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Abstract. Carbon dioxide (C@) is the most important an- PP CQ emission due to instrument noise is in the range
thropogenic greenhouse gas (GHG) causing global warmingl.6-4.8 MtCQ/yr for single overpasses. This corresponds
The atmospheric C9concentration increased by more than to 12—-36% of the emission of a mid-size PP (13 MtB0©).

30% since pre-industrial times — primarily due to burning of We have also determined the sensitivity to parameters which
fossil fuels — and still continues to increase. Reporting of may result in systematic errors such as atmospheric transport
CO, emissions is required by the Kyoto protocol. Indepen-and aerosol related parameters. We found that the emission
dent verification of reported emissions, which are typially not error depends linearly on wind speed, i.e., a 10% wind speed
directly measured, by methods such as inverse modeling oérror results in a 10% emission error, and that neglecting en-
measured atmospheric G@oncentrations is currently not hanced aerosol concentrations in the PP plume may result
possible globally due to lack of appropriate observations. Ex4in errors in the range 0.2-2.5 MtG@r, depending on PP
isting satellite instruments such as SCIAMACHY/ENVISAT aerosol emission. The discussed concept has the potential to
and TANSO/GOSAT focus on advancing our understandingcontribute to an independent verification of reported anthro-
of natural CQ sources and sinks. The obvious next step forpogenic CQ emissions and therefore could be an important
future generation satellites is to also constrain anthropogenicomponent of a future global anthropogenic GHG emission
CO, emissions. Here we present a promising satellite remotenonitoring system. This is of relevance in the context of
sensing concept based on spectroscopic measurements of #€yoto protocol follow-on agreements but also allows detec-
flected solar radiation and show, using power plants as amion and monitoring of a variety of other strong natural and
example, that strong localized G@oint sources can be de- anthropogenic C@and CH, emitters. The investigated in-
tected and their emissions quantified. This requires mappingtrument is not limited to these applications as it has been
the atmospheric C&column distribution at a spatial resolu- specified to also deliver the data needed for global regional-
tion of 2x2 kn? with a precision of 0.5% (2 ppm) or better. scale CQ and CH, surface flux inverse modeling.

We indicate that this can be achieved with existing technol-
ogy. For a single satellite in sun-synchronous orbit with a
swath width of 500 km, each power plant (PP) is overflown )
every 6 days or more frequent. Based on the MODIS clougt  Introduction
mask data product we conservatively estimate that typically

20 sufficiently cloud free overpasses per PP can be achieveffarbon dioxide (C@) is the most important anthropogenic

every year. We found that for typical wind speeds in the greenhouse gas (GHG) and its atmospheric concentration in-

range of 2—6 m/s the statistical uncertainty of the retrievedc€@sed by more than 30% since pre-industrial times and still
continues to increase primarily due to burning of fossil fu-

