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Greenhouse gas observations from space 
 
1.  Why and how ? 

2.  Key findings from 10 years of CO2 and CH4 
satellite observations 
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Greenhouse gas observations from space: 
Why and how? 

 

•  Why ? 
 

•  … including at least a little bit of the most relevant 
background information … 

•  How ? 
 

•  From satellite radiances ->  atmospheric GHG 
concentrations -> GHG surface fluxes (sources & 
sinks) 

 



„System Earth“ 

Source: http://energy.lbl.gov/AQ/smenon/images/earth_system.jpg (via IPCC)  

Large and increasing human influences 
We are living in a new geological epoch (TBC), the  

„Anthropocene“ (Crutzen, 2000)   

A complex system with 
many positive and 
negative feedback cycles. 

Outgoing long-
wave radiation 

Incoming 
solar 
radation 
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Energy fluxes &  
Greenhouse Effect 
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1370 W/m2 

240 W/m2 240 W/m2 ? 

„Solar constant“ 

IPCC, AR5-WGI, 2013 

H2O, 
CO2,  
CH4,  
… 



Climate Change: Observations 
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Source: IPCC 2013, AR5,  
Approved „Summary for  
Policy Makers“ 

Mean temperature increase (1880-2012): +0.85 [0.65 - 1.06] oC  



Observed Emissions and Emissions Scenarios 

Emissions are on track for 3.2–5.4ºC “likely” increase in temperature above pre-industrial 
Large and sustained mitigation is required to keep below 2ºC 

Linear interpolation is used between individual data points 
Source: Peters et al. 2012a; CDIAC Data; Global Carbon Project 2013 

Emissions	  from	  fossil	  
fuels	  and	  cement	  
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RCP: 
Represenative 
Concentration  
Pathway; 
8.5:  
RF(2100) = 8.5 W/m2 



Why bother ? Just a few degrees more ! 

-4oC 

?
+4oC 
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Ice & 
snow 

Medieval warm period (Vikings in Greenland with cattle & sheep, etc.) 

Major crop failures 
northern Europe, 
UK, …, „Great 
Famine“ ~1300 



CO2 emissions and carbon sinks 
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https://carbonremoval.files.wordpress.com/2014/09/cdr-infographic-3.jpg 



Kohlenstoffkreislauf 
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GtC 
GtC/yr 



Earth‘s breathing 
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Courtesy: D. Crisp (NASA/JPL), GEO-X Meeting, Geneva, 13 Januar 2014 

Atmospheric CO2 2002 -2008  



NOAA/Scripps CO2 Time series 
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Charles Keeling, 
1958 

The more accurate and the longer the observational time series, 
the more we can learn from analyzing the observations … 

Oil crisis 
1973 

El Nino 
1997 

Pinatubo 1991 
El Nino 1991-92 



Fate of Anthropogenic CO2 Emissions (2004-2013 average) 

Source: CDIAC; NOAA-ESRL; Houghton et al 2012; Giglio et al 2013; Le Quéré et al 2014; Global Carbon Budget 2014 

26% 
9.4±1.8 GtCO2/yr 

32.4±1.6 GtCO2/yr      91% 

+ 3.3±1.8 GtCO2/yr      9% 

10.6±2.9 GtCO2/yr 

29% 
Calculated as the residual 

of all other flux components 

15.8±0.4 GtCO2/yr 

44% 
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Carbon cycle: Sources and sinks 

Emissions 
Atmospheric  

growth 

Ocean sink 

Land sink 

Le Quere et al., 2013 
Land sink: Not directly observed: 

-> „Residual land sink“: 



Carbon cycle: Residual terrestrial sink 

IPCC 2013, WG1 15 Large discrepancies ! 



Carbon uptake: Historical & future projections 

IPCC: “The future evolution of the land carbon uptake is much more uncertain 
[compared to ocean], with a majority of models projecting a continued net carbon uptake 
under all RCPs, but with some models simulating a net loss of carbon by the land due to 
the combined effect of climate change and land use change.  
 

