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Numerical Weather Prediction (NWP) &R

: To large extend processes:
:in the atmosphere obey:
:basic  hydrodynamic and:
: thermodynamic equations. :

Bp A
3t oz
Phenomena
of interest assumptions
Scale of Spatial
motion discretization

Numetrical time
integration scheme

: NWP models are based on the:
: time integration of numerical:
: approximation to these :
: processes =

Xy =T (X)) + Ri—l".'l'z—l
e Initial model state
uncertainty;

e Limited resolution of
numerical approximation;

e Lack of knowledge
about complicated

Sub-grid atmospheric processes;
variability

 Unpredictability
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Earth observing system

Geo-stationary satellites Polar-orbiting satellites

~ Atmospheric %
% motion vector 243,474 ey 4

4 =T ATOVS 2,026,030
\ SSMI 275476

: BZEN Eeaaldi 000

Clear sky radiances 264,489 SCAT 219,506

AIRS 2,639,239

-

N &
AIRCRAFT .
ACARS 68,693 T
AIREP 22,662 TEMP |
AMDAR 82,547 Land 1,223
PILOT 808 ASAP 15
Profiler 2,226
Buoys
SYNOP — Ship 6,593 Drifting 31,277 . |
«
e = Moored 844

5\ .
S

SYNOP - Land 62,140
METAR 44,823
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A “true” model state is a reflection of the state of atmosphere pI‘Oj
on the discrete space of solution of differential equations which des
phenomena of interest.

Data assimilation provides a poin

Data assimilation L__,| estimate of the “true” model state
prepares an initial state conditional on the observe
for NWP models. quantites.

ata assimilation feeds the NWP model with observations of
ature in order to provide the best possible forecast of the
henomena of interest.
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Prediction(linear) The Kalman filter and the Kalman smoother to

° =E(Xi | Yie1) + eov(Xi, v | Yic1)(var(vi | Yie1)) v
Bi =Var(X; | YVic1) —cov(X;, v | Yici)(var(y; | }*‘i_ljj_lcmr{ﬁfi, i | .}’é—ﬂ_l

Mode of posterior L .
Minimization of cost function

distribution
(parametric)
a = argminL(Xg,..... X
= argmin{—log p(Xo) Z logply; | Xi) + logp(X: | Xic1))}
i=l1
- [PL(Xo.. .. X E
R= [( {&%&Yﬁ J]lﬂn_:'z',_;ig.'n]
Simulations (non- Importance sampling
arametric . o
P ) | Sample from a convenient distribution;
a=E(f(X:) | Vo)) flaf Jwis, Correct for properties of the original one

i=1
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High resolution numerical weather predmtmn&},

for synoptic scale phenomena

Sequential estimation of initial uncertainty
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Approximate solution to the sequential update EZN
problem >

= = «0QR-linear state.spaceJuodel, . o s nnnnnns

E [ =IHt;|:-th,'] =t Ef, -
s Xy, =Mt tio1) (Xt ) + Ti&,
:IIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIII:
o» « « [ANgeNtlinear approximation | 1
P Xy = "’Yt,- + 0, 2 S M [.fffi—l.]:
. . extended Kalman filter solution
: Ht: =JH|:JY!_:F-'] —I—HIETEI _I_Eta : .IIIlIII:IrlIIITITIFI-;FIIIIIII.I.I:
. ! : N‘ﬁxr =K, (yr — H(X]) — Hydz;) =
s Omy, = -'”fn_s,t-sh‘?m*s—i + 158 - T T —1 :
: : : K, =B/HI(R, + H,BIHT)™ 1
' B —(I—-K f .
3D-Variational solution _/ s BT ) By .
:IIIIIIIIIIIIIIIIITIIIIIIIIIIIIIII IIIIIIIIIII. .......-.-.....-..... EEEEEERY
i by =argminL(dz, | X1,y ) .
E '['liéTT |"T".'-'r"y7_:| ZUE[aJﬁTjTB_l(SIT E .lElrl§?Ilblllel ll<lal|Enll .Illtel’
L +0.5(y—H(X]) — Hyb, )T Ry (yr — H(X]) — Hob2,) = Bl=zIzhHt
..llIIIIIIIIIIIIIIIIIIII-IIIIII EEEEEEEEEEEEEEEEPD E BTZE?_‘[E;E'::IT E
IIIII.IIIIII.II.IIIIIIIIIIIIIII IIIIII.IIIIIIIIIIIIIIII- : ET'?-:E;TT :
Hybrid Variational Ensemble Kalman filter / A -

Meteorologisk institutt met.no



e _aa i _____ Al e

i

Different approaches for using ensembles in
variational data assimilation

— Covariance modelling with parameters of the
covariance model determined from an
ensemble. Use for example a wavelet-based
covariance model (Alex Deckmyn; Loik Berre et
al. Meteo-France)

— Use the ensemble-based covariances in a hybrid
variational ensemble data assimilation (Barker
et al. WRF, UK Met.Office, HIRLAM )

— Ensembles can also be used to determine static
background error statistics
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Toward data assimilation using flo -depend T
structures in HIRIL.AM é}l

: Rapid update cycle : _ ion ol
i (a short range forecasting of : = (extraction from observations information =
i events of shorter temporal and : 4Pout amospheric state related to processes :

: spatial scales of variability ) :  With shorter temporal and spatial scales of ;
: : variability) -
Require

sStructures of background error covariance dependent of the -
observation network :
aStructures of the background error covariance for meso-scale =
processes, which are dependent on the large scale forcing and are -
difficult to derive analytically :
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The ETKF rescalmg perturbations in HIRLAI\@\)
4