els (PCC, 2007 Canadell et a).2007). Power plants, most

Correspondence tavl. Buchwitz notably coal-fired power plants, are among the largesi CO
(michael.buchwitz@iup.physik.uni- emitters DoE and EPA2000. Coal-fired power plants (PPs)
By, bremen.de) not only emit CQ in large quantities but also a number of
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other constituents such as aerosols and ozone precursors aresolution fossil fuel mapsQurney et al. 2009 Rayner et
mercury with significant adverse influence on air quality andal., 201Q Ciais et al, 2010 Oda and Maksyutqw2010.
climate Shindell and Faluvegi2010. As the world coal It has already been recognized that global satellite obser-
reserves are estimated at 930 Gt coal @eimdell and Falu-  vations of the C@ vertical column (in molecules/cthor of
vegi, 201Q and references given therein), it can be expectedhe CQ dry air column-averaged mole fraction (in ppm), de-
that CQ emissions of coal-fired PPs will continue for many noted XCO,, has the potential to significantly advance our
decades — probably with significantly growing emissions asknowledge of regional natural GQurface sources and sinks
the construction of coal-fired PPs is increasing rapidly forprovided the satellite measurements have sufficiently high
example in China and Indi&gindell and Faluvegl010. sensitivity to the planetary boundary layer (PBL), where the
In many countries national legislation requires regular re-source/sink signal is largest, and are precise and accurate
porting of CQ emissions (e.gDoE and EPA2000. Emis-  enough Rayner and O’Brien2001;, Houweling et al. 2004
sion reporting is also required by the Kyoto protocaitp: Miller et al., 2007 Chevallier et al.2007 Baker et al.201Q
[lunfccc.int/resource/docs/convkp/kpeng)pd€urrent CQ Bréon and Ciais2010.
emission reporting is mostly based on economical and tech- Existing or planned satellite instruments for measuring
nical information (e.g., amount and type of fuel burned, PPgreenhouse gases with high near-surface sensitivity such as
thermal efficiencies, C&conversion factors§oE and EPA  SCIAMACHY on ENVISAT (Burrows et al. 1995 Bovens-
2000 but typically not on directly measured G@missions. mann et al. 1999, Orbiting Carbon Observatory (OCO)
Also required by the Kyoto protocol is independent verifica- (Crisp et al, 2004 or TANSO on the Greenhouse Gases Ob-
tion of the reported emissions — a requirement difficult to beserving Satellite (GOSAT)Hamazaki et a).2004 Kuze et
met globally due to lack of appropriate observations. The un-al.,, 2009 (see Sect?2 for details) aim primarily at provid-
certainty of the reported anthropogenic £€nissions varies  ing additional constraints on natural @@ources and sinks.
by sector and country. They are assumed to vary on averagsdone of the existing satellite CGGensors has been designed
by about 3-5% for the USA to 15-20% for Chirfareégg et  to monitor anthropogenic GQOemissions. In this study we
al., 2008, which became the largest national source obCO present first detailed results concerning the potential to mon-
emissions during 2006 Ackermann and Sundqui$2008 itor strong anthropogenic G@mission sources such as coal-
compared PP emission data bases and found that the absfired PPs from space. The investigated satellite mission and
lute difference of the emissions of individual coal-fired PPsinstrument, in the following referred to as “Carbon Monitor-
in the USA is typically about 20%. They conclude that sev- ing Satellite” (CarbonSat), is based on the heritage of SCIA-
eral independent approaches are needed to reliably estimaMACHY, OCO and GOSAT, but with additional capabilities
how much CQ individual PPs emit. To improve global emis- such as wide swath imaging.
sion monitoring and reporting the use of satellites has been The overall scientific objectives of CarbonSat are simi-
recommendedNRC, 2010. Currently however this is not lar to the objectives of GOSAT and OCO (OCO for £0
possible as none of the existing or planned satellites has beemnly), namely to provideXCO, and XCH, data products
specified for such an application. with a precision, accuracy and coverage needed for the quan-
Knowledge about the distribution and strength of individ- tification of regional-scale Cand CH, surface fluxes. In
ual strong emission sources is also very relevant to bettecontrast to OCO, CarbonSat also covers absorption bands
constrain the separation of sources and sinks in the Northef CH,4, a very potent greenhouse gas. To also observe at-
ern Hemisphere. For example, the most recent estimates afiospheric methane over water, e.g., in vulnerable northern
EU fossil fuel emissions for 2000 are an order of magnitudehigh latitude regions such as the region west of Spitsbergen
larger than the European ecosystem carbon <Qikig et al, (Westbrook et a).2009 or the East Siberian Arctic Shelf
2010. As a result even small uncertainties in the budgetarea Ehakhova et gl2010, CarbonSat will use a dedicated
and the distribution of fossil fuel emission sources introducesun-glint observation mode. These aspects will however not
substantial errors in the overall carbon budget derived frombe discussed in this manuscript. Here we focus on one appli-
atmospheric inversions, when spatial resolution is increasedation, namely on the monitoring of PP g€@missions.
from continental to regional, national or urban carbon scales. The manuscript is organized as follows: In Seztwe
Thus in spite of the current knowledge of the magni- present a short overview about existing and planned GHG
tude and distribution of fossil fuel combustion from inven- observing satellites. In Se@.we present simulations and
tories in Europe, there is clear need for much more accuinitial airborne observations of PP G@mission plumes and
rate knowledge about the magnitude and the temporal andiscuss implications for the proposed satellite mission Car-
spatial variability of the anthropogenic emissions. For otherbonSat. In Sect4 we present the CarbonSat mission con-
countries and continents a similar or even worse situation isept. The core of this manuscript is Segtvhere Observing
expected. This is recognised by the International Geospheresystem Simulation Experiments (OSSE) are described which
Biosphere Program (IGBP) Global Emissions Inventory Ac- have been conducted to quantify the impact of various error
tivity (GEIA) project (http://www.geiacenter.organd thisis  sources on the inferred emissions. The OSSE comprise ra-
one important motivation of research groups to produce highdiative transfer and instrument simulations (Séct), CO;

Atmos. Meas. Tech., 3, 78841, 2010 www.atmos-meas-tech.net/3/781/2010/


http://unfccc.int/resource/docs/convkp/kpeng.pdf
http://unfccc.int/resource/docs/convkp/kpeng.pdf
http://www.geiacenter.org/