In view of the large spread of model results and incomplete process representation, there 
is low confidence on the magnitude of modelled future land carbon changes.” 

IPCC 2013, WG1 
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Historical 

Future projections 

Cumulative uptake 

Sink Source 



Carbon – climate feedback (“gamma”) 
IPCC 2013, WG1 

Carbon cycle feedback metrics 

Regional 
carbon-climate 

feedback 

Land carbon response to climate change:  
Large uncertainties ! 

beta / β 

gamma / γ 
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gamma / γ 

IPCC: Positive carbon cycle feedback expected.  
Climate change will affect carbon cycle process in a way that will exacerbate the increase 

of CO2 in the atmosphere (high confidence). 
Sign is known but high uncertainty in the feedback magnitude. 

gamma  
:= Δ C-reservoir / ΔT 
where < 0: 
Positive feedback ! 
 



Carbon sources & sinks: Denning et al., Nature, 1995 

18 

„We find that the latitudinal (meridional) gradient imposed 
by the seasonal terrestrial biota is nearly half as strong as 
that imposed by fossil-fuel emissions. Such a contribution 
implies that the sink of atmospheric CO2 in the Northern 
Hemisphere must be stronger than previously 
suggested.“ 

http://kiwi.atmos.colostate.edu/rr/groupPIX/scott/scott1.html 

South pole 
value 
subtracted 
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Strong carbon land sink 
in northern hemisphere 



Terrestrial carbon sinks: Status in 2002 
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Houghton, Biologist, 2002: 
“Strangely, the difference between the net terrestrial sink and the emissions from 
land-use change suggests that there is a residual terrestrial sink, not well 
understood, that locked away as much as 3.0 PgC/yr (3 GtC/yr) during the 
last two decades. … The exact magnitude, location and cause of this 
residual terrestrial sink are uncertain, …” 



Left / right: 
different inversions 

Regional C sources and sinks: Gurney et al., Nature, 2002   

TransCom 3 regional 
CO2 flux inversions  Observartions: 

Very accurate but 
sparse 
 

Information 
content sources & 
sinks (excluding 
fossil fuel fluxes): 
 

Large regions only 
(continents, ocean 
basins) 
 

Large 
uncertainties 
(often +/- 100%) 
 

A priori 
land 

Within model 
uncertainty 

Inversions: 

Mean flux x 

Data:  
GLOBALVIEW-2000: 1992-1996 

Gurney et al., 
Nature, 2002 



Regional C sources and sinks: Stephens et al., Science, 2007 
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NH land: 
Weaker sink? 

(+1 GtC/yr) 
 

Tropics: 
 Weaker source?  
Net approx. zero ? 

(-2 GtC/yr) 
 

Stephens et al., Science , 2007 

Adding aircraft CO2 flask observations: 



Regional terrestrial CO2 fluxes 

Decadal fluxes 
via atmospheric inversions  

•  mostly CO2 flask measurements 
(very accurate but sparse) 

•  without satellite CO2 

Dynamic  
vegetation  

models 

1990s 
2000s 

IPCC 2013, WG1 

22 

Large discrepancies models vs atmospheric inversions  
esp. in tropics and northern Africa & large uncertainties (~100%) ! 

Satellite CO2 observations have potential to improve our knowledge  



Uncertainty reduction using satellite data - I 
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Rayner and O‘Brien, 2001 

Natural CO2 fluxes from space?: 
•  Yes ! If …  

Precision < 2.5 ppm for monthly 8ox10o 



Uncertainty reduction using satellite data - II 
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Hungershöfer 
et al., 2010 

Weekly mean error reduction 

Altitude sensitivity 
Prior uncertainty 



Terrestrial C sources and sinks: Adding real satellite data ? 
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X 



Methane 
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Coal mining 

Landfills 

Termites 

Wastewater 

Wetlands Rice 

Ruminants 

Hydrates 

Natural gas 

Energy 



Methane 
•  Second most important 

anthropogenic GHG 
(directly after CO2) 

 

•  Many anthropogenic 
and natural sources; 
large uncertainties ! 

