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1.INTRODUCTION



What do we expect from composition
dataassimilation?

C dailyochemicalg S | 0 K S NX=hieqhhty | a
prediction the analogto NWP
C exposureto pollutedairand UV-B

C improvecclassicat b Better calculation of the

radiative transfer equatiomiabaticprocesses
(aerosol& h o X0

C budgetcalculationsf variousconstituents

C optimal chemicalstate analyseg=monitoring) or
reanalyses

C earlierdetectiory attribution of climatechangesignals
C (re-)assessmendf radiativeforcing



Processes in a complex chemidiignsport model
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Characteristics oEhemistrydata
assimilation (1)
physical viewpoint

Main sources of uncertainty

C direct parameters
U Initial values,
U emission ratesin tropospheric data assimilation),
U deposition and sedimentation velocities
U reaction rates, Yalues

C Indirect parametersin trop. data assimilation
U boundary layer height
U vertical exchange mechanisms: convection



Characteristics of tropospheric chemistry data assimilation

(2),

mathematical viewpoints

A highly underdetermined systeron 2 levels
I variablesgridpoint ~ 60-200
I satellite data: scalar column valée profile vector

A regionally/locally highly nonlinear chemical
dynamics (photo chemistry)

A constraints by physical laws/models are insufficient
however central manifoldeariableo Xy A G A | £ A
problem, chemical balance not guaranteed)

A assimilation or inversion problem to be solved?



Transportdiffusionreaction equation and its adjoint

Tendency Equations
direct chemistry transport equation
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2. STRATOSPHERIC CHEMISTRY
DATA ASSIMILATION



Tahle 1. Photolysis reactions included in the SA!

represents constituents that are not con

[

, - Stratospheric chemistry example

Reaction "products” n 167 gaS phasere aCtlonS +
R1} O+ b — OFP) + OFP) - .
®) o+m—ocpme0, Racion 710 heterogeneous reactions on pokdtrat. clouds
B3y Og+ b — (]{1]]] + (R38) O(Pj+05— 05+05
(R4) Hs0+hv — H+OH (R39) O(' D03 -0 P)+0y
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(R33) HNO, - 1,0
ng‘;g S%Ti b: Shi et al. [2001], as recommended by Sander et al. [2006] E%
A AR 2
(R36) CH30 + hr — H + HCO (RT1) OH+HO—HaC 5 10151 10O ClHO. (R141) Br+HOy—HBr+0,
(R37) CH30 + hv — Hy + CO (R72) OH+H209—Hy E;:g'ﬁ; E:gigﬂ_}ﬁ'&ﬂgz (R142) BrO+HO,—HOBr+0,
I:R?d-} H[}Q+H(}Q—?HQ‘ TR A Mt TR N I:R 144y CHQ(:H'B['—} HBr+HCO



The early challenge: Polar zone depletion
motivated
data assimilation with Chemistiifransport Models

A CTMs driven by offine winds and temperatures, e.g.:
I Khattatovet al. 1999;
I Erreraand Fonteyn 2001,
I Stajneret al.2001;
| Eskest al.2003,
I Marchandet al.2004

A assimilation of ozone (profiles and total columns) now operational
at a number of institutions making use of CTMs:

I KNMIhttp://www.temis.nl/ TM5

I BIRAIASEhttp://www.bascoe.oma.be/ BASCOE
I DLRDFDhttp://taurus.caf.dlr.de SACADA
|

- NASAhttp://gmao.gsfc.nasa.gov/operations/ GE®



http://www.bascoe.oma.be/
http://taurus.caf.dlr.de/
http://gmao.gsfc.nasa.gov/operations/

Early operationabzoneanalyses
(~ U | etylS2001).

A Goddard Earth Observation System (GEOS)
ozone data assimilation systesaiD CTM with
parametrizedozone chemistry

A . wliagnostics to estimate the system
parameters,

A operationalin 1999,
A stratosphericozone analyses
A SBUV/2 and TOMS



Example ozone hole focus:

SBUV/2and POAMII (~ (i | andWaddan2004),

combinedoccultation

Ozone mixing ratio (ippmv) at 70hPa

POAMIIl ozonedata solaroccultation austral
winter and springn 1998.
sunssynchronousatellite orbit,

14¢15 sunsetsand sunriseper day,
25.4longitude apart,

two latitude circles 54Nb 71N,63Sto 88S
verticalresolution ofv3 ozonel.1km
random errors 6% for z >15 km

- -POAM and SBUAssimilation

))? SBUV ’ass m Iatio'h’))?- -

a

POAM anSBUV

® POAM llloccultationpositions



O3total column data assimilatiofGOME)
Forecasts and analysis of the first southern
vortex split event

26 Sep 2002
D+7

- 26 Sep 2002
2 Aralysis

aly

HEEEREETAENCOCCNNSIC]C]

150 175 200 225 250 275 300 325 350 375 400 425 450 475 500
Ozone total column on 26 September 2002, KNMI operational ozone
assimilation system. From left to right: 9-, 7-, 5-day forecasts, and the
corresponding analysis.
From Eskes et al. (2005), KNMI.