H. Bovensmann et al.: Monitoring G@missions from space 783

retrievals based on synthetic radiances (S8@), and esti- and aerosols and on the average surface pressure within the
mates of random and systematic errors of the retrieved PRatellite’s footprint). In contrast to OCO, GOSAT also cov-
CO, emissions (Secbk.3d). Clouds are an issue for the satel- ers absorption bands of GHwhich is the second most im-
lite observations discussed here. Therefore clear sky statiportant anthropogenic greenhouse gas. In addition, GOSAT
tics are presented and discussed in Séctln Sect.7 we also covers a large part of the thermal infrared (TIR) spec-
shortly discuss the capability of CarbonSat to detect andral region. GOSAT has been successfully launched in Jan-
quantify the emissions of other localized GHG sources in-uary 2009. OCO unfortunately failed during its launch in
cluding methane sources. A summary of the results obtaineéebruary 2009 Falmer and Rayne009. Dedicated re-
in this study and final conclusions are given in Sé&ct. trieval algorithms have been developed for Odgch et
al., 2006 Connor et al.2008 Butz et al, 2009 and GOSAT
(Oshchepkov et 312008 Bril et al., 2009 and a number of
2 Status CQy and CH4 observing satellites studies have been performed in order to assess their potential
to reduce uncertainties in our knowledge ong3¥0urces and
The first satellite instrument which performed and still per- sinks Miller et al., 2007 Chevallier et al.2007 Feng et al.
forms nadir PBL sensitive measurements €0, and 2009 Baker et al.2010.
XCHjy in the relevant spectral regions in the short-wave in-  |n addition to SCIAMACHY and GOSAT, there are other
frared (SWIR) and near-infrared (NIR) is SCIAMACHY on  satellite instruments that measure tropospherie @Madir
ENVISAT, launched in 2002Burrows et al, 1995 Bovens-  mode, namely HIRS/TOVSQhédin et al, 2002 2003,
mann et al. 1999. XCH, is the dry air column-averaged AIRS (Engelen et a)2004 Engelen and Stepher2004 En-
mole fraction or mixing ratio of Cll (in ppb). Different  gelen and McNally2005 Chevallier et al.2005 Aumann et
groups have developed dedicated radiative transfer and CQal., 2005 Strow et al, 2008, IASI (Crevoisier et al.20093
and CH, retrieval algorithms for SCIAMACHY and used and TES Kulawik et al, 2010. These sensors perform mea-
them for the analysis of the SCIAMACHY spectral observa- surements in the TIR part of the electromagnetic spectrum.
tions Buchwitz et al, 2000ab, 2005ab, 2007, Frankenberg  Nadir TIR measurements have highest sensitivity in the mid-
et al, 2005 2008 Gloudemans et al2005 Houweling et dle and upper troposphere but typically only little sensitivity
al., 2005 Barkley et al, 2007 Bosch et al.200§ Schneising  for the lowest atmospheric layers, where the regional GHG
et al, 2008 2009. It has been shown that SCIAMACHY source/sink signals are largest. Their information content
can detect C@variations of a few ppm, e.g., the G@n-  with respect to regional Cand CH,; sources and sinks is
nual increase of about 2 ppm/yr and the northern hemispheri¢herefore limited and retrievals are typically restricted to the
CO; seasonal cycleBuchwitz et al, 2007 Schneising et  tropics because of the difficulty to separate O@riations
al,, 2008. It has also be shown that SCIAMACHY can de- from temperature variationsCtédin et al, 2003 Engelen
tect regionally elevated CQOover strong and extended an- and Stephen2004 Engelen et a).2004 Chevallier et al.
thropogenic source regions when averaging several years gf005 Crevoisier et al.2009ab). Active laser based satel-
data Schneising et 312008. The retrieval algorithm devel- |ite systems are also under investigation (see, Amediek
opment for SCIAMACHY XCO; is ongoing to further im- et al, 2009 Bréon and Ciais201Q and references given
prove the accuracy of th€ CO, data productBuchwitz et therein).
al, 2009 Reuter et al.2010. This is also valid for SCIA- Another promising approach is to use the complementary
MACHY XCHjy (Frankenberg et 312008 Schneising etal.  solar (SWIR/NIR) and thermal infrared (TIR) satellite nadir
2009 which has already been used to better constrain reppservations in combinatiorCristi and Stephens2004
gional CH, emissions via inverse modelin®¢rgamaschi  Burrows et al, 2004 but also to combine data from passive
et al, 2007, 2009 and to improve the global modeling of and active C@ and CH, instrumentation.
methane emission8(oom et al, 2010.
The dedicated GHG satellite missions Orbiting Carbon
Observatory (OCO)Kuang et al. 2002 Crisp et al, 2004 3 Atmospheric sighature of power plant emission
Miller et al., 2007 and Greenhouse Gases Observing Satel-  plumes
lite (GOSAT) Hamazaki et a) 2004 Kuze et al, 2009 have
been built to perform highly accurate and precise global PBLIn order to simulate the CfOvertical column enhancement
sensitive XCO, measurements (an&CH, for GOSAT). at and downwind of a C®emitting PP, a quasi-stationary
Both instruments have been designed to perform nadir mod&aussian plume model is used, which is described in Ap-
observations (over land) and sun-glint mode observationpendix A. Figurel shows a typical example of a simulated
(over ocean) of high resolution spectra in well-selected ab-CO, plume at high spatial resolution (left) and at a spatial
sorption bands in the SWIR and NIR spectral regions. Theresolution of 22 kn? corresponding to the resolution of the
spectral regions covered are g@bsorption bands around CarbonSat satellite instrument discussed in detail below. As
1.6 and 2.0pum and the A absorption band at 0.76 um can be seen, the assumedgnission of 13 MtCQ/yr re-
(O3 is included to provide additional information on clouds sults in an enhancement of the g@ertical column of about
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Fig. 1. Left: Simulation of the atmospheric GQrolumn enhancement due to g@mission of a power plant using a quasi-stationary
Gaussian plume model. The power plant location is indicated by the black cross. A value of 1.0 (green) corresponds to the background CO
column. A value of 1.02 (red) corresponds to a column enhancement of 2% or larger relative to the background. The wind speed is 1 m/s.
The assumed power plant emission is 13 MyB0O corresponding to a power plant such as Schwarze Pumpe located in eastern Germany
near Berlin (see photo taken during an overflight with the MAMAP aircraft instrument). Right: as left hand side but at a spatial resolution
of 2x2 km? obtained by box-car averaging the high resolution plume shown on the left hand side. The inlet shows MAMABI@th