Kirschke et al., 
2013 

? ?



How will sources and sinks behave in a changing climate? 

CO2 and CH4 sources and sinks: !! ?? 
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Are the reported emissions 
correct? 

How will today's CO2 sinks behave in a 
changing climate?  
 

How will today's CH4 sources (e.g., 
wetlands) behave in a changing climate? 
 

Will sinks turn into sources?  
 

Will sources be amplified? 

How much is emitted where, when 
and by what? 

How much CO2 is absorbed by land 
and oceans? Where and when? 

How strong are the various sources and sinks ? 



Essential Climate Variable  
”Greenhouse Gases” (CO2 & CH4) 

 

ECV GHG (GCOS-154*)):  

“Retrievals of greenhouse gases, such as CO2 and CH4, of sufficient 
quality to estimate regional sources and sinks.” 

*) „SYSTEMATIC OBSERVATION REQUIREMENTS FOR SATELLITE-BASED DATA 
PRODUCTS FOR CLIMATE“	  

Reliable climate prediction requires a good 
understanding of the natural and anthropogenic 
(surface) sources and sinks of CO2 and CH4.  
 

Important questions are, for example: 
 

•  Where are they ? 
•  How strong are they ? 
•  How do they respond to a changing climate ? 
 

A better understanding requires appropriate global 
observations and (inverse) modelling.  

CO2 and CH4 are the two most 
important anthropogenic greenhouse 
gases and increasing concentrations 

result in global warming. 

Observed and predicted 
temperature change (AR5) 

Future? 

GHG 
sources  

and sinks? 

Technology? 

Population? 

Ecomomy? 
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Greenhouse gas observations from space: 
Why and how? 

 

•  Why ? 
 

•  … including at least a little bit of the most relevant 
background information … 

•  How ? 
 

•  From satellite radiances ->  atmospheric GHG 
concentrations -> GHG surface fluxes (sources & 
sinks) 

 



Viewing Geometries 

Satellite Observation Geometries  

Nadir  Occultation  Limb  

 
SCIAMACHY, AIRS, 
IASI, TES, GOSAT, 
OCO-2, CarbonSat,  
A-SCOPE, MERLIN, 

ASCENDS, … 

  

 
SCIAMACHY, 

MIPAS, … 

  

 
SCIAMACHY, 
ACE-FTS, … 

  

Most relevant for GHG 

source / sink application 
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Measurement Techniques 

Measurement Techniques  

Active  

 
SCIAMACHY, 

GOSAT, OCO-2, 
CarbonSat, … 

  

 
 

TOVS, IMG, 
AIRS, IASI, TES, 

MIPAS, … 

  

 
 

A-SCOPE, 
MERLIN, 

ASCENDS, … 

  

Passive  

Solar  Thermal  Laser  

Most relevant for GHG  

source / sink application Most relevant for GHG  

source / sink application 



Reflected solar (NIR/SWIR) vs thermal (TIR) 
Thermal emission NIR absorption 

Passive Active 

Sensitive to 
mid/upper 

troposphere 

Sensitive (also) 
to near-surface 

GHG 
concentration 

variations 
-> 

Important to 
get source/sink 

information 
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Note: 
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In the following I will focus on 
 

•  nadir observations in the  
•  solar spectral region using  
•  passive satellite observations 

Existing missions: 
•  SCIAMACHY / ENVISAT (2002 – 2012) 
•  TANSO-FTS / GOSAT (2009 – now) 
•  OCO-2 (2014 – now) 
 

Future missions: 
•  CarbonSat / Earth Explorer 8 candidate (2021 ?) 
•  other … 



GHG-CCI project www.esa-ghg-cci.org 

CO2 

SCIAMACHY/ENVISAT 

Global satellite observations 
Global information on near-surface CO2 & CH4 

TANSO/GOSAT 

Upper layer  
CO2 & CH4 

IASI,  
MIPAS, 
SCIA/occ, 
AIRS, 
ACE-FTS, 
 … 

Global observations 

Calibrated radiances 
Calibration (L 0-1) 

Reference 
observations Validation 

Inverse 
modelling 

(L 2-4) 

Improved information on  
GHG sources & sinks 

? 

