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« La composition chimique de l'air, la nature des poussieres qu’il
charrie nous offrent aussi leurs renseignements particuliers. On ne
saurait trop s’entourer de lumiere dans la solution d’un probleme
aussi difficile et aussi grave que la prévision du temps [...] »

The chemical composition of air and the nature of the dusts it
carries provide us also with their particular information. One
has never too many pieces of information for solving such a
difficult and serious problem as weather forecasting

H. Marié-Davy

"Les mouvements de I'atmosphere
et les variations du temps"

Masson 1i&/i7
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L.F. Richardson’s Forecast Factory
Weather Prediction by Numerical Process,

Cambridge Univ. Press, 1922, ch. 11/2, 219-220.

“Computers”
solving an initial
value problem using
the latest
observations made
globally and the
laws of physics to
forecast the
weather
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It took three decades for Richardson’s vision to start being
explored really using (machine) “computers”.
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And another three decade to establish reliable Numerical
Weather Predictions

—
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And yet another three decades to reach today’s increasingly
accurate forecasts, including in the medium-range

Meteosat 9 IR10.8 20080525 0 UTC ECMWF Fc 20080525 00 UTC+0h:

Observation Forecast

—
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Today: Monitoring atmospheric aerosol in an integrated
weather-composition global model

sulphates
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Volcanic ash

fire (FRP)
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Mixing information from different sources

ECMWF Data Coverage - SYNOP/SHIP -
(= Potor o 05/NOV/2000; 12 UTC

.. .Jotal number of obs = 14146
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known model state (t)

B:
« Background »
(or « First Guess »)
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A : « Analysis »
Modified model state
for (t + AT), taking into
account available
information (and their
errors)

A is the starting point
for the subsequent
« trajectory ».
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| @esa

xA Forecast trajectory
Observations —h
intermittently adjust
the evolution of the
forecast model

% Background trajectory
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A few Characteristics about the ECMWF NWP 4D-Var

I”

“Observation — model” values
are computed at the
observation time at high

resolution: 16 km

4D-Var finds the 12-hour
forecast that take account of
the observations in a
dynamically consistent way.

This is based on a tangent
linear and adjoint forecast
models, used in the iterative
minimization process.

80,000,000 model variables
(surface pressure,
temperature, wind, specific
humidity and ozone) are
adjusted

N

X
A
i
““““ l“"...".."'nu-n"n
analys iS T "o,
i
.....:’. corre Cte d
»:' IJO fo " Cast
|/
X, I s
>
9Z 12Z 15Z 18Z py —
< >
assimilation window
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A good read:

[W. Lahoz et al., Data assimilation of stratospheric
constituents: a review, ACP, 7, 5745-5773, 2007.]

N 2> ADVANCED ATMOSPHERIC
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To base forecasts on
“observed” state

To provide maps
with no gaps

To combine
information from
different sources,
with a result
consistent with
specified errors

To use observations
at their specific time
and place (advanced
DA techniques)




Some challenges: quantity

100

Number of satellite data products monitored at ECMWF
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70+ instruments provide ~15mil observations in each 12-hour window

—
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40°N  40°N

30°N 30°N

Full system
No polar, brute force
No polar, EDA informed covariances

Shading
-~ below
970hPa

30°N

)

AOX
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Impact of polar orbiting operational satellite

Forecast Degradation in European Region

(reduced observing system compared to full observing system)
10 T T T T

percentage loss of forecast skill

20 [ R b SR lose US keep EPS |~

lose EPS keep US
lose EPS and US | -

30 1 I | 1
day-1 day-3 day-5 day-7

| -0, pe R
WECEH



#) )OLICH

FORSCH

7
GSZENTRUM

\\\\\\\\

\

esa

Impact of Assimilated observations on Forecast Error Reduction
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CHEMICAL DATA ASSIMILATION
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Specific challenges for Atmospheric Composition DA

= Quality of NWP depends predominantly on initial state

= AC modelling depends on initial state (lifetime) and emission & surface
fluxes

= CTMs have larger biases than NWP models

" Most processes take place in boundary layer, which is not well
observed from space

