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History at ECMWF

Early 1990s Experiments on diabatic forcing through normal mode
initialization (Puri and Miller, Heckley et al.)
1998-2002 Development of 1D+4D-Var assimilation approach using TRMM
surface rain rate retrieval products (Marécal & Mahfouf)
1999-2003 Cloudy radiance calculations and 1D-Var retrieval studies
with HIRS, AMSU data (Chevallier et al.)
2001-2003 Experimental 1D+4D-Var with SSM/I radiances (Moreau et al.)
2001-2003 Tests with ARM ground-based cloud-radar data (Janiskova et al.)
2002-2004 Tests with TRMM PR active data (Benedetti et al.)
2004-2006 Tests with SEVIRI cloudy radiance assimilation (Szyndel et al.)
2003-2005 Operational 1D+4D-Var (Bauer et al.)

2006-present Revision and extension of operational 1D+4D-Var to other
instruments (Geer et al.)
2006-present Experimental 4D-Var radiance assimilation (Bauer et al.)
2006 present Tests with surface radar network data (Lopez et al.)
2006-present Tests with MODIS optical depth retrievals
(Benedetti & Janiskova)

... and continuing developments of linearized moist physical parameterizations
(Lopez & Janiskova) and data assimilation aspects (HOIm et al.).

<~ ECMWF

Seminar on Recent developments in the use of satellite observations in NWP
3 - 7 September 2007, ECMWF Reading UK




Data loss due to clouds/precipitation/surface effects
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Why assimilate data in cloud-affected areas?
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Retaining useful information above clouds

A non-linear pattern recognition algorithm is applied to departures

of the observed radiance spectra from a computed clear-sky

background spectra.

obs-calc (K)

Vertically ranked channel index

This identifies the characteristic signal of cloud in the data and

allows contaminated channels to be rejected.
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HIRS 11um first-guess departures: clear skies

Cold departures indicating \ Clear population
cloud-affected observations (Courtesy T. McNally)
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departures: cloudy skie

o [ g 08 O

Many clouds with significant radiance signals are accurately
represented by the NWP model and RT modelled ! (Courtesy T. McNally)
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30=M

HIRS 11um first-guess departures < 1K: cloudy skies
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At these locations the cloud signal may still be large but we know a priori the NWP model
clouds and the RT calculation are accurate (agreeing with the observation better than 1K):

1) Tangent linear approximation is likely to be valid
- 2) Background errors are not extreme
3) These locations out number completely clear locations

(Courtesy T. McNally)
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HIRS 11um data usage: clear skies

(Courtesy T. McNally)
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Issues

Predictability.
Sensitivity of: - forecast to initial conditions in areas with clouds/precipitation;

- precipitation forecast to initial conditions.
Potential violation of Gaussian pdf (i.e. pdf-shape important; 0-value issue);
radiance vs. product (radar rain rates, cloud optical depths) assimilation.
Inversion problem may be underconstrained (adding clouds introduces too many
degrees of freedom) and operators to inaccurate.
Potential violation of linearity (sensitivity has strong dependence on state; multiple
cost-function maxima).
Potential issues related to definition of observation (+modelling) errors (e.g. cloud
modelling uncertainties much larger than (T,q)-signal); representativeness i.e.
model fields vs. observations. Bias definition (correction) more complex.
More room for discrepancy between non-linear and linearized moist physics.

4D-Var system optimized for clear-sky observations:

- choice of and its behaviour near saturation (T, q, &, n, p,);

- calculation;

- inner loop and activation of (T95-no phys./159/255 vs. T799);
- data (static thinning, AL -driven screening).
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Issues

Predictability

Sensitivity of forecast to initial conditions near clouds
Sensitivity of cloud/precipitation forecast to initial conditions
Sensitivity of forecast to observations in cloud-affected areas
Accuracy of observation operator

Similarity of linearized and non-linear parameterizations
Linearity of observation operator

Definition of observation/background errors, biases

Choice of control variable
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Predictability as a Function of Scale

Results from ensemble runs with the MC2 model (3 km resolution) over the Alps

Curves correspond to 24-hour
ensemble forecast cases

1.0

orr/<RR>

Ensemble forecast spread

0 200 400 GO0 800
Horizontal scale (km)

-> Predictability of precipitation decreases dramatically for horizontal scales
smaller than a few tens of kilometers.