? 

Atmospheric GHG 
distributions 

Retrieval 
(L 1-2) 

Preparing for: OCO-2 
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SCIAMACHY SCIAMACHY on ENVISAT SCIAMACHY Scanning Imaging 
Absorption Spectrometer for 
Atmospheric CHartographY 

Nadir mode: 
Swath width: 960 km 
XCO2 & XCH4 from 1.6 & 0.76 µm bands 
Horizontal resolution: 30 x 60 km2  



Tropospheric data products from SCIAMACHY/nadir 

... and 
more. 
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Greenhouse gases from SCIAMACHY/ENVISAT 
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CO2	   CH4	  



XCO2 = CO2 column / Air column 

H	   L	  

CO2	  

O2	  

XCO2	  

XCO2 := CO2 column-averaged dry air mixing ratio (mole fraction) 
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Vertical 
columns 
[number of 

molecules / area] 

+/- 10% 

CO2 column 

+/- 1.5% Buchwitz et al.,  
ACP, 2005 

XCO2 



Counting molecules ?: Measurement principle - I 
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Measurement principle - II 

41 



Measurement principle - III 
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Light path issues 

From: SCIAMACHY – Monitoring the changing Earth‘s atmosphere 
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SCIAMACHY / BESD: Example fit 

Reuter et al., JGR 2011 44 



Radiative Transfer 
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e.g., plane-parallel RTE 

Change of radiance I, dI, along path ds due to 
sources (+εS) and/or losses (-εI). 



SCIA: IUP-UB retrieval algorithms 
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•  XCO2 & XCH4 
•  Focus on speed and data 

volume 
•  Tabulated RT 
•  Least squares fitting 
• References: 

•  Buchwitz et al., 2000, 2005 
•  Heymann et al., 2012 
•  Schneising et al., 2011, 2012, 2013 

Details see ATBDs at http://www.esa-ghg-cci.org/ 

•  XCO2 
•  Focus on accuracy and 

precision 
• Online RT 
• Optimal estimation 
• References: 

•  Reuter et al., 2010, 2011 

WFM-DOAS (WFMD) BESD 
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Measured radiation -> CO2 emissions 

Measured 
Radiation 

Atmospheric  
CO2 or CH4 

CO2 or CH4 
Emissions A 

B 

C 

Forward- 
Models 

Transport-
Chemistry-
Model 

Radiative-
Transfer-Model 

Inversion-
Models 

„Inversion“ 

„Retrieval“ 
= 

„Inversion“ 
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Inversion ? 
•  Different methods 
 

•  (Nearly all are) Based on „adjusting“ 
model parameters until model data 
„optimally“ agree with the observations 

 

•  Requires sufficiently accurate and fast 
forward models 

 

•  Often based on „Bayesian Inference“ or 
„Optimal Estimation“ 

Thomas Bayes [beɪz] 
(~1701 - 1761).  

•  English statistician, 
philosopher and 
Presbyterian minister. 

