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Introduction

* Goal: compare 4D-Var and EnKF approaches in the
context of producing global high-resolution
deterministic analyses for operational NWP

* 4D-Var and EnKF:
— both operational at CMC since 2005

— both use GEM forecast model

— both assimilate similar set of observations using mostly the
same observation operators and observation error covariances

* 4D-Var used to initialize medium range global
deterministic forecasts

* EnKF (96 members) used to initialize global Ensemble
Prediction System (20 members)
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Operational Systems

* 4D-Var
— operational since March, 2005

— incremental approach: ~35km/150km grid spacing, 58 levels,
10hPa top

° EnKF

— operational since January 2005

— 96 ensemble members: ~100km grid spacing, 28 levels, 10hPa
top

* Dependence between systems

— EnKF uses 4D-Var bias correction of satellite observations and
quality control for all observations
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Experimental Configurations
Modifications relative to operational systems

* Same observations assimilated in all experiments:

— radiosondes, aircraft observations, AMVs, US wind profilers,
QuikSCAT, AMSU-A/B, surface observations

— eliminated AIRS, SSM/I, GOES radiances from 4D-Var

— quality control decisions and bias corrections extracted from
independent 4D-Var experiment

— observation error variance smaller for AMSU-A ch9+10 in EnKF

* |ncreased number of levels in EnKF to match 4D-Var

* Decreased grid spacing of 4D-Var inner loop to match EnKF (but 4D-
Var uses Gaussian Grid, EnKF uniform lat-lon)

* Other minor modifications in both systems to obtain nearly identical
innovations (each tested to ensure no degradation)
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Experimental Configurations

 3/4D-Var:

— 3D-Var and 4D-Var with B matrix nearly same as operational system
(NMC method)

— 3D-Var and 4D-Var with flow-dependent B matrix from EnKF at one time
in assimilation window (same localization parameters and o, for

AMSU-A ch9+10 as in EnKF)

— Ensemble-4D-Var — use 4D ensemble covariances to produce 4D
analysis without TL and adjoint models (most similar to EnKF approach)

* EnKF — high resolution deterministic forecasts initialized with:
— low resolution ensemble mean analysis
— additional high resolution deterministic member (in progress):
= using incremental approach similar to 4D-Var:
* innovation computed directly from high resolution background state
= low resolution increment added to high resolution background state
= no obs error or model error perturbations

= use all 96 members to compute covariances
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Experimental Configurations

Remaining differences between two systems

* Differences in spatial localization (most evident with radiance obs):
— 4D-Var: K= (pcP)H" ( H(pcP)H"+ R )"  (also Ens-4D-Var approach)
— EnKF: K=po(P H") ( po(HPH") + R )"

* Differences in solution technique:
— 4D-Var: limited convergence towards global solution (30+25 iterations)
— ENnKF: sequential-in-obs-batches explicit solution (not equivalent to global
solution when using spatial localization)
* Differences in temporal propagation of error covariances:

— 4D-Var: implicitly done with TL/AD model (with NLM from beginning to
middle of assimilation window)

— EnKF: explicitly done with NLM in subspace of background ensemble
(also Ens-4D-Var approach)
* Differences in time interpolation to obs in assimilation window:
— 4D-Var: 45min timestep, nearest neighbour interpolation in time
— EnKF: 90min timestep, linear interpolation in time

— Ens-4D-Var: 45min, NN for innovation, 90min, linear interp. for increment
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Single observation experiments
Difference in vertical localization between 3D-Var and EnKF
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Single observation experiments
Difference in vertical localization between 3D-Var and EnKF
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Single observation experiments
Difference in vertical localization between 3D-Var and EnKF
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Single observation experiments
Difference in vertical localization between 3D-Var and EnKF
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4D error covariances
Temporal covariance evolution

* EnKF and 4D-Var both use 4-dimensional error covariances to
compute analysis increment at the middle of assimilation
window (Oh) from observations throughout assimilation window:

3D-Var (3D covariances):

p°B__(0h,0h) p°B.__(0h,0h) 0°B. (0h,0h)

ens(

EnKF (and Ens-4D-Var):

poBens(Oh’_Bh) poBens(Oh’Oh) poBens(Oh’+3h)

4D-Var:

M (p°B,,(-3h,-3h)) M ((p°B.,(-3n,-30)) M) | | M ((p-B,,,(-3h,-3h)) MTMT)

ens(

I I : >
-3h Oh +3h
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4D error covariances
Temporal covariance evolution
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Single observation experiments — 3D-Var
Difference in temporal covariance evolution
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Single observation experiments
Difference in temporal covariance evolution
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Single observation experiments
Difference in temporal covariance evolution
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Single observation experiments
Difference in temporal covariance evolution

4D-Var with Bnmc
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Analysis and Forecast Verification
Results — Forecasts with GEM-Meso (800x600x58L)

EnKF (ensemble mean) vs. 4D-Var Bnmc
and
4D-Var Benkf vs. 4D-Var Bnmc

Page 18 — February 3, 2009

Il S Sy Canadi




Analysis Results — global

EnKF mean analysis
vs. 4D-Var Bnmc

4D-Var Benkf
vs. 4D-Var Bnmc
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Forecast Results — 48h northern hemisphere
4D-Var Benkf
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orecast Results — 120h northern hemisphere
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orecast Results — 48h southern hemisphere
4D-Var Benkf
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Forecast Results — 120h southern hemisphere
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Forecast Results — 72h tropics
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Forecast Results — 500 hPa GZ
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Results — 500hPa GZ anomaly correlation

Verifying analyses from 4D-Var with Bnmc
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Results — 850hPa T anomaly correlation
Verifying analyses from 4D-Var with Bnmc
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Analysis and Forecast Verification
Results — Differences in covariance evolution

Ensemble-4D-Var vs. 3D-Var Benkf
and
4D-Var Benkf vs. 3D-Var Benkf
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Forecast Results — 120h northern hemisphere
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Forecast Results — 48h southern hemisphere

Ensemble-4D-Var
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Forecast Results — 120h southern hemisphere

Ensemble-4D-Var
VS. 3D-Var8§enkf

LV

4D-Var Benkf

VS. 3D-\!arg§enkf

A WARIANCE 30 VARIANCE m% HIAE uu WERINCE = U VARIANCE z3%
100 i T T il 100 i T T 2 100| i T Hlk o T T e
' ! gag U 88%
[ e I = I e T
150 v H55] e 150~ ape] e 150~ ‘; aper] s 150+ 9% we
00 0 e 200 7 e el N Gax| e 200 a8 o
: s s : s .l s
250k | o 2S0F s 2501 h sosl s 250+ Hl s
4 rray e 4 rra i o
30+ i T MO Y 00 f saf] mx  HOF u Bk
n 788 F i s i 2
400t 1 s 00 ran 400k 1 gua] e 400 § res
\: ITie e I: T AT
500 - i dm  BOBE [ Ry 500 t ggn 7w SODF ] o Ry
. ey fo : s EL o1
700 ] s TOOF = 700 ) gon] yws  TOO[ H gy s
' Jeas oLy ' s I SR8
B0~ ] e Ll o nE." B850 ] RN e BS0 - . o34 =
1 U o Az 1 U a2 ] B
azs - i e 925 I I —{ e 9251 :I ga| mme 925 i I I — e
p :
1000 ] 1 L oo I U T it 1000 1 I anel ™ o000 il I I U I
s S v E
o E] 10 ik L] 10 iH o 5 19 18 o L] 10 18
irmy's) [m/s) imys) [m/s)
conf. £ ronf. % canf, % cond. % conf. & conf. % canf. % cond.
HIMS G7 VARIANCE 23 SIS T VARIAMDE ime HIAIS GE VARMMCE 33+ SIS T VARIANCE 338
T —— ———T e QT T T T % — T T T — — T e QT T T T T T T — T T
: # H 5 I anw ' S4x H Y 97%
H B H £ : s H E
150 1 S e 150 ! 1 - sam 150+ - ga] s 150 ! ¥ s
s : e H
:}. el : / g E’ N : 7 En T
200 - i R LA P 200k i opg] 2 2OOf B |z
: 2423 s -~ ' 223 R 241
250 I sas 250 i 1 zes 250~ i g4n| wes  2S0[ i ] seii
I . a3 "’ s ': M3 4 ]
300 b a2 300 f: B2 a2 300 | B BECH El r: BN 22
|i T3 li e |i 2438 li e
400+ v g 400 i — rum 400 i S P :  rum
‘l T4 I E s i T34 E s
5001 H RECT 00 '; e 5000 H k=T 00 H T zema
! s 5 2o ! - : 2o
E A e OO I — e ot i gzl s TOOL [ H — s
il — h o i 22 LK 7m0
Bsof- Y REL T I e Bsof H geX| e  BSOF I B1E| 2
1 G 2 2 ) I I 16E2 " G Z £ B I I Tem
i o . \ REEC r = es 9251 . \ ot wm ¥ ‘.: e
0] PP P B TR | 1': T o PR R L AR AP R S :: waol o o 1w PR R TP | ": 1] AEPENEEPEY | PR, AP S S ::
o 10 15 =+ =2 e} 2 4 = a o 12 ih] =4 =2 ] 2 4 = a
[dam) f{degree) [darm) (degree)
% conf. % conf, % conf. % conf,
BIAIS E5 VARIANCE roas BIMS ES VARIANCE %8
300 H ¥ fes 300 T - 95 -
. ¢ 2400 ' - T
400+ L2 e 400 g q 2am s eV Ias
s00 r' R sook- 1 i .
- ! - elative to
o0k IH -+ ben o0} I S r (AY4
LEGE i o © Banf I e -
! : adiosondes
a5t n - d ool 225 : - d " r l n
1000 il o 1000 A| i
o ! 10 18 o 5 10 15
(degres) [degree}




