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Overview (III)

• FURM and Inversion Theory

•DOAS

•DOAS + TEM or Reference Sector 
Method

• WFM-DOAS retrieval algorithm
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NADIR Retrieval Principles

• DOAS - Differential Optical Absorption 
Spectroscopy

• FURM – FUll Retreival Method
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FURM
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Inversion

• Optimal Estimation (Rodgers 1976)

• Simultaneous fit of all parameters

Parameter x 

Covariance S 
InversionSpectra y

Climatology (a-priori)
RTM 

Instrument Modell
or real instrumental errors
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Ozone Profile Retrieval with GOME

The FURM Technique Utilises

i) the penetration as a function of wavelength 
in the UV,

I i) Some additional information in the T-
dependence of the Huggins bands

However the retrieval is strongly dependent on the

Radiometric calibration!!!
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GOME O3 Profile: 2nd April 1997 
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O3, NO2 and O3 at 475K and 550K Levels: 2nd 
April 1997
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FURM Ozone

(a)Vortex- and PSC-
Area

(b)FURM Ozone VMR
and passive
Ozone

(c)Diabatic Ozone-
change

PV
T

Outflow

Passive ozone
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FURM Ozone vs. SLIMCAT

GOME

SLIMCAT
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GOME-FURM Ozone vs. Ozonesondes

Sondes

GOME
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DOAS 
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DOAS made simple!

Derive the Slant Column Amount of species i:
min [Σ λ{(ln(Io/I))λ} - Σ λ{Σi (∆σi λ (ci lλ )+P λ}]

SCi = Σ λ(ci lλ ) 

Assume lλλλλ constant over small spectral window and thereby 
derive Vertical Column Amount

VC = SC/AMF

AMF is the Air Mass factor



Lecture 3: J. P. Burrows 
1st ENVISAT DATA Assimilation Summer School

18-29th August 2003 ESA ESRIN Frascati Italy

DOAS made simple (2)!

VC = SC/AMF
The AMF must be derived using a Radiative Transfer Model – RTM.

The RTM describes the path of light through the Atmosphere. 

In its simplest form i.e. Ignoring scattering, the AMF is determined by the 
geometry
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GOME: Polar Ozone [DU] NH March and SH October 1995-2002
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Tropospheric Trace Gas 
Information

– Total Column - Stratospheric Column from other sources 
(limb sounders on LEO, data assimilation)

– Reference Sector Method (depends on coverage)

– Cloud Slicing (spatial and temporal)

– wavelength dependence of mean scattering height 

(example BUV)

– SZA dependence of mean scattering height (McKenzie 

et al.)

– Combined IR (thermal emission) and UV-Vis (solar 

backscatter) retrieval
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Reference Sector Method 

• tropospheric “clean” reference ground pixels 
(no sources, clean air region etc.)

• Stratospheric contribution assumed to be 
negligible or homogeneous over relevant 
ground pixel area 
• NO2, HCHO, SO2, BrO ...
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Cloud Slicing

• Spatial and/or temporal cloud slicing
techniques applicable 

• Assumption: tropospheric concentration 
reasonable constant within relevant temporal 
and/or over spatial scales

• Heritage: O3 TOMS Cloud Slicing

• Applicable: O3,,NO2, HCHO, SO2 etc.

• High precision tropospheric trace gas data 
requires co-located cloud top pressure data (for 
example from O2 A-band and/or Ring effect 
analysis)

• Cloud slicing with deep convective cloud 
systems in the tropics will allow profiling 
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„Ensemble“ Cloud Slicing

J. R. Ziemke, S. Chandra, and P. K. Bhartia, J. Geophys. Res., 2001
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Cloud Types
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Mean scattering height 

• Wavelength dependence of mean 
scattering height

• solar zenith angle dependence of 
mean scattering height (McKenzie et al., 
Fish et al.) 

• Atmospheric Composition w.r.t. strong 
absorbers and scatters known

•High precision tropospheric trace gas data 
requires co-located measurement of mean 
scattering height (for example via O2 A-
band)

•O3, NO2, BrO, Aerosol

~ SZA
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Tropospheric NO2 above Bremen

» Consistent tropospheric columns from two independent approaches!
© A. Richter IUP/IFE Bremen



Lecture 3: J. P. Burrows 
1st ENVISAT DATA Assimilation Summer School

18-29th August 2003 ESA ESRIN Frascati Italy

Examples from GOME and SCIAMACHY

• NO2 is an excellent challenge for atmospheric 
sensing

• Significant in the Mesosphere, Stratosphere 
and Troposphere.

