
Assimilation of SatelliteData 
for AtmosphericComposition

Hendrik Elbern,

RhenishInstitute for EnvironmntalResearch at the
University of Cologne and IEK-8, FZ Jülich

with substantial contributionsfrom

Angela Benedetti, ECMWF, Frederic Chevallier, CEA-CNRS-
UVSQ, IPSL, Richard Engelen, ECMWF, Johannes Flemming, 

ECMWF, Antje Inness, ECMWF, Johannes Kaiser, MPI-C, 
Sebastien Massart, ECMWF, andcoworkers

andmanyothers

2014 seminar on satellite data assimilation

http://www.ecmwf.int/
http://www.ecmwf.int/


Contents

1. Introduction

2. Differencesfrom weatherprediction

3. Stratosphericcompoundsassimilation

4. Tropospherictracegas assimilation

5. Troposphericaerosolassimilation

6. Greenhousegas assimilation

7. Fireandunexpectedeventdataassimilation

8. Look ahead



1. INTRODUCTION



What do we expect from composition 
data assimilation?

ÇdailyαchemicalǿŜŀǘƘŜǊάŦƻǊŜŎŀǎǘǎ=air quality
prediction, the analog to NWP
Çexposureto pollutedair andUV-B

Çimproveαclassicalά b²t better calculation of the 
radiative transfer equation diabaticprocesses 
(aerosolsΣ hоΣΧύ 

Çbudgetcalculationsof variousconstituents

Çoptimal chemicalstateanalyses(=monitoring) or
reanalyses:
Çearlierdetection/attribution of climatechangesignals

Ç(re-)assessmentof radiativeforcing



Processes in a complex chemistry-transport model
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Characteristics of chemistry data 
assimilation (1)

physical viewpoint

Main sources of uncertainty:

Çdirect parameters

üInitial values, 

üemission rates (in tropospheric data assimilation),

üdeposition and sedimentation velocities

üreaction rates, J-values

Çindirect parameters (in trop. data assimilation),

üboundary layer height

üvertical exchange mechanisms: convection



Characteristics of tropospheric chemistry data assimilation 
(2),

mathematical viewpoints

Åhighly underdetermined system - on 2 levels
ïvariables/gridpoint: ~ 60 -200
ïsatellite data: scalar column value Ą profile vector

Åregionally/locally highly nonlinear chemical 
dynamics (photo chemistry)

Åconstraints by physical laws/models are insufficient, 
however  central manifolds variable όάƛƴƛǘƛŀƭƛǎŀǘƛƻƴέ 
problem, chemical balance  not guaranteed)

Åassimilation or inversion problem to be solved?



Transport-diffusion-reaction equation and its adjoint



2. STRATOSPHERIC CHEMISTRY 
DATA ASSIMILATION

UARS



stratospheric chemistry example 
167 gas phase reactions +
10 heterogeneous reactions on polar strat. clouds



The early challenge: Polar zone depletion
motivated 

data assimilation with Chemistry-Transport Models

Å CTMs driven by off-line winds and temperatures, e.g.:
ïKhattatovet al. 1999; 
ïErreraand Fonteyn 2001; 
ïStajneret al. 2001; 
ïEskeset al. 2003, 
ïMarchandet al. 2004 

Å assimilation of ozone (profiles and total columns)  now operational 
at a number of institutions making use of CTMs: 
ïKNMI http://www.temis.nl/ TM5
ïBIRA-IASB http://www.bascoe.oma.be/ BASCOE
ïDLR-DFD http://taurus.caf.dlr.de SACADA
ïNASA http://gmao.gsfc.nasa.gov/operations/ GEOS

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


Early operational ozoneanalyses
(~ǘŀƧƴŜǊet al., 2001). 

ÅGoddard Earth Observation System (GEOS) 
ozone data assimilation system 3-D CTM with 
parametrizedozone chemistry,

Å˔н diagnostics to estimate the system 
parameters,

Åoperational in 1999, 

Åstratospheric ozone analyses 

ÅSBUV/2 and TOMS 



Example ozone hole focus:
SBUV/2 and POAM-III (~ǘŀƧƴŜǊand Wargan2004), 

combined occultation

POAM III ozone data solar occultation austral 
winter and spring in 1998. 
sun-synchronous satellite orbit,
14ς15 sunsets and sunrises per day, 
25.4 longitude apart, 
two latitude circles  54N to 71N, 63S to 88S
vertical resolution of v3 ozone1.1 km 
random errors < 5%  for z > 15 km

Ozone mixing ratio (in ppmv) at 70 hPa
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O3 total column data assimilation (GOME)
Forecasts and analysis of the first southern 

vortex split event

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 comparison:

Ozone (ppm) at 

68 hPain the 

southern 

hemisphere on 

31st August 2003.

from Lahoz et al, 2010



Combined assimilation of IASIozone tropospheric columns 
and stratospheric MLSprofiles 

by Barre, J Peuch, VH Lahoz, WA Attie, JL Josse, B Piacentini, Eremenko, M Dufour, Nedelec, 
P; von Clarmann, T El Amraoui, (2014)

zonal meanof O3 field July2009 over Europe 15W-35E

control IASI analyses

MLS analyses IASI+MLS analyses

ΧΦΦ L!Dh{ ƛƴ ǎƛǘǳ
--- control
--- MLS assim
--- IASI assim
--- IASI+MLS



ENVISAT MIPAS and SCIAMACHY by SACADA 4D-var-

assimilation system

Data Availability 21. Oct. ï14. Nov. 2003

MIPAS-IMK SCIA-Limb SCIA-Occ

Available Assimilated Available Assimilated Available Assimilated

O3 X X X X

NO2 X X X X

N2O X X

HNO3 X X

HNO4 X

NO X

N2O5 X X

H2O X X

CH4 X X

CFC-11 X X

CFC-12 X X

ClO X

ClONO2 X X

BrO X

MIPAS : von Clarman, Stiller et al., KIT Karlsruhe
SCIAMACHY: Bovensmannandcoworkers, Uni Bremen