retrievals around the location of the power plant Schwarze Pumpe (see main text aRBddFigetails). The maximum value of the GO
normalized column is 1.126 for the high resolution plume on the left (resolutiar2@0r?) and 1.031 for the 22 km? resolution plume

shown on the right. To better visualize the extent of the @@mes values below 1.0025 are shown in white (see also the black vertical line

in the color bar).

Table 1. Maximum CG column enhancement (relative to back- pll'Jme.modeI simulation. MAMA_P IS a sp(?ctrometer system
ground column+1.0)) for a power plant emitting 13 MtCgyr for ~ Primarily developed for measuring GHertical columns or
different spatial resolutions of the satellite footprint. The assumedsub-columns from aircraft but covers also £@bsorption

wind speed is 1 m/s. bands around 1.6 um. MAMAP has been jointly developed
by GFZ-Potsdam and IUP-Bremen. MAMAP covers similar
Horizontal Peak of C@column Comment spectral regions as CarbonSat (see Zeit}.and is therefore
resolution normalized to background (=) used as an airborne demonstrator for the CarbonSat concept.
38 miigm ﬁgg see Fig left The MAMAP results displayed in Fig.are shown in more
1 kmx1km 1.053 detail in Fig.2. They are based on G&Gand CH, column
2 kmx2 km 1.031 see FidL right retrievals applied to data obtained during a flight with the
4kmx4km 1.017 Cessna aircraft of the Free University of Berlin (FU Berlin)
10kmx10km 1.005 over the lignite burning power plant Schwarze Pumpe lo-

cated in eastern Germany near Berlin (latitude 51Np4on-

gitude 14.383E). For the time of the overflight on 26 July

2007 the CQ emission of Schwarze Pumpe is reported to be
2% at a spatial resolution 0b kn?? (the maximum valueis 13 MtCOy/yr (Dietmar Heinze, Vattenfall Europe Generation
3.1% as shown in Tabl#). If the ground pixel size is 10km, AG & Co. KG, Cottbus, Germany, personal communication,
which corresponds to the ground pixel size of GOSAT, the2008). The normalized C{columns shown in FigRa have
CO, emission only results in a CQolumn enhancement of  been obtained by normalizing the retrieved £lumns by
0.5% of the background column (see Talje High spatial  simultaneously retrieved GHolumns from the same spec-
resolution imaging is therefore important for this application. trometer band (“Cld proxy” approach). Note that the scale