• The clean troposphere contains very small 
amount

• Large diurnal cycle in the troposphere and 
stratosphere.
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NADIR Observations

• GOME examples
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GOME BrO :Polar Spring BrO Explosion
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SO2 from Power Plants

© Eisinger at al.
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GOME SO2 : Pollution in China
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GOME 

RAMMPP 2001: LKU Profile 1509-1538 UT 08/08
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Example: Volcanic Activity

(c) Dr. A. Richter, IFE/IUP Bremen
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GOME SO2: Hekla eruption



Lecture 3: J. P. Burrows 
1st ENVISAT DATA Assimilation Summer School

18-29th August 2003 ESA ESRIN Frascati Italy

Example: Air Pollution and Biomass 
Burning

(c) Dr. A. Richter, IFE/IUP Bremen

Urban 
Air Pollution

Urban Urban 
Air PollutionAir Pollution

Biomass
Burning
BiomassBiomass
BurningBurning

(c) Dr. A. Richter, IFE/IUP Bremen
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GOME tropospheric NO2 :Global View
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GOME tropospheric NO2 : Anthropogenic 
Pollution
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GOME tropospheric NO2 : Development 
in China
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GOME NO2-Trend above China

• China is one of the most 
rapidly growing 
economies

• Emissions of NO2 are 
expected to rise 
significantly

• GOME measurements 
show an increase of 
more than 50% since 
1996

• Interference by 
aerosols?

• Test case for inverse 
modelling?
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GOME NO2 and ATSR/ESA fires in 
Indonesia
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Example: Biomass Burning & Lightning

(c) Dr. A. Richter, IFE/IUP Bremen
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GOME tropospheric NO2 : Biomass 
Burning
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GOME NO2, HCHO and O3 Tropospheric
Columns: September 1997
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SCIA and GOME nadir O3

SCIAMACHY O3:
• good overall agreement with GOME

• better spatial resolution

• absolute accuracy of operational product not yet satisfactory
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Effects of spatial resolution Europe

GOME: only pixels with 
corresponding SCIA 
measurements

SCIA: all available raw 
data for August 2002

Maximum values

GOME 5E15 molec/cm2

SCIA 8.8E15 molec/cm2
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Effects of spatial resolution Near East

GOME: only pixels with 
corresponding SCIA 
measurements

SCIA: all available raw 
data for August 2002

Maximum values

GOME 7E15 molec/cm2

SCIA 14E15 molec/cm2
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Effects of improved spatial resolution

Improved spatial resolution should
• increase number of cloud free pixels => more tropospheric signal
• improve resolution for local sources
• facilitate validation with local measurements

Comparison of SCIA and GOME tropospheric NO2 show
• excellent general agreement
• higher maximum values (factor of 2) from SCIA
• much more localised maxima from SCIA
• no trace of scan pattern in SCIA data

=> GOME measurements provide “smeared out” image!
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SCIAMACHY nadir spectrum

O2 CO2

CH4 CO



Lecture 3: J. P. Burrows 
1st ENVISAT DATA Assimilation Summer School

18-29th August 2003 ESA ESRIN Frascati Italy

WFM-DOAS algorithm
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WFM-DOAS look-up-table

Currently implemented look-up-table: 

Constant:

• US Standard atmosphere (USS), no clouds, maritime 
aerosol, albedo (0.1), nadir viewing (no scan)

Variable:

• SZA: 0o-90o in steps of 5o

• Surface elevation (pressure): 0, 1, 2, 3 km

• H2O column: 0.5, 1.0, 1.5, 2.0, 4.0 x USS H2O column
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Weighting functions and averaging kernels (I)

AK(z) := 

(Vrp@z-Vtu) / (Vtp@z-Vtu)

SCIAMACHY is highly sensitive to trace gas concentration 
changes even in the boundary layer !
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Weighting functions and averaging kernels (II)
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Quantification of vertical column retrieval errors:

Precision (      noise): CH4, CO2, O2 ~ 1%, CO: ~ 15% 

Atmospheric variability: ~ 1% (CO: < 10%)

Aerosols:  < 1% (O2: < 7%)

Sub-visual cirrus:     OD 0.01: ~ 1%      OD 0.03: ~ 3%

Albedo:   0.3: ~1% (+) 0.1: 0% 0.03: <3% (-) (O2 ~6%) 0.003: ~10%

Many other ~1% errors:      Surface elevation grid, scan, etc.

Not quantified: Spectroscopy, calibration, ...