Forecast Results — 72h tropics
4D-Var Benkf

Ensemble-4D-Var
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Results — 500hPa GZ anomaly correlation
Verifying analyses from 4D-Var with Bnmc
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Results — 850hPa T anomaly correlation
Verifying analyses from 4D-Var with Bnmc
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Conclusions
Based on 1-month data assimilation experiments

* Medium-range global deterministic forecasts initialized with
4D-Var and EnKF (ensemble mean) analyses have
comparable quality

* Gain of ~10hours at day 5 in southern extra-tropics using
4D-Var with flow-dependent EnKF covariances

* New approach of Ensemble-4D-Var improves on 3D-Var,
forecast quality similar to 4D-Var in northern extra-tropics

* Working to complete EnKF experiment using incremental
approach to produce high-resolution deterministic analysis
and understand differences with Ens-4D-Var
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Forecast Results — 48h, 120h northern hemisphere
Ensemble-4D-Var

Ensemble-4D-Var
vs. EnKF mean analysis
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Forecast Results — 48h, 120h southern hemisphere

Ensemble-4D-Var Ensemble-4D-Var
vs. EnKF mean analysis vs. EnKF mean analysis
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Forecast Results — 72h tropics

Ensemble-4D-Var
EnKF mean
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Single observation experiments
Difference in vertical localization between 4D-Var and EnKF
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Single observation experiments
Difference in vertical localization between 4D-Var and EnKF
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Single observation experiments
Difference in temporal covariance evolution
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Single observation experiments
Difference in temporal covariance evolution

200 ' 4D-Var with Bnme
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Single observation experiments
Difference in temporal covariance evolution
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Analysis Results — global

Ensemble-4D-Var vs. 4D-Var Benkf
3D-Var Benkf VS. 3D-Varg§enkf U
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Forecast Results — 48h

EnKF mean analysis
vs. 4D-Var Bnmc
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orecast Results — 120h northern hemisphere
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Forecast Results — 48h southern hemisphere
4D-Var Benkf

EnKF mean analysis

VS. 4,D‘-Var,_e§nmc
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Forecast Results — 120h southern hemisphere

EnKF mean analysis 4D-Var Benkf
vs. 4D-Var Bnmc vs. 4D-Var Bnmc
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Forecast Results — 72h tropics

EnKF mean analysis 4D-Var Benkf
vs. 4D-Var Bnmc o Vs. 4D-Var Bnmc
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4D error covariances

* EnKF and 4D-Var both use 4-dimensional error covariances to
update background state at the middle of assimilation window
(Oh) from observations throughout assimilation window:

EnKF (and Ensemble-4D-Var):

p°B,..(0Oh,-3h) =

p°(M(ens(-3h)) ens(-3h)T)

p°B,..(0h,0h) =

pe(M(ens(-3h)) M(ens(-3h))T)

p°B,..(Oh,+3h) =
p( M(ens(-3h))
M(M(ens(-3h)))")

4D-Var:
M (p°B,.(-3h,-3h)) M ((p*Beys(-3,-3h)) MT) | | M ((p°B,(-3h,-3h)) MTMT)
l l : >
-3h Oh +3h
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