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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 Canadian GEM forecast model

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

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

* EnKF (96 members) used to initialize medium range
global Ensemble Prediction System (20 members)
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Operational Configurations

* 4D-Var
— operational since March, 2005

— incremental approach: ~35km/150km grid spacing, 58 levels,
10hPa top, 6h assimilation window

* EnKF

— operational since January 2005

— 96 ensemble members: ~100km grid spacing, 28 levels, 10hPa
top, 6h assimilation window

* Dependence between systems

— EnKF uses 4D-Var bias correction of satellite observations and
quality control for all observations

— model-error covariances in EnKF are similar to a scaled down
version of 4D-Var background-error covariances
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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, in situ 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

Increased number of levels in ENKF to match 4D-Var

Increased horizontal resolution of 4D-Var inner loop to match EnKF

Other minor modifications in both systems to obtain essentially
identical innovations (each tested to ensure no degradation)

DRAFT — Page 5 — November 14, 2008

Bel S G Canadi




Experimental Configurations
Four main experiments (2 standard, 2 "new” approaches)

° 4D-Var:
— with B matrix same as operational system (NMC method, Bhmc)

— with flow-dependent B matrix from EnKF (Benkf) at beginning of assim.
window (same localization parameters and o, for AMSU-A ch9+10 as
in EnKF)

EnKF — high resolution 6-day forecasts initialized with:
— low resolution ensemble mean analysis
— high resolution deterministic member (in progress, no results yet):
= incremental approach similar to 4D-Var:
— innovation computed from high resolution background state
— low resolution increment added to high res. background state
= no obs error or model error perturbations
= use all 96 members to compute K (deterministic member not used in
covariance estimation)
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Experimental Configurations
Remaining differences between two “new” approaches

* Differences in spatial localization (most evident with radiance obs):
— 4D-Var: K= (p°P)HT (H(p°P)HT+ R ) (P is 3D, H contains M)
— EnKF: K=p<(PHT) (p-(HPHT)+R )" (Pis4D)

* Differences in temporal propagation of error covariances:

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

— ENnKEF: explicitly done with NLM in subspace of background ensemble

* Differences in solution technique:

— 4D-Var: limited convergence towards global solution with 2 iterations of
outer loop (30+25 iterations)

— EnKF: sequential-in-obs-batches explicit solution (not equivalent to
global solution when using spatial localization)

* Differences in time interpolation of obs in assimilation window:
— 4D-Var: 0.75h timestep, nearest neighbour interpolation in time
— ENnKF: 1.5h timestep, linear interpolation in time
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Single observation experiments
Difference in vertical localization between 4D-Var and EnKF

Vertical Localization = 2

Vertical Localization = 4

b

* AMSU-A ch9 E
° peak sensitivity
near 70hPa g 100 ;c“? 100
° nocovariance
evolution (3D-Var) © =
1 | =0 & —&— 4DV-Ben |
* Wlth same B’ +;2¥FB:$:n "“ +;§:(/F?me§n
increment slightly o ok o1 on o o ok a1 ow o
|arger & IeSS Iocal Temperature increment (K) Temperature increment (K)
with 4D-Var than Vertical Localization = 100 Ensemble StdDev
EnKF —— | —= |
* with very little
localization F 1001 % 100-
increments nearly : 2
identical B g
200 | 200 1
—<— 4DV-Benkf
—<— EnKF-mean
0 0.05 01 0.15 0.2 0 2
Temperature increment (K) Temperature (K)

DRAFT — Page 8 — November 14, 2008

Conaca Canadi




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

4D VarW|th Bnmc

151 I 0.2
20 1 L

0.1
05 L
-30 - . 0
.35 L

-0.1

* all AMSU-A ol
channels (4-10) 200

. 300
® No covariance T

400

evolution (3D-Var)z s
* with same B, >

700+

Pressu

largest differences e —o— 4Dv:Bnmo | | * o
near model top 500 e Enkemem| | 1 1 B
(mUCh Iarger with 100(-)0.2 0.1 0 01 02 03 04 05 %0 130 140 150 160 1%0 180 180 200
Temperature increment (K)
4D-Var-Benkf) contour plots at 70 hPa
° |ike|y exp|ains 4D Var W|th Benkf EnKF ensemble mean
-10 ; -10
larger forecast 5] , 5] ,
errors near model | i w0 i
top with 4D-Var- o] ' 1o s * P o
Benkf in tropics, 30 o 30 L o
southern extra- 35 Lo 351 4N
tropics 401 : 40 1K
45 | » | -0.2 -45 | I -0
-50 T T : : -50 : : T T . . :
130 140 150 160 170 180 190 200 130 140 150 160 170 180 190 200

DRAFT — Page 10 — November 14, 2008

Bel S G Canadi




Single observation experiments
Difference in vertical localization between 4D-Var and EnKF
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Single observation experiments — 3D-Var

Difference in temp

oral covariance evolution
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4D error covariances

* EnKF and 4D-Var both use 4-dimensional error covariances to
compute analysis increment at the middle of assimilation
window (0Oh) from observations throughout window:

EnKF:
B,..(0h,0h) =
(7¢(ens(-3h)) 7(ens(-3h))T)
4D-Var:
7 ((Bgns(-3h,-30)) MT)
—3:h O:h +éh

note: localization is ignored here for clarita/
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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
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Fit of Analyses to Observations — global

EnKF mean analysis 4D-Var Benkf
vs. 4D-Var Bnmc vs. 4D-Var Bnmc
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Forecast Results — 48h northern hemisphere
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130