= Only a few species (out of 100+ modeled) can be observed
= Data availability

= More complex and expensive, e.g. atmospheric chemistry (“stiff”
equation systems), aerosol physics

. ADVANCED ATMOSPHERIC TRAINI
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But... Benefits

of

chemical

= Background NOx levels determine O, prod/loss

= Assimilation of NO, has an impact on ozone field

(through chemical feedbacks in the CTM)

coupling

200

hPa

400

600

800

1000

= Assimilation of NO, can improve O, field

Average of all 371 rofiles of GO3
mPa) over FRANKFURT
during Feb—Jun 2003

\ 2 ADVANCED ATMOSPHERIC
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Validation with MOZAIC/IAGOS
ozone data

— Control (no CO or NO, assim,
only O; assim)
—— MOZAIC observation

—— CO & NO, assim

—— NQO2 assim
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KNMI/NASA

Satellite
observations

Atmospheric composition observations traditionally come from UV/VIS
measurements. This limits the coverage to day-time only. Infrared/microwave are

now adding more and more to this spectrum of observations (MOPITT, AIRS, 1ASI,
MLS, MIPAS ...)

—
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Data used in MACC-II/-1ll global NRT analysis @ ECWMF

Satellite

Instrument Satellite operator Data provider Species Status
MODIS Terra NASA NASA/NOAA Aerosol, fires Active
MODIS Aqua NASA NASA/NOAA Aerosol, fires Active
SEVIRI Meteosat-9 EUMETSAT IM Fires Active
Imager GOES-11, 12 NOAA NOAA Fires Passive
Imager MTSAT-2 JMA JMA Fires Planned
MLS Aura NASA NASA O3 Active
omi Aura NASA NASA O3 Active
SBUV-2 NOAA-17,18,19 NOAA NOAA O3 Active
GOME-2 Metop-A EUMETSAT DLR O3 Passive
SEVIRI Meteosat-9 EUMETSAT EUMETSAT O3 Passive
IASI Metop-A EUMETSAT LATMOS CcO Active
MOPITT Terra NASA NCAR CO Active
GOME-2 Metop-A EUMETSAT DLR NO; Passive
OowmI Aura NASA KNMI NO2 Active
omi Aura NASA NASA SO, Active
GOME-2 Metop-A EUMETSAT DLR SOz Passive
GOME-2 Metop-A EUMETSAT DLR HCHO Passive
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REACTIVE GASES DATA
ASSIMILATION

| 3 ADVANCED ATMOSPHERIC TR
\ 27-31 October 2014 | Foré}h un




A) JULICH 3 Q‘ esa

FORSCHYKGSZENTRUM

Practical issues and pragmatic approaches (1)

= How to specify Background errors?
= NMC method (CO, NOx, HCHO)
= Analysis ensemble method (O,)
= Prescribed profile (SO,) e :

. prévision : PR
—®—>» prévision ——e—>»

NMC N analyse
D A SRETRPPPRRRRTE
Lagged forecasts TP RPRRPRE PO
. Statistiques
* b
. o, etc
S e W
: prévision : . :
_—.—)- prévision —.—>
analyse .
» prévision @ »
ti_1 t; tit1 tiyo temps
. . . . >
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Ensemble of Data
Assimilation

Surface pressure

How to specify Background errors?
= NMC method (CO, NOx, HCHO)
= Analysis ensemble method (O,)
= Prescribed profile (SO,)

EDA

4D-Var trajectories —

Practical issues and pragmatic approaches (1)

EPS

— First guesses

/

\

N\

= N
Observation . Observation
I T I l >
127 157 217 Time

Assimilation window

. 2 ADVANCED ATMOSPHERIC

Forecast

RSE 2014 Envi ntall
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Practical issues and pragmatic approaches (3)

= Variational bias correction used for reactive gases

The original problem:

Jp: background constraint

A

‘4

N

Jx) = (x, - 0)'B'x, - %) + [y - h®[ Ry - h®)]

The modified problem:

. /
Y

J.: observation constraint

Jp: background constramt forx

-~
J&,B) = (x, - 0 B(x, - X)