(Walser et al. 2004; Courtesy P. Lopez)
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Potential forecast sensitivity to initial conditions

Current systems produce rather good cloud/precipitation forecasts without assimilating
any (!) direct precipitation or cloud observation.

However.
There are indications that key analysis errors occur in areas that are influenced by
clouds and precipitation == Localization of error sensitivity to initial conditions.

AN @ t, + 2 days

Model H l
AN @ t, » FC @ t, + 2 days

Sensitivity of FC-Error to Adjoint Model H*
perturbations < FC-Error @ t, + 2 days
in AN @ t,

(Rabier et al. 1996, Klinker et al. 1998)
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Potential forecast sensitivity to initial conditions

December 1999
600 hPa mean
T-perturbations
= sensitive areas

Perturbations
modified by

high cloud cover

= sensitivity scaled
with cloud cover
and height

Perturbations
modified by
/ow cloud cover

fig 1a Unmodified sensitivity 1999-12
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fig 1c Low cloud modified sensitivity 1999-12 fig 1e mean low cloud cover 1999-12
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(McNally 2002)
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How sensitive is precipitation forecast to initial conditions?

2D-Var assimilation of 3 or 12-hourly

accumulated rainfall and ground-based | Sensitivity
GPS observations 24/10/2002, ARM-site. ~ Perturbation - 3h éh oh 12h
l Norm of rainfall Jacobian
(mm K" or mm (g kg")")

o
,
i

A RGG IIIIIIIIIIIIII__II___I 0.3_"'|"'|"'|"| LI B

E , I
- —H_R1 : dRR/dq

E [ MR e -
6 . r---H.R1_GPS i
s 10r--—H R4 GPS Vo B 0.2 :
5 [ —-H_GPS
S —BG
o i |
“ g LGRR/AT =,
=
S 01 "
&) L
Q
<

U T L o _— T . _ 7

12 14 16 18 20 22 24 ool

time (h UTC) 12 14 16 18 20 22 24
Time (h UTC)
12-hour evolution of rainfall from background Sensitivity norm evolution of
and various 2D-Var experiments 3-hourly rain accumulation

(Lopez et al. 2006)
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How sensntlve |s precnpltatlon forecast to initial conditions?

12-hour surface rainfall (RR )
and MSLP

48-hour T95L60 forecast started

at 1200UTC 12 September 2003.

Time evolution of the
maximum 3D adjoint sensitivities
of RR,,, to T (left) and q (right)
for lead times of up to 36h
prior to precipitation accumulation.
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How sensitive is precipitation forecast to initial conditions?

Mid-latitude cyclone
27 January 2003 12 UTC
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GEM model, 4D-Var:

24-hour adjoint
sensitivity for deriving
optimal perturbations
(u, v, T,q) divided by
total perturbations that
maximize
instantaneous (INST) or
accumulated (ACC)
precipitation

Fs
q(Mahfouf and Bilodeau 2006, 2007)
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Forecast sensitivity to observations in analysis
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Forecast sensitivity to observations in analysis

Impact of ‘similar’ observation type in clear-skies vs. clouds/rain

m SSMI @ TCWV

Winter

Summer
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Forecast Error Contribution (J/kg)

(Courtesy C. Cardinali)
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Forecast sensitivity to observations in analysis
CY32R1, T511L60, 20070105-20070212
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Model - Observation |K]

Fraction of Variance Explained

Accuracy of observation operator — IR
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Accuracy of observation operator - MW

DMSP F-13/14 SSM/I channels 1-5 09/2004
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Options for grid-point — observation treatment
Option 1: apply operator and interpolate output = 10
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Operator: @+~ = moist physics + microwave RT
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4D-Var rain/cloud treatment of grid-point — observation problem
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4D-Var rain/cloud treatment of grid-point — observation problem

TB MEAN ERROR AND RMSE (K)
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Issues

Predictability

Sensitivity of forecast to initial conditions near clouds
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Non-linear vs. linearized moist physics

a 10-Var FG

-135 -39 -d5 2 45 30 135

Mean surface rain rate (mm hr-1) for February 2007
(Geer et al. 2007)
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Accuracyl/linearity of observation operator - IR
M (X, +0X)—M(X,) vS. MSX, OX=X-X,