Error analysis
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Spectral fits: O2 and CO2

O2 fit: RMS 0.5% CO2 fit: RMS 0.2%

O2 column (x 0.9): 4.56 1024 cm-2 +/- 0.5% CO2 column (x 1.05): 7.82 1021 cm-2 +/- 1.7%
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Spectral fits: CH4 and CO

CH4 fit: RMS 1.2% CO fit: RMS 2.8%

CH4 column: 3.83 1019 cm-2 +/- 2.2% CO column: 3.1 1018 cm-2 +/- 43%
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Spectral fits: CO (II)

Fit residuum not 
(yet) noise limited 
but dominated by 
systematic features
(calibration, 
spectroscopy ?)
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Retrieved columns
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CO2 / CH4 correlation with O2
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XCO2 and XCH4: Why division by O2 column ?

L H

Air or O  column2  

Greenhouse  gas column 

Greenhouse  gas to O  column ratio2  

Sink / Source  detection  

Xgas := column(gas) / column(O2) * 0.2095 gas: CO2 or CH4
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Correlation with surface elevation
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Dry air column averaged mixing ratios XCO2 and XCH4
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XCO2, XCH4, CO
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Cloud Products from GOME and 
SCIAMACHY

• Idea 1
- measure O2 (or O4) absorption above cloud
- determine the cloud top height 

• Idea 2
- the intensiyt of the back scatterd light yields 
the optical thickness.
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Typical SCIAMACHY spectra in the oxygen A-band

Cloud top height determination from SCIAMACHY
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PMD1 23-Jan-2003 4700/4701

University of Bremen, IUP/IFE, Michael.Buchwitz@iup.physik.uni-bremen.de

Cloud top height determination from SCIAMACHY
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Cloud top height determination from SCIAMACHY
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Cloud top height determination from GOME data 
using oxygen A-band information as compared to 

ATSR-2  IR retrievals (ERS-2 satellite)

23.07.1995, orbits 50723095, 50723114, ERS-2
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24.03.1998,  80324174, ERS-2
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SCIAMACHY orbit sequence
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Combined UV/Vis – IR Retrieval

• IR nadir sounding has limited sensitivity in the lowest 
part of the troposphere (example TOVS, IASI ...), due 
to lack of temperature contrast, but good sensitivity in 
the free troposphere and lower stratosphere.

• Backscattered and reflected spectral solar radiance 
penetrates down to the Earth surface from the UV to 
the NIR (exception: H2O bands) and is therefore 
ideally suited for sensing the lowest part of 
troposphere.

• Combination of both will yield optimal information 
about the troposphere from space
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GeoTROPE FOVs
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GeoSCIA @ GeoTROPE
• Imaging spectrometer using 2D CCDs, (GSD: 11.4 x 23 km2

– 23 x 23 km2)  provided by DLR
• GOME, SCIAMACHY, OMI heritage
• UV-Vis spectral window: 270 nm - 560 nm (O3(h), NO2, SO2, 

BrO, HCHO, O4, Aerosol), 
• NIR spectral window: 755 nm - 780 nm (mean photon path, 

cloud cover, cloud top height, cloud optical thickness, 
aerosol layer scattering height) 

• SWIR spectral windows: optimised around 2 µm (CO2, H2O) 
and around 2.35 µm (CO, CH4, H2O, Aerosol)

• Polarisation Measurement System PMS to measure polarised 
and unpolarised radiance (300 – 850 nm) primarily for 
polarisation correction of the measured upwelling radiance 
and enhanced Aerosol products

• Tropospheric column information will be derived by residual 
methods and multi-spectral retrieval
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GeoFIS @ GeoTROPE

• Fourier transform infrared spectrometer (GSD: 15 x 15 km2) 
provided by CNES 

• IASI/METOP heritage

• spectral range from 4.4 µm to 5.6 µm and from 7.1 µm to 15 µm 
with approx. 0.25 cm-1 spectral resolution. 

• HgCdTe large focal plane array (LFPA) detectors

• GeoFIS adds during both day and night: 
• Improved tropospheric vertical distributions for O3, CO, 

CH4, H2O
• Tropospheric columns of C2H2 and C2H6

• Vertical Profiles of H2O and temperature
• The combination of solar backscatter and thermal infrared 

provides the maximum vertical profile information about the 
troposphere for selected important geophysical parameters by this, 
the precision of the tropospheric concentration will be improved
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GeoFIS Spectral Coverage
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GeoSCIA Precisions Cloud/Aerosol

Parameter Precision Single 
Measurement 

 Goal GeoSCIA 
Estimate 

   

Cloud Top Height 200 -500 
m 300 m 

Fractional Cloud Cover 0.02 – 
0.05 0.05 

Aerosol Layer Height 500 m 500 m 

Aerosol Optical Depth 0.05 – 
0.2 0.1 
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GeoSCIA/GeoFIS combined retrieval