ASSET data assimilation analysis compalrison

Ozone at 68.13hPa 12:00:00 31-Aug-2003

ECMWF MIPAS DARC/Met Office UM KNMI TEMIS

KNMI SCIA profiles

5.34
5.08

4.82
4.56
4.30

4.04

3.78

BASCOE vad24 BASCOE v3q33 MOCAGE-PALM Cariolle v2.1  MOCAGE-PALM Reprobus 351
325
299D
[e)]
<
578 %
=
R
247§

2.21

1.95

1.69

Juckes MIMOSA Logan/Fortuin/Kelder climatology MLS/HALOE mapped by PVEL 1.43

1.16
0.90
0.64

0.38
0.12

Ozone (ppm) at
68 hPain the
southern
hemisphere on
31st August 2003.

from Lahoz et al, 2010



Combinedassimilationof IASlozonetropospheric columns
and stratospheridviLSprofiles

by Barre JPeuch VHLahoz WAAttie, JLJosseB Piacentinj Eremenko M Dufour, Nedeleg
P;vonClarmann TEIAmraouj (2014)
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ENVISAT MIPAS and SCIAMACHY by SACADA 4D-var-
assimilation system

Data Availability 21. Oct. T 14. Nov. 2003

MIPAS-IMK SCIA-Limb SCIA-Occ

Available | Assimilated | Available | Assimilated | Available | Assimilated

O3 X X X X

NO2 X X

N20

X [ XX

HNO3

HNOA4

NO

N205

H20

CH4

CFC-11

XX [X]X]X

CFC-12

MIPAS : voiClarman Stiller et al., KIT Karlsruhe

CIO SCIAMACHBovensmanmand coworkers Uni Bremen

XIX|X|IX[X[|X|IX[X]|X]|X[X]X

CIONO2

X

BrO X




SACADA . /

SCIAMACHSolar __
Occultation Data ., o

Analysis g =

for SACADA £ |

Day of Year 2002

O; and NQ

J. Meyer, A. Bracher, L. Amekudzi, S. Noel, A. Rozanov, B. Hoffmann, H.
Bovensmann, J. P. Burrows

Institute for Environmental Physics, University of Bremen, Germany



Scatter plots for Nov. 13, 2003
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SACADA 4D-var, 24 h assimilation window

Results for CIONO, at 7.6 hPa (~33 km), Nov. 13, 2003
12:00 UTC

clono2 level 15 [vmr]

Control Run

MIPAS Observations Analysis

(no assimilation)




SACADA 4ar, 24 hassimilationwindow
HNO,at 28hPa(~24 km), Nov. 4, 2003 12:Q0TC

hno3 level 20 [vmr]

Control Run

(no assimilation)

hno3 level 20 [vmr]

MIPAS Observations

Analysis




Ozone profiles averaged
over the latitude belts
indicated and the time
span 8.9.-15.10.2002

:
:

20
25
30

Control Run

0a i3 28 aa 53
[Ppem]



Full global atmosphere: Data used in MACC NRT syste

Instrument Satellite Satellite Data provider Species Status
operator
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 Os Active
OoMI Aura NASA NASA Os Active
SBUV-2 NOAA-16,19 NOAA NOAA O3 Active
GOME-2 Metop-A EUMETSAT DLR O3 Active
GOME-2 Metop-B EUMETSAT DLR O3 Passive
IASI Metop-A EUMETSAT LATMOS/ULB (60) Active
IASI Metop-B EUMETSAT LATMOS/ULB CO Passive
MOPITT Terra NASA NCAR CO Active
GOME-2 Metop-A EUMETSAT DLR NO> Passive/Tests
GOME-2 Metop-B EUMETSAT DLR NO> Passive/Tests
OMI Aura NASA KNMI NO, Active
oM Aura NASA NASA SO, Active
GOME-2 Metop-A EUMETSAT DLR SO, Passive/Tests
GOME-2 Metop-A EUMETSAT DLR SO; Passive/Tests
GOME-2 Metop-B EUMETSAT DLR HCHO Passive
Offline tests:
IASI Metop-A EUMETSAT LATMOS/ULB 03 Tests

Courtesy A. Benedettj R.Engelen J.Flemming A. Inness S.Massart ECMWF, MACC



Setup 1or the reaclive gases
assimilation

IFS species: O3, CO, NO2, SO2, HCHO

More species available from CTM output (and-ifrE)
Coupled system dG-IFS

Background errors calculated with:

U NMC method (CONOx HCHO)
U Analysis ensemble method (O3)
U Prescribed profile (SO2)

A Difficulties assimilating species with short lifetimes (e.g. NN@)xas control
variable and NORAOxinterconversionoperator