Also shown in Fig.1 are aircraft CQ@ column retrievals  used for the aircraft observationsi8% compared tat2%

performed using the Methane Airborne Mapper (MAMAP) for the plume simulation. The reason for this is that the alti-
aircraft instrument (Gerilowski et al., 2010). The MAMAP tude sensitivity of MAMAP, characterized by the MAMAP
CO», observations agree reasonably well with the Gaussiaraveraging kernels, has not been considered for the results
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Fig. 2. (a) Normalized CQ columns as retrieved from MAMAP aircraft observations on 26 July 2007. Thg &@@mns have been
normalized by simultaneously retrieved gldolumns. (b) Retrieved CQ columns without normalization by CH (c) Retrieved CH
columns. The black cross indicates the location of the power plant Schwarze Pumpe (latitudéN51o84gitude 14.3%5E), Germany. The
blue arrows indicate the approximate wind direction, which changed during the time of the measurements.

shown here. Figur@b shows normalized Ccolumns ob- The MAMAP flight data are currently being analyzed to
tained by normalizing the retrieved G@olumn by its own  quantitatively determine the GCOemission and its associ-
average (i.e., not by CH. ated uncertainty of the Schwarze Pumpe power plant from

the MAMAP spectral observations (Krings et al., 2010).

As can be seen, the G@olumn enhancement due to the  These results indicate that a satellite which aims at detec-
CO, emission of the PP is also clearly visible in F&p. The  tion and monitoring of PP C&emissions needs to have high
CO, columns shown in Fig2b suffer to some extent from  gpatial resolution, e.g., a ground pixel size of about 2 km or
light path related errors due to, e.g., aircraft movements nogmaller. This is necessary in order to detect the, @®is-
yet considered in the retrieval and scattering related effectsjon plume but also to increase the probability for sufficiently
caused by the variability of aerosols and clouds, which aregloud free scenes. The results also indicate that the single
also not yet considered in the retrieval. Figl® shows  ground pixel CQ column retrieval precision needs to be bet-
the normalized Chl columns obtained by normalizing the ter than 1% as this is the expected order of the, @0I-
retrieved CH column by its own scene average, as also doneymn enhancement relative to the background. In addition,
for the CQ shown in Fig.2b. Although the retrieved CH  a number of other criteria need to be fulfilled. For example
shows significant variability, the pattern is significantly dif- the satellite’s swath width needs to be sufficiently large to
ferent from the CQ pattern. No clear correlation with the PP achieve frequent mappmg of PPs and their surroundings_
location and the wind direction is visible. Assuming constant |nthe next section a mission concept fora Sing|e satellite is
atmospheric Ciland noise free observations, the pattern of presented which has the potential to fulfill the requirements
the retrieved ChH would show the light path error. As the for PP CQ emission monitoring in addition to the require-
CO; and CHy columns are retrieved using the same prelim- ments that need to be fulfilled for global regional-scale;CO
inary version of the retrieval algorithm, the columns of both and CH, surface flux inverse modeling as have been identi-
retrieved gases suffer from nearly identical light path errors.fied in or can be derived from various studi€iép et al,
Assuming constant atmospheric gbver the scene of inter- 2004 Houweling et al, 2004 Meirink et al, 2006 2008
est allows to eliminate the light path error to a large extentpiller et al., 2007 Chevallier et al.2007 Bergamaschi et
by normalizing the retrieved Crolumn with the retrieved a1, 2009 Feng et al.2009 Baker et al, 2010.

CH4 column as done for the normalized g€plumns shown
in Fig. 2a.
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Signal-to-noise ratios - NIR much as possible available relevant information from other
600 £ ; : ; 3 satellites. Most important in this context is additional cloud
i - %M Instrument model 3 and aerosol information, in particular sub-scene (sub ground
: OO Shot noise limit pixel) information. In this context a good co-location with
400 £ = E NOAA/NASA's “Joint Polar Satellite System” (JPSS) meteo-
300 £ * E rological afternoon satellite (“NPOESS C1”) would be a goal
= opportunity, primarily in order to use the relativeley high spa-
2005 oy 3 tial resolution cloud and aerosol information from the VIIRS
100 © 3 instrument (see, e.ghttp://www.npoess.noaa.ggv/In the
ot ) , , following it is therefore assumed that the CarbonSat orbit
0 1 5 3 4 is similar to the NPOESS C1 orbit (Local Time Asc:_end_ing
SWIR-1 Node (LTAN) 13:30LT, repeat track 17 days), which is sim-
: ilar to the orbit which had been chosen for OCO.
- 1000 | ] For the purpose of this study the scientific payload of Car-
S 800F Q - bonSat is assumed to consist of a single instrument, the Car-
g i Q ] bonSat Imaging Spectrometer (IS). It is however planned
.qg’ 600 | O ] to equip CarbonSat also with a Cloud and Aerosol Imager
g 400 - &x ] (CAl) similar to the CAIl onboard GOSATKuze et al,
A L O ] 2009. The CarbonSat-IS instrument shall be designed to
S 2000 . measure dry air column-averaged mixing ratios of,G@d
7] ol ‘ . . ] CHa. The measurement precision and coverage shall be high
enough to not only detect and quantify PP L£€émissions
0.0 05 1.0 1.5 2.0 but also to allow the quantification of G@nd CH, surface
SWIR-2 fluxes at weekly or monthly time resolution at a spatial reso-
400 ‘ ' ‘ E lution of about 506500 kn? globally (with some gaps, e.g.,
: O ] 2 L )
g ] around the poles). The mission objectives are therefore sim-
300 ¢ t * E ilar to the mission objectives of OC@(isp et al, 2004 and
GOSAT (Hamazaki et a).2004 Kuze et al, 2009. Com-
200 - T » E pared to OCO and GOSAT, CarbonSat will however have im-
: ] portant additional capabilities such as better spatial sampling
100 E_EI » E and coverage due to CarbonSat's wide swath imaging capa-
x’* bility. Compared to OCO, CarbonSat will have a much wider
0t : : : . swath (500 km compared to 10 km for OCQO) and will also en-
0.00 0.25 0.50 0.75 1.00 able the retrieval of methane. This is achieved by including
Radiance [10" phot/s/nm/cm?/ster] the relevant spectral region in the SWIR (1.65 um) covered