Observation operator:
diagnostic cloud scheme + non-scattering RTTOV-cloud

lation

Experiment:

1 analysis cycle worth of profiles over Meteosat-7 disk

100 perturbations, dx, per profile (perturbations represent B)
Correlations between finite difference and tangent-linear

orre

—~

For selection criteria:
Sensitivityi.e. cloud impact > 0.5 K
Accuracyi.e. FG-departures < 6 K
Linearityi.e. correlation > 0.85

3000

o

b}

T
\

]
[
o
m|

T

1

42 of 324 AIRS channels seem suited for assimilation:
13 channels near 14.3um (see also HIRS, IASI)

22 channels near 6.3 um (see also SEVIRI, HIRS, |IASI)
7 channels near 4.5 um (see also HIRS, |IASI)
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(Chevallier et al. 2003)
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Accuracyl/linearity of observation operator - MW

moist physics

A =10°

rain
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Observation operator:
diagnostic cloud+convection scheme +
scattering RTTOV-cloud

Experiment:
1 analysis cycle worth of global profiles

Perturbations: 5X =Xy — Xp

Deviation factor:

P Hi{x+ A8X) — H(X)
N LH(5X)

logo(]1-F]) = -1: 10% deviation from linearity
logo(]1-F|) = -2: 1% deviation from linearity

3 of 7 SSM/I channels seem suited for

assimilation:
19.35 (v, h) and 22.235 (h) GHz

(Bauer et al. 2006)
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Issues

Predictability

Sensitivity of forecast to initial conditions near clouds
Sensitivity of cloud/precipitation forecast to initial conditions
Sensitivity of forecast to observations in cloud-affected areas
Accuracy of observation operator

Similarity of linearized and non-linear parameterizations
Linearity of observation operator

Definition of observation/background errors, biases

Choice of control variable
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Instrument + observation operator errors

VVar observation errors in TB-space:
* radiometric noise (~ 1K) << observation operator error
* error correlation between channels:
- radiometer: probably no
- modelling: probably yes
« spatial correlation:

- radiometer: only if scanwise calibration erroneous

- modelling: probably yes
* 6,% = Gra” - Oy~ NOt valid (often negative b/c B inappropriate)
» direct method (over reference sites): not representative
* observational method (Hollingsworth-Lonnberg):

— ... Assumptions:
"""""" e observation network is rather dense
e observations are spatially uncorrelated (and discrete)
Conclusions:
. e at O-separation distance, the variance is cg2 + o, 2
... e at >0-separation distance, the variance is covariance o2 (d)

3
e,
.
.
LT3

U
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Large-scale Background errors in radiance space -

condensation + convection . o
2% H e5F U E|
2) 2] < Observation errors”
" 16F |§ E
= 1of '
sk :
o
[ 10 2D 30
25 —
b) wf !
S _ , 5 19v  10h  22v 37v _ 37h  85v  85h
~ 10F F :
of J'dm]hh_ E R - [ oz 22 4.1 2.0 35 74 28 1.7 |
o ok ...u|llIIlum.....mumlllllll 1FRINREANORNYAN B B ] T T r
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Fsh 1| | wusb | | ] (Bauer et al. 20006)
wief L 37V Tib 5 E
: E | : E
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] 1] 0
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25 Ea BSE ; E
e) ok D ] moE | E
= 18 I 37h1 = | 3
= 1ef : 1 < wf : ; 3
s_mﬂmﬂmmﬂrmm._ ] :
o
0 0 20 30 40 50
T Five-channel dataset equivalent error (K)
G Three-channel dataset :
HBH equivalent error (K) Nonrainy
T e Rainy profiles profiles R
SSMI channel No. = 1414 No. = 2137 No. = 961 Obs errox
frequency (K) specified for
(GHz) Mean Median Mean Median Mean Median IDVAR T LOE expt
19V 24.01 22.44 2427 2311 10.68 8.62 20.
19 H 4490 41.66 4597 4407 29.60 24.69 40,
22V 10.21 8.20 14.80 15.03 7.81 6.18 9.
KTAY 37.73 35.46 2442 20.30 30.
(Deblonde et al 2007) 37TH 76.05 70.03 57.63 49.73 a0,
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Biases: 4D-Var SSM/I rain-affected radiance assimilation