Variationalbiascorrection used for reactiveggases

Chemistry included in outer loogdgtraj) not in minimisationadjoint of transport
only

To To To I

To o

Courtesy A. Benedettj R.Engelen J.Flemming A. Inness S.Massart ECMWF, MACC



Reactive gases data usage in MACC NRT system: 20130801, 1
| Tropospheric NO2
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3. SATELLITBATAASSIMILATIONOR
TROPOSPHERHBDAIR QUALITY



NO2 tropospheric column satellite information:
ESA UWIS satellite footprints Ruhr area comparison

NO level=0

15

NO, forecast start: May 08 2008, 00 UTC

6.60 6.80 7.00 7.20 7.40 7.60

ug/m’
200

L
i
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=
| |
J
:
YV
0415

140

-15 ] 15
model column [molec/cm’] ; it=06

nadirareas:

GOME 1 320 x 40 km

(specialmode) 8 0 X

SCIAMACHY 60 x

GOME 2 80 X Ruhr area domain

OMI 24 X (~12 000 000 inhabitants)



Assimilation of GOME N®opospheric columns,
4Dvar with EURAIM

RFT2 Fileserie fort.500 Feld01 ( 1.00e+16 T2: Ir\ggﬁcaSt WIthOUt a'SSI mllatlon _
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Question: Which parameter to be optimized?

Hypothesis:
Initial state and emission rates are least known

emission biased model state

——

only initial value opt
true state
—

servations
only emission rate opt.

time

concentration




In the troposphere, foemission ratesthe
product paucity of knowledge*importange

IS high

Emission Rate Optimization

minimize cost function

1 s Tr—1( b
J(x(to), @) =5(x"(t0) — x(t0))" By H(x"(to) — x(t0)) +

1ty Tor—
5 o (es(t) — e(t)) K (ey(t) — e(t))dt +
1 ctn (o F's-1,0
Sy (') = Hix()]) R (y"(t) — H[x(t)])dt

x’(ty)  background state at ¢t = 0

x(t) model state at time t

eylty) background emission rate at £ = 0

e(t) emission rate field at time t

K emission rate error covariance matrix

H[ | forward interpolator

y'(t) observation at time t

By background error covariance matrix

deviations from background initial state

deviations from a priori emission rates

model deviations from observations



pressure [hPa]

UV-VIS retrievals:
Assimilation by averaging kernels

OMI NO2 clm
100 T L T LI ¥ T I T ¥ T
Mea”QM'k | / max. sensitivity of
ool Cverading KEMe / | model domain
profile S o :
3001 for July 9, 2006 J/ 1 kernel
400 - R4 1 above boundary
500 - 7 1 layer!
600 - _,.-"" _
700 [~ - -
800 [ - -
1800 =TT e ]
0.0 0.5 1.0 1.5 2.0 2.5

averaging kernel

How canwe still makebestuseof it?



How to proceed to obtain benefit from trop. column

Integral information?
(A typical problem of Inverse Modelling by Integral Equations)

Two more specific questions:

A When is it justified to project averaging kernel
Information to the surface?

A Can this be done without heuristics, destroying
the BLUE property of the assimilation
algorithm?



Observation operatorH

Formally an integral equation to be solved for vertical NOs molecule density
function z (o vertical coordinate)

Yy = /1 w(o)z(o)do
Y= th$k

At the minimum x =: x,
dx, =%, —xp = (B  + H'RTH) 'H' R {y® — H[xy|}
=BH' (R + HBH") ' {y" — H[xy|}
For scalar column retrieval:

dxg =Bh'(r+ )" {y" — H|xs| }

Y

adjoint representer
A vertical structure function in B essential!



4. Focus: joint emission rate Initial value optimisation

Verticalstructure function:
Extending the information from observation location

by vertical exchange @olutantsand information
ideal case real

) o]
= 3
2

aver. kerne| © Z
S
-

assoc. vertical
~_> structure
functions ™.

height

UIXiw uajng4n)

p<




Comparison of NO2 tropospheric columns in
molecules/cm2 for July 6th, 2006,-02 UTC.
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Data assimilation result in terms of tropospheric columns for July
6th, 2006. NO2 model columns based on OMI and SCIAMACHY

assimilation within interval, 092 UTC.

NO, ; level=0
-15 0 15 30

-15 0 15 30
model column [molec/cm’] ; it=06 ; hr=10 (difference)

1.00E+15 8
6.00E+14 8
2.00E+14 .
-2.00E+14 *
-6.00E+14

A.00E+15 |-
-15

NO, forecast start: July 06 2006, 09 UTC
-30 -15 0 15 30 45 60

[ 15 30
July 06 2006, 10 UTC (H+01), surface level

b
s';.pp

3.00E+00

1.50E+00

0.00E+00

-1.50E+00

Difference field giving implied changes for tropospheric columns
assimilation (middle), and induced surface concentration

changes by NO2 ppb (right)