Species Vertical layers boundaries 
 0–2 km 2-7 km 7-15 km 

O3  TIR+SB 5-10 % 5 % 5 % 
TIR 28 % 13 % 6.6 % 

CO TIR+SB 10 % < 10 % < 10 % 
TIR 24 % 10% 6.6 % 

CH4 TIR+SB 2 % 1 % 1 % 
TIR 7.1 % 3 % 2.6 % 

H2O TIR+SB < 1% < 1% < 1% 
TIR 1.2 % 1.1 % 2.8 % 
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Limb Measurements
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Occultation Retrieval Precisions

Assumption: SNR = 1000
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—10 – 201 – 101N2O
—10 – 201 – 101CO

3 - 101 - 311CO2

5 - 201 - 511CH4

51-21 1H2O
--Tbd-ClO
-1020-OClO
-1020TbdBrO

10 –505 - 1010 – 55 – 10NO2

1111O3

36 –45 
km

24 –36 
km

12 –24 
km

5 –12 km
USMSLSUT

Occultation Retrieval Precisions
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Limb Measurements

• vertical res.: 3 km
• horizontal 

resolution in 
azimuth: 
240 km (120 km 
min.)

• horizontal 
resolution in flight 
direction: 
approx. 400 km

• Observation 
optimised to match 
limb with nadir 
measurements

• Duration of Limb 
sequence: 60 sec.

• Global coverage: 6
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The limb-scattering geometry

• Limb radiance corresponds to the solar radiation that is Rayleigh and Mie-
scattered along the LOS and transmitted in to the FOV of the observer 

LOS

Earth
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• 360 nm 790 nm
• Light path is wavelenght dependence => multi spectral

advantage

O3 Weighting Function for Limb

• 790 nm
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• 300 –370 nm
Ozone

Useful height range: 5—50 km
Above 12 km all information 
comes from the measurement
No smoothing

Averaging Kernels Limb

• BrO

Useful height range: 15—30 km
Information determined by the 
measurement
some smoothing
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———25 –100N2O
———30 –100CO
—10 –1001 –101CO2

——5 –1005CH4

20 –2002 –201 –21H2O

——20 - 40
(if activated)

—ClO

—10 –50-—OClO
—~ 30100 –20—BrO

10 –1001 –1010 –140 –10NO2

1111O3

36 –45 
km

24 –36 
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12 –24 
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5 –12 km
USMSLSUT

Limb Theoretocal Retrieval Precisions
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Inversion

• Optimal Estimation (Rodgers 1976)

• Simultaneous fit of all parameters

Parameter x 

Covariance S 
InversionSpectra y

Climatology (a-priori)
RTM 

Instrument Modell
or real instrumental errors
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Approaches for retrieving minor constituent profiles

Two different types of algorithms are applied:

DOAS-type algorithms:
(Differential Optical Absorption 
Spectroscopy)

• Continuous wavelength range used
• Removal of  broad-band spectral

component   
• Exploit high frequency differential

structure
• Applicable to O3, NO2, BrO, OClO

Limb radiance profile methods:

• Discrete wavelengths used

• Computationally very efficient

• So far applied to O3, NO2, BrO 
and OClO

All methods require forward modelling with radiative transfer 
models taking all relevant physical processes into account

Retrieval speed improvements possible with: 

• analytically calculated weighting functions [Rozanov et al., 1997]
• SS weighting functions [Kaiser and Burrows, 2003]
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Method I
Step 1: Normalization of  Limb radiance profiles

( ) ( )
( )ref

i
in THλ,I

THλ,ITHλ,I = THi = Tangent height i 
THref = Reference tangent height       

Reduction of the impact of albedo on limb radiance profiles
- Absolute calibration not necessary
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Method II
Step 2: Combination of Limb radiance profiles

( ) ( )
( ) ( )[ ] 
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Absorptionsquerschnitt
Burrows et al. [1999])

• Employ O3 Chappuis absorptions bands and define:
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Mesospheric O3 retrieval in the Hartley bands
Radiance/[O3] weighting functions

Limb radiances in the Hartley bands 
are sensitive to O3 up to altitudes > 80 km July 3, 2002, Orbit 1779
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Results from SCIAMACHY

Results from SCIAMACHY
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Limb Measurements

• horizontal resolution in azimuth: 240 km (120 km min.)
• horizontal resolution in flight direction: ~ 400 km
• Observation optimised to match limb with nadir 

measurements
• Duration of Limb sequence: 60 sec.
• Global coverage: 6 days at the equator
• Tangent Height accurate within 200 m in upper strat.
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Ozone, spectral fits