by methane absorption lines. In contrast to GOSAT, which
Fig. 3. Signal-to-noise ratios (SNRs) as a function of the radiancehas a ground pixel size of 10 km with gaps of about 150 km
as measured by CarbonSat in nadir mode for the eight scenariobetween the individual ground pixels, CarbonSat shall have
listed in Table3 The black crosses show the SNRs computed usinga ground pixel size of 2km and no gaps between the ground
the instrument model described in Se&tl. The red squares show pixels (across track and along track). This allows the gen-
the SNRs which can be obtained in the shot noise limit (SNRx eration of CQ and CH, maps without gaps as needed for
the unambiguous detection and frequent coverage of power
plants and other strong emission targets. This will also help
4 CarbonSat mission concept to get more accurate regional scale £&nhd CH, surface
fluxes because dense sampling poses less stringent require-
In order to achieve frequent PP overpasses and global covements on the modeling of the atmospheric transport.
age within a few days with a single satellite, a low Earth or- The global regional-scale GGsurface flux inverse mod-
biting (LEO) satellite mission with a sufficiently large swath eling application implies demanding requirements, e.g., in
width is needed. As the satellite shall measure reflected soterms of precision and accuraciddquweling et al. 2004
lar radiation to be sensitive to near-surface Gf@ncentra-  Miller et al., 2007 Chevallier et al. 2007). For CH, the
tion changes, the solar zenith angle (SZA) needs to be asequirements are also high but somewhat less demanding
small as possible. For a sun-synchronous orbit an equatofMeirink et al, 2006 Bergamaschi et gl2007, 2009. These
local overpass time around noon would be ideal. Howeverchallenging requirements are considered for the instrument
other aspects such as minimum cloud cover also need to beoncept as described in the following. They are however not
considered. In addition, it would be advantageous to use adiscussed in detail as this is not the focus of this study.
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Fig. 4. Results of the CarbonSat instrument simulation for the \dGscenario (albedo: vegetation, SZA5@or an integration time of

tint = 0.3 s. Top: Radiance spectra in the three spectral bands covered by CarbonSat. Middle: corresponding signal (in electrons; red: before
calibration; black: after calibration, i.e., after subtraction of detector dark and thermal background radiation signals). Bottom: corresponding
signal-to-noise ratio.

Figure4 shows simulated CarbonSat sun-normalized radi-5 Observing System Simulation Experiments (OSSE)
ance spectra (top row panels). The middle panel shows the
relatively transparent spectral region around 1.6 um whichin order to estimate random and systematic errors of the
will deliver the main information about the GGand CH; PP CQ emissions to be derived from CarbonSat observa-
columns (“SWIR-1 band”). The ©A-band spectral re- tions, Observing System Simulation Experiments (OSSE)
gion is included to provide additional information on clouds, have been conducted.
aerosols, and surface pressure (“NIR band”). The right panel Each OSSE consists of a number of different simulation
shows the spectral region where £€@as very strong ab- steps which are described in the following sub-sections start-
sorption lines (“SWIR-2 band”). This band will mainly be ing with the instrument simulation.
used to further reduce GQetrieval errors caused by clouds
and aerosols. The spectral regions covered by CarbonSat akel Instrument model
similar to the spectral regions covered by OCO except that
an extended region around 1.6 um is used to also measui8 this section a technically feasible instrument concept is de-

methane. The spectrometer system is described in more décribed and it is explained how signal-to-noise ratios (SNRs)
tail in the next section. of the radiance spectra have been computed. The signal-

to-noise ratio determines the theoretically achievab®0,
retrieval precision and therefore also determines the single
overpass PP Cf£emission detection limit.