•  Bayes‘ Theorem: he 
suggested using this 
theorem to update 
beliefs considering new 
knowledge. http://en.wikipedia.org/ 

 

Bayes‘ Theorem 

P(X = atmos.CO2 | Y = radiation) 
P(X = CO2 emission | Y = atmos.CO2) 

To be minimized cost function (Optimal Estimation (Rodgers, 2000)): 
+ Gaussian statistics 
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Does God exist ? 

http://www.colorado.edu/philosophy/vstenger/Briefs/Bayes.pdf 	




Retrieval: Optimal Estimation (Rodgers, 2000) 
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CarbonSat: BESD/C algorithm 

51 

Via pre-processing: 
Surface albedo 

VCF / SIF @ 755 nm 
Cirrus Optical Depth (COD) 



BESD/C error anal.: Aerosols & clouds: Previous 
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Aerosol type: Continental Average (CA70) SZA: 50,  Albedo: Vegetation 
Small particles: α ~2.3  

Bias XCO2: 
+0.08+/-0.30 ppm 

Bias XCH4: 
-0.26+/-1.31 ppb 
 
QF: SOD<0.3 
Ngood:  21 (47%) 
Nall:   45 

Previous: COD a priori = 0.05, … 



BESD/C error anal.: Aerosols & clouds: Latest 
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Aerosol type: Continental Average (CA70) SZA: 50,  Albedo: Vegetation 
Small particles: α ~2.3  

Bias XCO2: 
+0.06+/-0.27 ppm 

Bias XCH4: 
-0.77+/-1.00 ppb 
 
QF: SOD<0.3 
Ngood:  21 (47%) 
Nall:   45 

Latest: COD a priori via 1939 nm, … 



Jacobian matrix (K): Example 

Details: Buchwitz et al., AMT, 2013 

C
ol

um
ns

 o
f K

 

Wavelength 
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CO2 
CH4  



Jacobian matrix (K): Example 

Details: Buchwitz et al., AMT, 2013 

C
ol

um
ns

 o
f K

 

Wavelength 
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Zoom into Vegetation Chlorophyll / Solar 
Induced Fluorescence (VCF / SIF) Jacobian: 
Spectral region with clear solar Fraunhofer 
lines for accurate VCF / SIF retrieval  



Jacobian matrix (K): Example 

Details: Buchwitz et al., AMT, 2013 

C
ol

um
ns

 o
f K

 

Wavelength 
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Zoom into Spectral Squeeze Jacobian 



Jacobian matrix (K): Example 

Details: Buchwitz et al., AMT, 2013 

C
ol

um
ns

 o
f K

 

Wavelength 
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Zoom into Water Vapor Jacobian 



Jacobian matrix (K): Example 

Details: Buchwitz et al., AMT, 2013 

C
ol

um
ns

 o
f K

 

Wavelength 
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Zoom into Albedo NIR Jacobian 



One could say much more … 

Retrieval algorithms: 
 
•  DOAS (WFM-DOAS, IMAP-DOAS, …), … 

•  Full Physics (FP) versus Proxy (PR), … 

Modelling & inverse modelling: 
 
•  … 
 
Other topics: 
 
•  … 
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Satellite XCO2 retrieval algorithms … 
From „First ever“ to „recent“ 

Buchwitz et al., 2000 

Buchwitz et al., 2005 

Bovensmann et al., 2010 

O‘Dell et al., 2012 

Butz et al., 2011 

Reuter et al., 2010, 2011 

Oshchepkov et al., 2008 

Schneising et al., 2011,  
2012, 2013, 2014 WFMD 

WFMD 

RemoTeC 

WFMD 

ACOS 

BESD 

BESD/C 

PPDF 

BESD/C 

Buchwitz et al., 2013 

Reuter et al., 2013 
EMMA 
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Satellite XCH4 retrieval algorithms … 

Buchwitz et al., 2000 

Buchwitz et al., 2005 

Bovensmann et al., 2010 

Butz et al., 2011 

Schneising et al., 2011, 2012 
WFMD 

WFMD 

RemoTeC 

WFMD BESD/C 

Frankenberg et al., 2005 IMAP 
Parker et al., 2011 

Schepers et al., 2012 

UoL-FP/PR 

RemoTeC 
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From „First ever“ to „recent“ 

BESD/C 
Buchwitz et al., 2013 
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of talk 1 