Spectral region:   298.5 � 308 nm,   470 � 585 nm
Tangent height region: 10 � 55 km (UV),  7 � 45 km (visible)

31 km tangent height 24 km tangent height
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Ozon Sondes Hohenpeißenberg 06.11.02 (AO 158, W. Steinbrecht)
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Indications for: 
(a) slow drift in pointing to 
lower THs (~0.2 km/orbit)
(b) TH discontiuities of up to 3 
km (~0.045°) associated with 
with on-board orbit model 
update
( c) high precision of scanner

Work around:
(a) Use TRUE for correction 
(b) on average correction by 
1.5 km 
(c ) correction scheme based 
on engineering and orbit 
model update

Limb pointing anomaly
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Comparison of IUP-SCIAMACHY O3profiles with POAM III

Rozanov: Differential 
retrieval employing Chappuis 
bands

Savigny: 3 wavelength 
retrieval employing O3
Chappuis bands

Preliminary results!

d

d
d

10-40 km O3 vertical column:
SCIAMACHY: 378 DU
POAM III: 384 DU

Total O3 column:
GOME: 459 DU
TOMS: 456 DU

SCIAMACHY at 56-59°N,238-253° 25.4.2002 18:30 UTC
POAM at 62°N, 253° 25.4.2002 2:50 UTC
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Savigny et al. 07/2002

O3 measured with SCIAMACHY:

Courtesy of Michael Bittner (DLR-DFD)

SCIAMACHY and CTM Assimilation of GOME Data

CTM assimilation (NCAR-ROSE)

Assimilated GOME O3 Data:

Preliminary results!



Lecture 3: J. P. Burrows 
1st ENVISAT DATA Assimilation Summer School

18-29th August 2003 ESA ESRIN Frascati Italy

Comparison of IUP-SCIAMACHY NO2 profiles with POAM III

NO2 was scaled to the POAM 
measurement and used as 
input to simulate the diurnal 
variation of the NO2 vertical 
profile backward to SZA = 49 
deg.
(model runs: M. von Koenig, 
IUP)

IUP retrieval by
A. Rozanov

Preliminary results!
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SCIA Limb BrO

• SCIA Analysis: A. 
Rozanov, IUP

• TRIPLE BrO: FZ 
Jülich
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OClO retrieval (11.1.2003, 63oN, 65oE)
Vertical profile Spectral fit at 21 km tangent height

• High chlorine activation in NH polar vortex in winter 2002/2003
• OClO profile over Northern Ural, SZA ~ 89°, no correction for photochemical 

gradient along line-of-sight 
• Current detection limit ~ 3 x106 mol/cm3
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Mesospheric O3

Savigny et al. 08/2002

Preliminary results!
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First Science: The SH O3 Hole Anomaly 
2002
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State AState B State A
State B

First SCIAMACHY SH PSCs : Orbit 2480, 08/21/2002
SCIAMACHY limb radiance profiles
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PSC via colour ratio (1090 nm /750 nm)
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SCIAMACHY O3 altitude slices through the 2002 Antartic vortex

September 12, 2002

Black solid lines: isotherms at 195 K (thin line) and 
205 K (thick line)

Dashed lines: contours of modified potential vorticity
at 30, 40, and 50 MPVU (modified potential
vorticity unit

Open circles: detected PSCs
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SCIAMACHY O3 altitude slices through the 2002 Antartic vortex

September 27, 2002

Black solid lines: isotherms at 195 K (thin line) and 
205 K (thick line)

Dashed lines: contours of modified potential vorticity
at 30, 40, and 50 MPVU (modified potential
vorticity unit
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SCIAMACHY O3 altitude slices through the 2002 Antartic vortex

October 02, 2002

Black solid lines: isotherms at 195 K (thin line) and 
205 K (thick line)

Dashed lines: contours of modified potential vorticity
at 30, 40, and 50 MPVU (modified potential
vorticity unit
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Orbit 3008

Ozone, Orbit 3008, 27 SEP 2002

NO2, Orbit 3008, 27 SEP 2002

BrO, Orbit 3008, 27 SEP 2002
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Current Scientific Level 2 Product Status
(May 03)

column profile (1) Misc.
O3 cloud frac
NO2 cloud top
BrO AAI
SO2 X T/p profile
H2CO X AOD
OClO UV-index
H2O PSC/NLC
N2O X
CO X = not applicable
CH4 = not yet investigated
CO2 = excellent to good results, partly affected by L1 qual.

= first results, limited quality due to L1/calibration
(1) = affected by tangent heigth anomaly

= affected by ice channels 7 and 8