ETKF (Ensemble Transform Kalman Fllter)
ﬁge analysis error covariance. The method can
reeding Method

]Berturbatlons resemble structures o
e viewed as a Generalisation of th

Perturbations are grown through the non-linear model and downscaled afterwards.
A matrix of the ensemble size is constructed to perform downscaling.
Observational network is used to construct the matrix.

scalar multhhcatlve inflation, hased on the fit of the ensemble spread to thg
ota variance o 1nn0vat10ns is applied In order to make amplitude of perturbatio
hysically meaningfully

An ad-hoc downscaling of the non-leading eigenvectors of the ensemble analysig
Eerror covariance is performed

An additive 1 flation of the analysis e¥r§r covariance is applied by mixing with thq
random pertur ations with structures of 5,

HIRLAM ETKEF perturbations are mixed with the TEPS perturbations on the lateral
boundaries and in the stratosphere.
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absolute amount of observations
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Earth observing system /
relative amount of observations
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Relative squared innovation variance ‘
versus relative spread
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HIRLAM approach to use ensembles in 3D—V§ﬁ
(and 4D-Var)

» Impose observation-network-dependent

structures for analysis perturbations applying the
ETKF rescaling scheme on a 6h forecast ensemble.

* Grow flow-dependent structures by integrating
analysis ensemble forward in time to obtain the 6h
forecast perturbations.

 Perform the variational data assimilation
blending the structures of the full-rank statically and
analytically deduced B, and the flow- and

observation-network dependent structures of the rank-
deficient B!

ens "

* Repeat Steps 1-3
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Lorenc (2003) augmentation of the control NgZg
veclor space:
A EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEESRm SpatialmeanOf(xk: O;
Spatial variance of o = 1/K is
: Jidzap-var, @) = fap-varJsD-var(023D-var) constant  and controls
. amplitude;
: +Bensdens(tt) + J, Horizontal  auto-correlation
. controls smoothness of o,
-II-III]I-IIIlllllllllllll-lllllllIIIIIIIIII-IIIII fields
1 =
& =1 st T 1
Bap_var  [Pens Jens , ek
The same o, fields Empirical matrix A contains

IfOr Vertlcallevels :lllllIlllllllllll}l{lll.--.--...-

pectral  density of the
E(orizontal auto-correlation of

and all types of =
model o statd 9% = 0%3p-var + ) (ak 0825 £ x fields
COmpOnentS :............-..-*a?l......-.....:

Spatial averaging is applied on vorticity, divergence,
emperature, specific humidity and log of surface pressure in
rder to preserve a geostophic balance.
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Diagnosis of ETKF perturbations -

horizontal spectra

ETKEF based Singular vector based

ETKF WORTICITY 12 UTC  EP3TI TEFS VORTICITY 12 UTC  EPSFI1

LOGI0 [ Vorlonce ]
LOGI0 [ vardance ]

1

LOGED [ 2=-Dim Herizontal Wovenumber ]

LOGIG [ 2=0sn Horizental Wavenusmber |

(a) (b)

Figure 10: The horizontal spectral density of the variance for the forecast error of vorticity at 00h (black),
06h (blue), 12h (red) and 24h {magenta), estimated from the ETKF perturbations (a) and from the TEPS

perturbations (b)
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Diagnosis of ETKF perturbations - §z
+12 h vertical correlations and balance relatio (

) ] Cross-correlation
Auto-correlation Auto-correlation Unb. Temperature
Unb. divergence Unb. temperatute Unb. Surface pressure

Em o EE im
Auto<torrelation of vorticity as a finction of wave-number ()
Em |: f Ew-i::
model level 10 model leyel 20 model level 30
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Flow situation - 21 August 2007
Data assimilation experiment (12.08.2007-24.08.2007)

— waa 300 hPa wind 850 hPa temperature

J / | | b | &
e Fil L A -t S S T I

Tue 21 Aug 2007 06% +06h Tue 21 Rug 2007 06% +06h
valid Tue 21 Aug 2007 123 valid Tue 21 Rug 2007 122

Tng

Figure 4. 300 hPa wind and geopatential (left) and 350 hPa temperature (right) taken from the background medel state at 21 Augnst
2007 06UTC + 6h: experiment based on equal static and ensemble contributions to the background error variance
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Example of ensemble variance (spread) fields
~ (12 members)

Wind
components
model level 15

Temperature
model level 30

00T XD

Tus 11
ralld mlaﬁ:mm

+I0k

T 00z +00h
T 0z

Figure 5. Examplss of estimated background srror variances bassd on the ensernble of +6h forscast valid at 21 Awgust 2007 1207
fromn the hybrid data assimilation ecperiment hybndé_diag. Wind components at medsl level 10 {upper left), wind components at model
bevel 20 {upper right), temperaturs at model level 30 (lower left ) and specific humidity at model Leval 30 {lower nght ).

&2

X 4

Wind
components
model level 20

Specific
humidity
model level 30
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Single observation experiments

Wind increment (65N,25W)

300 hPa

Tempture era increment

(40N,30W) 850 hPa
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Example of assimilation increment - %
model level 15 wind

1 1/B = 1/2

3D- VAR
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hPa

Verification of temperature profiles;

1/B

3D-VAR

1

1/B

= 1/2

3D-VAR

132 stations Area: ALL
Temperature Period: 200702816-2007 0222
AL0012 + 12 24 36 48

1/B

3

D-VAR

- .

@

@

= 1/11
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Verification of 700 hPa temperature g})‘

1/B =1 1/B = 1/2 1B = 1/11

3D-VAR 3D- VAR 3D- VAR
Area: ALL using 138 fations
Period: 20070816-20070823
Temperature 700 hPa Hours: 00,12
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