200

250

400

500

Jo00

azh

0an

1000

EnKF mean analysis

uvs.4

D-Var Bnmc

HIAS u WARIANCE 182 Biars Ly VARIGNCE vaan
T T T T T w100, mn T T T T T 1911
9% ) e 90% 997
X 1 HT! 19908
- 1005 1) e 1O fo0m: 1=
E w5 : B mae
T BRI 7 e
: I wuT : ' [
B gs:;:l go| smer 2501 F | g
H T M 1 L
B b Go%| w300 i i
4 :
Foog A 4oof i A e
‘1 SOV ;I Eob Y
r " 1 B0 - :I 1 mma
H e o e
r 1 T U o :l 7| zoe40
‘3 RLIE S ! RLLEL
r A T omae BSCE 1 oe] s
H] U H . l | 14374
r El T ase  ¥I5 g?": T 1
1 1 1 | | 1 woe ool £ | | | | I s
-2 o [ 4 8 a in 1257 -2 a 2 + 8 5 i 2™
i) (m,'5)
% conf. X conf. % canf. % cond.
GZ VARIAMCE 30163 BIAIS T VARIAMCE ek
T T T mism 100 T i T e
100% agx . 100%
Haw H N EOtT
r oon] wmse 1901 qpom _ r 9] mas
07 H # EY
r A 200F gy H oa] mas
P H ’ s
B T men 2501 o R
Fry E i ST
I gEY] o 30T gog ] 7] 2w
e y smar
3 oof] vese 00 qoom :J] 7 ot
e H s
B 100%]| 20 590 100% ﬂH p1%] moss
2, s pi
- 1oos bl corr| wien  TOOF ggm € 27 [
I e i -
3 oo¥| xaw  BSO1 gox £ 7
N GZ 1 w I e
" 00s ool e FIBE qogn 1, age] e
1 I A B wom ool mem L owFL. o N I R R
-z + [ 5 P o 2™ 2 o 2 3 e
dam) (degree)
= conf, % zonf,
HIAIS ES VARIGNCE 1me1
T r ey LT
: e
] 80%] wa
i 4 =8
A s
\: = soais
8188
:\\ T T 87X "E:Iln
iy - d o 1
I L " " " o
-2 o 2 8 wooaz

ERIANLE

250k

a0+

Fo0

925

1000

VvS. 4

Blars W
I'd T T T

S84

3%

59|

53]

7]

SEK

X conf.
WARWAMLE
T

o5

Ly
e
B

o7

GZ

2 + [ s 0
[garm)

& cont,

ES VARINLE

BS0

Q25
1000

Lo

=2

1w
1

REL- )
T

a0
0

Har
4T

Ry

T oman

14z

30183
ws

e
HEES
30783
W
anmEC
B0
Fo1Y

1086
pal- )

010

7z

48

Bkl

7| maw

AL

T tean

1880
Rl

12

1
AT
anies
wrm

sm1n
s
RLIY
18158
13
19

D-Var

mc

Bn

VARIANCE 12am
100 T T T T T 18211
i 19903
1561~ N 5% 1ems
: ‘ moe
o+ H 9% o
.
i 1 T
260 (| g% mur
: I T
e - iy GO maer
o 2640
400 = EI s0%| meu0
El Ry
st i 1w
d s
Fac “q T e
1 ST
ESC - M RELI
: C
i ul
’ : 1eass
L) 1 1 | | 1 et
-2 a + 8 i 2™
[mys)
% canf, % conf,

BiAlS L VARIANGE 1oass
1ac T W T T 1y
agx . 2ax

A BTy
150 ggm Fl 7] s
L IO
pale] o go% ' = e
/ s
250 o 7] maw
E l IOERT
i H Rk
ERT
#001 gng hE
H bal
500~ gog a BE%] s
! e
ELU o Y e
1591
Lol 1
15E
el o I 7 e
e

toopl mve PR . YR L
-2 2 - EM

f{degree)

stddev & bias
relative to
radiosondes



orecast Results — 120h northern hemisphere

4D-Var Benkf
vs 4D-Var Bnmc
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orecast Results — 48h southern hemisphere
4D-Var Benkf
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Forecast Results — 120h southern hemisphere

4D-Var Benkf
vs 4D-Var Bnmc
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Forecast Results — 72h tropics
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Forecast Results — 500 hPa GZ

EnKF Mean Analyses
vs. 4D-Var Bnmc

4D-Var with Benkf
VSs. 4D-Var Bnmc
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Results — 500hPa GZ anomaly correlation

***\Verifying analyses from 4D-Var with Bnmc™™**

Northern hemisphere Southern hemisphere
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Results — 850hPa T anomaly correlation

***Verifying analyses from 4D-Var with Bnmc™***

Tropics
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Conclusions
Based on 1-month data assimilation experiments (Feb 2007)

* High-resolution medium-range global deterministic
forecasts initialized with:

— 4D-Var (Bnmc) or EnKF (ensemble mean) analyses
have comparable quality

— 4D-Var with flow-dependent EnKF covariances yields
a gain of ~10 hours at day 5 in southern extra-tropics

Still need to complete EnKF experiment using incremental
approach to produce high-resolution deterministic analysis

* Also test impact of flow-dependent Benkf in 3D-Var
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erational 4D-Var
Operational 4D-Var

Forecast Results — 120h Op

Operational 4D-Var
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Forecast Results — 48h northern hemisphere

EnKF mean analysis 4D-Var Benkf
vs. 4D-Var Bnmc VS. 4_[__)_-Var__3§_nmc
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orecast Results — 120h northern hemisphere

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

EnKF mean analysis 4D-Var Benkf
vs. 4D-Var. Bnmc . vsS. 4D- Var Bnmc
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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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