane (2007) 00000000
OoooooooooboooobooboooésoobbboboooobobpoOoooDo
gbbogdgbbuogobbbooobobbooobbuooobbbooobboobn
gobbbbbuooogobbbbouoooobbobbbbouooooobobon
O000000000000000000000Kalnay et al. (2007) 00 OSPEEDY O
gobbobbouoogobbbbbouogooobobboobbouooooobobon
gbobogobbogobbuooobbuooobbbooobooobobboogbn
gobbobbbouooogobobbodoooobobobbouooooobon
O0000000000000000000000000000O0O0OKalnay et al. (2007)
gobbobobooooooobbobboooooooboobouooooooboon
gboboboooobboooobobon
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Weighting Function

1
---Gaussian function
0.8 ——Gaussian-like function I
& 06 BN

0.4
0.2

0 =

0 0.5 1 1.5 2 25 3 3.5 4

FERE[1 X 10%km]

0 21:000000000000000000500000000000000000
ood
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(130 OO S-model-EnKF

3.1 00O S-model

0000000 S-model (Tanaka 2003) 0000000

3.1.1 300000gobogg

O00000Tanaka(2003) 0000000000 ODODOOOOOOCODOODOOOO
sugbuogbobouogbobugbboboooboobboobbuodbbodobbo
gbooooaog

0000 (A\6,p) 0000000000000 COO0OOCOODODOODOD 100000
gbobboooobbbuooobbboooobbbuoooobbbod

MY L LU-N4F (3.1)
or

r00000000000000r=2t00000 (3.1)00000000000ng
HEN
vdoogoooooo

U = (u,v,¢)" (3.2)

M,LOOO0O0O0

o p* 0
M = 20diag (1,1, — =~ 3.3
mg( o 6’2937817) (3.3)
0 —2Q)sin 6 —aciw%
L=| 20sing 0 12 (3.4)
1 9 1 O()cosb 0

acosf OX acos® 00
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NOOOoOoooooo

dp a
N = —V Vo —wft — 2y (3.5)
3 2 ¢ 9 ¢
LBV Ve o (%))

roooooobooboooboo

9 T
F = (Fu,Fv,— (LQ))
Op \ ¢pY

(3.6)
ogoond

diag)D 0000
(boooo

gooo

03.1)000000000oo0o0o0o0ooooooooooooon (F=0)00

000 (4,0,¢)=000000000000 (W,v,¢)0000000000 (3.1)0
000000NOO

el v 9 / o,/ tan@, 7 ./

(acos@ﬁ +E%)u _wa_pu + a LA

_ u 9 v 9 / o, tan, /1, ./
N = (acos@ﬁ—'—zm)v _Wa_pv T T a L
D P (w9 WD) 9 o (p 09

op |: vy \acosf O\ + a 69) op +wp8p Ry Op

000000000000 00000N=000000 (3.1)0OO0Ooooooooo
gbobobooooon

ou’
M LU = 7
or * 0 (3.7)
U/ — (U,,U/,gb,)T

00000000000U =@, v,¢)'0 U= (uv,¢) 7000000
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gbooooo

000000000 3.7)00000ooooo0 Gu(p)DOOO0O0OOCOCOCOOO
gobobooogooboon

U<)\7 67p7 T) = <u7,U7 (b)T

— Z(um, Ums (Z)m)TGm(p)

= ) Un(X0,7)Gn(p) (3.8)

000000 mOO0000000 (vertical mode number) 0000000000 (27)
guoodoobooobobbbbooooooooog

d p* dG,, 1
-+ —G,, =0 3.9
dp Ry dp +ghm (3.9)
1 0¢m, 1 Ou,, 1 Ovycosf

=0 3.10

gh,, Ot acosf O\ +acos€ 00 ( )

000000 (3900000000 (vertical structure equation) 0 00000000
gotooouoobooodooboooogo

000000 (3.10)0(3.11)0(3.12) 000000000000 (horizontal structure
equation) 0000000000000 A, 000000 (L)0D0D000000000
(3.9)00000000000000G,(p)0000000000000000000
00000 (31000000000 A,000000000000000000000%,,
00000 (equivalent height) 0000000

000000 G,(p) 000000000000 p000000 f(p)0000000
00000000000000

F(0) = fmGm(p) (3.13)
ﬁnzg;AMfQﬂGm@ﬁ@ (3.14)

oo0o f, 00 mOODODOOODOODOODOODOOD
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00000 m=0000 (barotropic) 000000000 (external) 1000000
00000000000000000000000000000000000000
00000000 m>1000 (baroclinic) 000000000 (internal) 00000
00mO0000000000000000mO00000000000000000
0000000000000 m=00000000000000000000000
00000000000000000000000000000000000000
m=000000000 hyO 97284m 000 0

gbooooao

00000mO0000000000000000000000000000000
000000 (3.10)0(3.11)0(3.12)000000 00 (3.10)0 (3.11)0 (3.12) O