Detailed instrument parameters needed for the SNR com-
putations are specified primarily to demonstrate that the re-
quired instrument performance can be achieved with realistic
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Table 2. CarbonSat's spectral bands, assumed performance parameters and corresponding signal-to-noise ratios (SNRs). Each band i
assumed to be equipped with a Focal Plane Array (FPA) with $@80 detector pixels in the spectral and spatial directions, respectively.

The spectral resolution is specified in terms of the Full Width at Half Maximum (FWHM) of the spectrometer’s line shape function. The
spectral sampling ratiaysy, is the number of detector pixels per FWHM. The SNR refers to the continuum SNR outside strong absorption
lines for nadir measurements with an integration timg£0.3 s and for a ground pixel size of 4 KmThe assumed orbit altitude is 800 km.

The SNRs are given for 8 scenarios which differ by surface albedo and solar zenith angle (SZA) (see a3 Table

Band
Parameter NIR SWIR-1 SWIR-2
Spectral range (nm) 757-775 1559-1675 2043-2095
Spectral resolution FWHM (nm) 0.045 0.34 0.123
Spectral sampling rati®Vsr 3 3 3
Transmissionr (-) 0.5 0.5 0.5
Quantum efficiency QE (electrons/photon) 0.6 0.6 0.6
Detector area get (108 cm?) 5.76 5.76 5.76
F-numberFnym (=) 2.0 2.0 2.0
Detector dark currenfygrk (fA) 0.1 3.0 3.0
Thermal background currefig,ck (FA) 0.0 0.0 2.0
Readout nois&Veaq(electrons r.m.s.) 6 300 300
Continuum SNR (-):
VEG_25: Vegetation, SZA:25° 410 420 70
SAS.25: Sand/soil, SZA:25° 410 800 290
VEG_50: Vegetation, SZA-50° 340 340 50
SAS50: Sand/soil, SZA50° 330 620 220
A01.50: Albede=0.1, SZA=50 250 350 90
A005.60: Albede=0.05, SZA=60° 170 180 40
VEG_75: Vegetation, SZA75° 220 180 22
SAS.75: Sand/soil, SZA-75° 220 380 100
instrument parameters in line with current technology. Rea-where is observed radiance (in

sonable values for all parameters have been selected. Theyhotons/s/nm/cRisteradiant), ©

is the dimensionless

do not necessarily reflect the latest results from the (ongoingjhroughput or transmission of a channel, and QE is the

specification of CarbonSat.

(across track) direction.
The SNR of the three bands determines to a large degreexposure time.

if the PP emission signals can be detected. To estimate the \gie that the terni gey/
SNR using radiance spectra and given instrument paramete(§hore A
a simple but realistic instrument model is used. The SNR i ’

defined as follows:

SNR:E,
N

1)

wheresS is the measured signal (in electronS)s the “atmo-

spheric” signal after calibration, i.e., after subtraction of the
signal generated by the instrumem. is the noise (in elec-
trons root mean square (r.m.s.)). The sigha computed as

follows:

S:erxQExAdet/Fnzumesrx A X tint, (2)

Atmos. Meas. Tech., 3, 78841, 2010

detector quantum efficiency. AXx is the detector pixel’s
The instrument is assumed to be an imaging grating specspectral bandwidth (in nhanometer), which is equal to the
trometer system which covers the three spectral bands introspectral resolution Full Width at Half Maximum (FWHM)
duced above. Each band is covered by a Focal Plane Arragf the instrument line shape function divided by the spectral
(FPA) which is assumed to consist of at least 1000 spectrabampling ratio Ng;, i.e., the number of detector pixels
detector pixels times at least 250 detector pixels in the spatigher FWHM. Aget is the detector pixel areaFym is the
F-number of the spectrometer, ang is the integration or

Fnzumx Nsr is equal tOAapX Q/Nsr,
ap is the spectrometer aperture area &nds the

Sspectrometer acceptance (solid) angle. The prodygk

is typically referred to as etendu&? is determined by the
ground pixel size and the orbit altituded,p needs to be
chosen sufficiently large to ensure an appropriate instrument
performance, e.g., in terms of the required signal to noise

ratio. Alternatively, the instrument can be specified byfits
number,Fnum, Which needs to be choosen sufficiently small

to get the desired performance.