Jp: backgrou nd constraintfor g

B) "By (B, -

/ff—' b,x, p) - h®[' R “b - b,(x, ) - h(x)]

_—

Parameterestimates
from previous analysis

J,: bias- corrected observation constraint

—
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Practical issues and pragmatic approaches (4)

= Difficulties assimilating species with short lifetimes (e.g. NO,): NOx as
control variable and NO,-NOx interconversion operator

= Chemistry included in outer loop not in minimisation; adjoint of transport
only X0 =%

53 . : :
= : : : :
- _ Y. .Y Y \ 4
2 8x; =0 Trajectory
)
§ ¢ Low-resolution linear model —> J
é Low-resolution adjoint model —> VJ
Iterative minimisation algorithm

x;+1 =x;+ S8 x))
1
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Increment from a single TCO3

observation ;
Increment created by a single O3 obs
£ Standard
I deviation
002 60 1 | ! | ! | 1 60 . | —r—=

T T — T u
0 10 20 30 40 50 60

model level

104 ’ i
o]
20—0@"\ 092702
S
>
v
[

Horizontal

correlations

D
GZO'N 2 = o 2B AW o = T 3 *0
Ozone observation of 247 DU, 66 DU lower than ) S
distance (km)
background

Profile data are important to obtain a good vertical analysis profiles
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Monthly mean sonde—analysis (f026) profiles
or GO3 (mPa) over Ny—Aalesund
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Monthly mean sonde—analysis (f026) profiles
for GO3 (mPa) over Ascension_lsland
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Limb-sounding ozone data assimilated in
2003 (MIPAS) and 2006-2008 (MLS)

These data are clearly beneficial

OMI data are used from July 2007

-
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MACC Dally Fire Products Monday 8 July 2013
Average of Observed Fire Radiative Power Areal Density [mW/m2]

Fire Radiative Power from
satellite measurements
(MODIS and GEOs)...

...Converted to emissions (with
estimation of plume height)

ADVANCED ATMOSPH
27-31 October 2014 | Fors

daily dry matter consumption [Tg/d]

max value = 2.95 W/m2

The Global Fire
assimilation
System

MACC GFASv1.0 for North America (30 - 75 N, 190 - 330 E)

10




Monday 8 July 2013 00UTC MACC-II Forecast t+000 VT: Monday 8 July 2013 00UTC
500 mb Carbon Monoxide [ ppbv ]

Canadian fires

~m <3 (
80°N b oo g g R oS e SR = - < i 2000
S A — N — P |
. SRR T & R Ny e BRRL - s (| 'u Iy 2 01 3)
o = e N Nk I W =t
=~ - o / . 3 e 1000
60°N Lo gemmmi LSRR h i’f\ %0’ i o2 |
- ) W5 Opy o < SN0 |
S = AT S i :
oo . Ple o Y @ S Jo=y G‘ﬁ 4 - 7Y & i | 500
S NS g
\ - { N ] ‘
e / W S BJ 300 PARIS CO
o » \\'_, . U i : : L Aerind 201X7D6 {n=1
N { N f \’\\ (I'I_ }
ey N L = \4 \L\J\‘:; | ®200 T . 1
N N \e. ; N A Wt 4 12000 .
& \/ N \1 \b’_&_‘if.’f;’)\’\\e\ 3‘ 280 0.58  MACC_osuite
. { /) |
20°s ' - ' ' (r,f ,/f . -]
fj / \V_/, (/ ( | Moo 0.78  MACC_CIFS_TM5
— ‘ IAGOS
40°s { J’y il \\4\"/ }71‘ 16000
1
e | Ehao
< i
o p PN S TP N S | 120
P e _:_J‘;"gl e rp— L~ - '_"(; :‘ 8000
80°s —;:‘E’?—. S - B —— 100
| =
180'W  140°W  120'W  100°'W  BO'W s0'wW 40w 200w 0'E 20°€ 40'E 60°E 80'E 100°E 120°E 140°E 160°E -m:
fi =
i | aachs
~ L)
N R S Rl

Satellite observation of meteorology and composition (in 000
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Aerosol assimilation is difficult because:

* There are numerous unknowns (depending on the aerosol model)
and very little observations to constrain them

* The concentrations vary hugely with for instance strong plumes of
desert dust in areas with very little background aerosol, which

makes it difficult to estimate the background error covariance
matrix

Wednesday 18 April 2012 00UTC MACC Forecast t+012 VT: Wednesday 18 April 2012 12UTC
Dust Aerosols Opl ical Depth at 550 nm

N
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Model simulation

Aerosol optical depth at 550nm (upper)

" \ Cape Verde
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The MACC aerosol model did not contain
stratospheric aerosol, so the observed AOD
was attributed to the available aerosol types.
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Eruption of the Nabro volcano in
2011 put a lot of fine ash into the
stratosphere.

This was observed by AERONET
stations and the MODIS
instrument.

ICIPE-Mbita - AERONET

a8 L
0.2 '«,..\_j/\‘ /_\/M‘\L/\/‘ — . ‘UX/*” o

vvvvvvvvvvvvvvvvvvvvvvvvvvvvv

12 4 6 8 10 12 14 16 18 20 22 24 26 28 30

MACC AOD analysis
® AERONET total AOD

AERONET fine mode AOD
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AOD assimilation & issues

STATISTICS FOR AEROSOL FROM FROM AQUA/389 STATISTICS FOR AEROSOL FROM FROM AQUA/389
MEAN BIAS CORRECTION (ALL) MEAN BIAS CORRECTION (ALL)
DATA PERIOD = 2013-02-28 21 - 2013-03-31 21 DATA PERIOD = 2013-02-28 21 - 2013-03-31 21
EXP = G415, LEVEL = 0.00 - 1013.25 HPA EXP = G20I, LEVEL = 0.00 - 1013.25 HPA
Min: 0.003 Max: 0.034 Mean: 0.018 Min: 0.001 Max: 0.059 Mean: 0.031
GRID: 2.00x 2.00 GRID: 2.00x 2.00
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Variational bias correction for March 2013 for MODIS AOD at 550 nm for global constant
and wind speed over ocean formulation (old, left) and global constant, wind speed over
ocean, and cloud cover formulation (new, right).
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* AOD is a column-integrated
quantity

* Assimilation of AOD does not
modify the vertical profile

* Profile data are needed
(lidar)
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Period: March 21- April 2, 2012
Data: all operational data plus MODIS AOD and CALIOP Level 1.5 backscatter

exp:fqvu /DA 2012032200-2012040212(12) e

Lidar S .Hemis

all AODL

Pressure
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GREENHOUSE GAS ASSIMILATION
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MACC column-averaged dry-air mole fraction of CO2 [ppm]
September 2013
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Assimilated GHG data @ECMWF
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Column-averaged dry-air mole fractions
of CO2 and CH4 provided by:
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Assimilated GHG data @ECMWF

OCO-2
CO, - Lower tropo.

Soon avallable

(early 2015)
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Impact of each instrument
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Validation of XCO, at Lamont
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| Background statistics estimation for CH4
NMC
ENS
- sowosee | | L o = ENS+
- L ; fluxes pert.

>

* NMC and ensemble method give similar statistics.
* Ensemble method + perturbed fluxes give different statistics and geographical

differences
* Work in progress to test the new background statistics

_
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Concluding remarks

= Chemical data assimilation is catching up with latest NWP data
assimilation developments: reactive gases, greenhouse gases,
aerosols.

= Specific challenges for DA of atmospheric composition compared
to NWP (but also extra benefits through chemical coupling and
potential impact).

= Still work in progress (issue of model biases, aerosol lidar
assimilation, estimation of background errors...).

= We are providing near-real time analyses and forecasts of
atmospheric composition as well as reanalyses (2003-2012) for
reactive gases, greenhouse gases, and aerosols as part of the
MACC-III project (www.copernicus-atmosphere.eu).
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http://old.ecmwf.int/newsevents/training/meteorological_presentations/
2013/DA2013/index.html

Vincent-Henri.Peuch@ecmwf.int

£SECMWF

EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS

"Miss Peterson, may | go home? | can't assimilate
any more data today."
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