22v TB-departure and bias correction evolution in variational bias-correction system
(skin temperature, total column water vapour, 10m wind speed, zenith angle)

evxt (DA) © SSMI-1C_dmsp-13_SSMI_rain_Tbk Ch3 Southern Hemisphere |sed data
St. dev. and bias (K) OB-FG (red) OB-AM (blue) BIASCOR (mean)-0.25
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Issues

Predictability

Sensitivity of forecast to initial conditions near clouds
Sensitivity of cloud/precipitation forecast to initial conditions
Sensitivity of forecast to observations in cloud-affected areas
Accuracy of observation operator

Similarity of linearized and non-linear parameterizations
Linearity of observation operator

Definition of observation/background errors, biases

Choice of control variable
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4D-Var analysis using 1D-Var TCWV (SSM/I radiances)
Mean August 2004 TCWV difference:

TCWV FG Departures AN leference b/w exps
unbiased » net drying "
Example: 1st cycle ITCZ East Pacific:
TCWV FG-Departures AN-Increments
21:00:00 31-Jul-2004 to 09:00:00 1-Aug-2004 b
w o 5 : 6
ﬁl’.‘n O«
o o 0.0 0 08 i
g o8 O e
90,0000 80 ¢S £
“&® o0 %
& 8«38 ; | :
120 o .O*J c'.':%%..o'g' -120 115 -100 95 0 s
® 000 -2%
(Geeretal. 20079 . . ° -~
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4D-Var analysis using 1D-Var TCWV (SSM/I radiances)

Total column Total column Total column
water vapour rain cloud water
—_— b —
E 15:a B e T 15 - E -
g 10f = = qof —
: = =
= sf . S os} °
% of *"j_:j 0.0f *‘é
[ E
5 -sf g o5} 5
E -1DE- = i ::E -1.0F E
A 5 1] AT TR TR TR TP ' E -1.5 E ! ,
= -15 10 -5 O 5 10 1 -1.5 1.0 -05 00 05 1.0 1.5 -2 -1 0 1
1D-Var increments in TCWV [kgm?) 1D-Var increments in rain [kgn?] 1D-Var increments in cloud [kgm®]

* 4D-Var integrates model in space/time.
 Other observations drive 4D-Var analysis.

» Choice of 1D+4D and moist control variable reduces impact.
(Geer et al. 2007)
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1D+4D vs. 4D-Var assimilation of rain-affected radiances:
Difference in TCWV analysis

Mean TCWYV difference [%]
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Conclusions
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Issues

Predictability

Reevaluate in ECMWF model context.
Sensitivity of forecast to initial conditions near clouds

Sensitivity of cloud/precipitation forecast to initial conditions

Favour 4D-Var to maximize balanced sensitivity.

Sensitivity of forecast to observations in cloud-affected areas
Continuously evaluate forecast sensitivity in evolving DA-system.

Accuracy of observation operator
RT: cloud absorption ok, scattering less good; M¢: large-scale cond. easier than convection;

interpolation problem significant.

Similarity of linearized and non-linear parameterizations
Much improved with CY32R3 also thanks to cloud/rain assimilation efforts.

Linearity of observation operator
Apart from improved models, may be evaluated in analysis.

Definition of observation/background errors, biases
Observation ~ RT+Me -errors, observational method vs. error correlation;

B rather unspecific and low-resolution; VarBC suitable for linear channels.

Choice of control variable Total water control variable, also facilitates B-estimation.

<~ ECMWF
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Options for using cloud/rain information

(assuming 4D-Var system oriented towards radiance assimilation)
» Screening of cloud-affected observations. Effective for all but SSM/I in clouds/rain.

» Use pre-processed data where cloud signal has been removed
(cloud-cleared). Trade-off between yield and cloud contamination.

« Simulation of cloud-affected observations for diagnostics but no
active assimilation. Currently only for few data and diagnostics.