0
M,,—U,, +LU,, = 1
or + 0 (3.15)

gbobboooobbobmbOmbooodooboooooobon

1
M,, = 2Qdiag <1, 1, —)
ghm

Um = (Um, Um, ¢m)T

gbooobooboobooboo X,0Y, 000000

X%l:cﬁag<yﬂﬁ;;yﬂﬁ;;ghm> (3.16)

'Ym:=29mag(v@E;,¢§E;1> (3.17)
O0O000 (315 0000000000000

(Y;,'M,.X,,) a% (X,,'U,) + (Y, LX,) (X'U,) =0 (3.18)
000

Y, 'M,, X,, = diag (1,1,1) (3.19)

0000 (3.18) 0

0

3 (X' Up) + (Y, LX) (X'U,) =0 (3.20)
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gobobodo

0 —sinf o %
Y, 'LX = sin @ 0 Uy (3.21)
am 0 am  O()cosf 0

cosf O\ cos 0 00

00000 (321)00 «,,0000000000000O0O00OO0O0OOOOODOOOOO

Vv ghm
2Qa

A (3.22)

O00obooboobobob400b00b00b000bOg:000R,:00000Q:0000
UididbUe:O0000OD0O0OO0OOOOOODOOUD e, UOOOOOOOOOOOO
000 (Tanaka 1985)0

03200000 -00000000C00000D0OOCOO0OOODOOOOO0OODOO
duodoouooooobobbbbbouooooa

XU, (A, 0,7) E:ZEWAQWW‘ (3.23)

n=—oo [=0

H,,,(\,)DOO0O0O000O (horizontal structure function)d 0 0 O HoughO OO OO
O00OHouwghOOOODmUOOOODDODOOOODDOODODODODOOODDOODODODOODOOO
Oo0oo0oooooo AbuoeDODUOODODUODODnO0DODOOIODDODOOO
guooooooog

0(3.23) 00000000 (3200000000

— i imHpim + (Y, LX) Hyp = 0 (3.24)

00000000000000000 Hy,,(M,0)00000000 0, 000000
000000 (3200000 00000000000 0HoughOOOOO0 Oy ()
0000 Hu,(A\,0) 00000000000 00000000000000

Hoim (A, 0) = Oy, (0) €™ (3.25)
oooo
Unlm (9)
Ouim (0) = | —iVim, (0) (3.26)
Zim (0)
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DDDDDDDDDDDDDDDDDW/QDDDDDDDDZ':\/—_IDDDDDDD
0odododoo 3goodoodonoooooodooooodoooooood
000000 (Rosshy mode),, 0 0000000000000 O0O0ODOOOOOODOO
000 (gravity mode) 1,01, 0000

Swartrauber and Kasahara (1985) O 0000000000 H,y,, (A,0) 000000
0000000000000 0000ooo0ooO0o0000d00 Hy,(A\,9)OODOO
dodododooooooooooooobooobooooooooooooood
dooooooooooooooooooon

doooooooobooooooobooooooo

<HnlmaH "Nm> = _/ / nlm /l/ +anmV/l/ +anmZ n'l'm )
%

e A cos BdNdh  (3.27)

O000000D00o000o0ooOnmO 'mO000C0O00O000ODOOOCO0OOO0ODOO
DDDDDDDDDDD(3.21)DDDDDDLm:YﬁLXmDDDDDDDDDDD
00000000000 (skew—self adjoint) 000000

<Hnlma LmHn’l’m> + <LmHnlm; Hn’l’m> =0 (328)
0 (3.28) 00 (3.24) ooooono
(Unlm - O-;;/l/m)<Hnlma Hn’l’m> =0 (329)

00000 (32900000000000000000
en=n'001=0/000
<Hm,Huw>0000000000000000000000000000000
00000000000 (32900000000 oum=0,, 00000000000
0o, 0000000000000
e000D0D0ODO

Oim # 0%, 00000 (32900000000 <Hppn, Hyyp>=0000000
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1st Eigenvector for Analysis Cov.
EKF vs EnKF
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2nd Eigenvector for Analysis Cov.
EKF vs EnKF
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3rd Eigenvector for Analysis Cov.
EKF vs EnKF
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1st Eigenvector for Forecast Cov.
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1st Eigenvector for Analysis Cov.
EKF vs EnKF
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RMSE for LETKF

--------- LETKF(m=20)
--—-— LETKF(m=50)
9e-05 - —— LETKF(m=100)}
LETKF(m=410)
: = EnKF (m=250)
8e-05
7e-05 A
L nc |
N 6e-05
=
X 5605
4e-05
3e-05 -
2e-05 A
1e-05 -

0 5 10 15 20 25 30
Time (days)

0 3.13: S-model-LETKF O OO S-model-EnKFOOOODOO w, 00000000
ORMSEOOOOOODODO 19900 10 1000200 19900 1031000200000
0000 2.25 x 1074,

82



non-localization
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Eigenvector for Analysis Cov.
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Eigenvector for Forecast Cov.
EKF vs EnKF
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Eigenvector for Forecast Cov.
EKF vs EnKF
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RM SEs and Spreads
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