SCIAMACHYSolar 
Occultation Data 

Analysis
for SACADA

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

O3 and NO2
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Scatter plots for Nov. 13, 2003

Control Run
(after 23 days of 

free integration

with SOKRATES

(2D) initial values)

23 days 

consecutive 

4D-var:

Background

Analysis

HNO3 ClONO2 O3



Control Run 

(no assimilation)

MIPAS Observations Analysis

SACADA 4D-var, 24 h assimilation window

Results for ClONO2 at 7.6 hPa (~33 km), Nov. 13, 2003 

12:00 UTC



Control Run 

(no assimilation)
AnalysisMIPAS Observations

SACADA 4D-var, 24 h assimilationwindow
HNO3 at 28 hPa(~24 km), Nov. 4, 2003 12:00 UTC



Ozone profiles averaged 

over the latitude belts 

indicated and the time 

span 8.9.-15.10.2002



Full global atmosphere: Data used in MACC NRT system
Instrument Satellite 

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-16,19 NOAA NOAA O3 Active 

SCIAMACHY Envisat ESA KNMI O3 Died 

GOME-2 Metop-A EUMETSAT DLR O3 Active 

GOME-2 Metop-B EUMETSAT DLR O3 Passive 

IASI Metop-A EUMETSAT LATMOS/ULB CO Active 

IASI Metop-B EUMETSAT LATMOS/ULB CO Passive 

MOPITT Terra NASA NCAR CO Active 

GOME-2 Metop-A EUMETSAT DLR NO2 Passive/Tests 

GOME-2 Metop-B EUMETSAT DLR NO2 Passive/Tests 

OMI Aura NASA KNMI NO2 Active 

OMI Aura NASA NASA SO2 Active 

GOME-2 Metop-A EUMETSAT DLR SO2 Passive/Tests 

GOME-2 Metop-A EUMETSAT DLR SO2 Passive/Tests 

GOME-2 Metop-B EUMETSAT DLR HCHO Passive 

Offline tests:      

IASI Metop-A EUMETSAT LATMOS/ULB O3 Tests 

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



Setup for the reactive gases 
assimilation

Slide 24Environmental Monitoring

Å IFS species: O3, CO, NO2, SO2, HCHO

Å More species available from CTM output  (and in C-IFS)

Å Coupled system or C-IFS

Å Background errors calculated with: 

üNMC method (CO, NOx, HCHO)

üAnalysis ensemble method (O3) 

üPrescribed profile (SO2)
Å Difficulties assimilating species with short lifetimes (e.g. NO2): NOxas control 

variable and NO2-NOx interconversionoperator

Å Variationalbias correction  used for reactive gases 

Å Chemistry included in outer loop (ifstraj) not in minimisation; adjointof transport 
only

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



HCHO

OMI
AURA

GOME-2 
Metop-A

Tropospheric NO2

OMI
AURA

SO2

Reactive gases data usage in MACC NRT system: 20130801, 12z

IASI 
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IASI 
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MOPITT 
TERRA

CO
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Courtesy: A. Benedetti, R. Engelen, J. Flemming, A. Inness, S. Massart, ECMWF, MACC



3. SATELLITEDATAASSIMILATIONFOR
TROPOSPHEREANDAIR QUALITY



NO2 tropospheric column satellite information:
ESA UV-VIS satellite footprints  Ruhr area comparison

nadir areas:

GOME 1 320 x 40 km2

(special mode)    80 x 40  ñ

SCIAMACHY 60 x 30  ñ

GOME 2 80 x 40  ñ

OMI 24 x 13  ñ

Ruhr area domain     

(~12 000 000 inhabitants)

200 km 



Assimilation of  GOME NO2 tropospheric columns, 
4Dvar with EURAD-IM

GOME NO2 columns: Courtesy of A. Richter, IFE, U. Bremen
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Question: Which parameter to be optimized?
Hypothesis: 
initial state and emission rates are least known

emission biased model state

only emission rate opt.

only initial value opt.

true state

observations

time
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tr
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n

joint opt.



In the troposphere, for emission rates,the 
product (paucity of knowledge*importance)

is high



UV-VIS retrievals:
Assimilation by averaging kernels

max. sensitivity of 

model domain 

mean averaging 

kernel 

above boundary 

layer!

Howcanwe still makebestuseof it?

Mean OMI 
averaging kernel 
profile
over Europe 
for July 9th, 2006



How to proceed to obtain benefit from trop. column 
integral information? 

(A typical problem of  Inverse Modelling by Integral Equations)

Two more specific questions:
Å When is it justified to project averaging kernel 

information to the surface?

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



Observation operator  H

Ą vertical structure function in B essential!



PBL top

Verticalstructure function:
Extending the information from observation location

by vertical exchange of polutantsand information
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4. Focus: joint emission rate initial value optimisation



Comparison of NO2 tropospheric columns in 
molecules/cm2 for July 6th, 2006, 09-12 UTC.

rerievals(y);  :EURAD forecasted (Hxb);      column analyses (Hxa).



Data assimilation result in terms of tropospheric columns for July 
6th, 2006. NO2 model columns based on OMI  and SCIAMACHY 

assimilation within interval, 09-12 UTC.

Difference field giving implied changes for tropospheric columns  by 

assimilation (middle), and induced surface concentration 

changes  by NO2 ppb (right)