* Include cloud contributions in FW/TL/AD operators but only maintain
dry gradients for model update, i.e. only avoid aliasing in RT-model.
Under development for most IR/MW instruments.
* 1D+4D-Var assimilation: Subset 4D-Var with 1D-Var retrieval of
pseudo-observation using cloud-affected observations; assimilate
pseudo-observation in (dry) 4D-Var. , _
Operational for SSM/I, soon other MW-imagers.
» 4D-Var assimilation: Fully account for sensitivity of 4D-Var to

gradients from moist observation operator. Under development for MW-imagers+.
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Incremental Formulation of 4D-Var
J(6%) = 5X'Box+[Hox—d] R*[Hox~d]

oX=X-X,, d=y—-H(x)

Xo = Xp

- — - » | High-resolution non-linear trajectory >

N 4
(_Departures d = y— H(x,)
\

S(x,) = | Low-resolution non-lingar trajectory >

oo B
o}
% 6’(:0\\ \ / //
2 i ( Trajectory )
= /
S ( /
+ 1 4
g‘ | Low-resolution linear model > —>J
E < Low-resolution adjoint model | — VJ
: lterative minimisation algorithm
Xip 1= X +51(0x))
x, - — = == | High-resolution non-linear forecast >
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5-108 control variables
106 observations/12h

(Trémolet 2004)
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Examples
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a) PR rain

1D-Var analysis using SSM/I radiances

W

TRMM PR rain rates [mm hr]

[=]

& =
Surface rain jmm h']

n

I

... averaged to SSM/I spatial resolution

=)

Suriface rain [mm he']

da e =
=

189h - 1% brighmess tempssatuns [K]

SSM/I 19h-19v TB-difference [K]

Model FG-rain rates [mm hr"]

Surface rain jmm he)

= -

1D-Var analysis rain rates [mm hr]
(Geer et al. 2007)
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1D+4D-Var assimilation of rain-affected radiances: ERA-interim

Analysis 100 hPa - 028
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1D+4D-Var assimilation of rain-affected radiances:
Dependence of moisture (TCWYV) climate on satellite data usage
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Pressure, hPa

1D+4D-Var assimilation of rain-affected radiances:
Forecast performance in operations

Operational implementation: June 2005

T+48h normalised RMS forecast error difference (averaged over 60 days):
RAIN — NO RAIN

R
Y ey 4
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RMSE [kg m7]

1D+4D-Var assimilation of rain-affected radiances:
Forecast performance in operations
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(Kelly et al. 2007)
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1D+4D vs. 4D-Var assimilation of rain-affected radiances:
4D minus 1D+4D forecast RMSE

(against own analysis)

RMS forecast errors (evxt-evxz), 7-Jan-2007 to 12-Feb-2007, from 31 to 37 samples.
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Examples: Products — Surface radar-derived rain rates

[ control  all observations (incl. SSM/I rain assimilation
over oceans);

Experiments { noqUS. withdraw TEMP-q, RH2m, HIRS, AMSU-B,
SSM/I, AIRS, GOES-WV over US;

\ noqUS+SlagelVi as noqUS but add Stage |V data.

Mean differences of
TCWV analyses at 0OUTC

noqUS - control noqUS+StagelV — noqUS
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Examples: Products — Satellite data-derived rain rates

Assimilation over Land: TRMM 2A12 Rain Rates
Mean TCWV analysis increments 1-25/07/2006 at 00UTC

kg/m2
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Examples: Products — Satellite data-derived rain rates

24-hour Forecast Differences: Rain — No Rain
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Examples: Products — MODIS optical depth

- Assimilation of 0.55 um optical depth derived from effective particle size product (25 km).
- Observation operator combines moist physics and liquid+ice optical property parameterizations.
- T511L60 DC experiment for April 2004.

Change in liquid water and ice mean analyses
Mean LWP (kg/m2) : EJ(F run - CNTRL run ; permd 2006-04-01 OOUTC - EUDE 04-30 OOUTC

40° N FESig=—=ark = -. — & ..'_,-‘ ' 1 2 '_ Fﬁ kg/m2
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0.1
20°N 0.02
- 0.01
0.005
20° S 0.015
. I-u.nﬁ
40° S =1

(Benedetti and Janiskova 2007)
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Examples: Products — MODIS optical depth

lce water content (mg m-3) at 215 hPa
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