The noiseN consists of four terms, the atmospheric signal
shot noise termy(’S), the detector dark signal shot noise term
(v/Sdark), the thermal background radiation signal shot noise
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term (/Spack) and the electronic readout noise teNpag C02 vertical proflles
L L L L B
N= \/S+Sdark+ Shack+ Néad )
A-priori ]
The dark signabyark (in electrons) is computed as follows: 0.5 CO,col: 8.37e+21 molec./om’ ]
Dry air col.: 2.15e+25 molec./cm® ]
Sdark: [darkx fint X Q . (4) XCOZZ 390.0 ppm ]

0.6 True (F: 13 MCO,yr, u: 2 m/s) 7

CO,col.: 8.46e+21 molec./cm® ]
Dry air col.: 2.15e+25 molec./em® ]

where Iyark IS the dark current in Ampere an@ equals
6.242<10'8 electrons/Coulomb. The signal caused by the

thermal background radiation of the instrumeSfigack (in o 0.7 XCO,: 394.2 ppm E

electrons), is given by: < (+1.08%) ]
a

Background ]

Sback= IbackX tint X Q, (5) 0.8 3 9 3

where Ipack is the background signal in Ampere. Realistic
numerical values of these parameters are listed in Table
along with the resulting SNR for 8 scenarios. It is not the in-
tention of this study to investigate in detail the performance
of specific existing devices. Instead typical performance
parameters are used. Several manufacturers offer NIR and e b b b
SWIR FPA's with (at least) 1024 times 256 detector pixels, 380 400 420 440 460 480 500 520
which are appropriate for the application investigated here. CO, [ppm]

The sizes of the individual detector pixels are similar to the 2

size used here (24 wP4m). The values used here for the Fig. 5. A-priori (black) and perturbed (green) GQnixing ratio

readout noise are on the order of the values given by dlffer'vertical profiles used for the simulated CarbonSat measurements.

ent maanacturers. This is also tru? f(.)r' the assumed quanrye solid green line corresponds to the £®@ixing ratio profile at
tum efficiency. The dark current significantly depends ong gistance of 1.41 km from the power plant (as shown by the anno-
the operating temperature of the detector. It is assumed hergtion theXCO, is enhanced by 1.08% relative to the background
that a temperature low enough is used to ensure sufficientlxCO,, which is 390.0 ppm), the dotted green profile corresponds
low dark signal (the default value assumed here is 3 fA forto a distance of 2.24 km from the power plant. The assumed power
the SWIR bands). The thermal background signal dependglant emission is'=13 MtCQOy/yr and the assumed wind speed is
on the temperature of the optical bench. It is assumed that =2m/s.
the optical bench temperature will be low enough to achieve
a good performance (the default value used here is 2 fA for
the SWIR-2 band). The values assumed here for the opticapand (SWIR-1) the OCO SNR is 250 (here: 180), and for
throughputr are also realistic (V. Mogulsky, Kayser-Threde the strong C@ band (SWIR-2) the OCO SNR is 180 (here:
GmbH, Munich, Germany, personal communication). The40). The SNRs for OCO are higher than those for CarbonSat,
F-number is choosen to be 2, which is close tofheumber  as significant binning (co-adding) of spectra is applied. This
of OCO (1.8). is possible for OCO due to its small number of across-track
Eight observation scenarios have been defined for the simground pixel compared to Carbonsat (OCO: 8 across-track
ulation of nadir measurements over land. They differ in sur-ground pixel and 10 km swath width, CarbonSat: 250 ground
face albedo and solar zenith angle (SZA) as can be seepixel and 500 km swath width).
from Table2. These are the two most important parameters Note that the SNRs listed in Talb?differ somewhat com-
which determine the radiance level and therefore the SNRpared to the SNRs given in Table 2 Bbvensmann et al.
An overview about the scenarios is given in TaBle Dif- (2010, as the updated simulations differ slightly with re-
ferent wavelength dependent surface albedos have been dspect to integration time and aerosol scenario (see above).
fined for the scenarios corresponding to vegetation (“VEG” Figure 3 shows the SNR as a function of the radiance mea-
scenarios) and sand/soil (“SAS” scenarios) land surfaces. Iisured in nadir mode. The SNR has been computed using
addition, scenarios with a constant surface albedo have beathe approach and parameters presented above. Also shown
defined. The same aerosol scenario has been used for alliB Fig. 3 is the SNR in the shot noise limit, i.e., assum-
scenarios (see caption Talde ing no noise contributions from the detector and its readout
In Bosch et al(2006, SNR values for OCO are listed for electronics and from the thermal background radiation. The
a scenario with an albedo of 0.05 and a solar zenith angle obptimization of the CarbonSat instrument concept is an on-
60° which can be compared with the SNRs listed in Téble going activity but for the results presented in this publica-
for the AO0O560 scenario. For the 2A-band (NIR band) the  tion the instrument parameters have not been updated, i.e.,
reported SNR for OCO is 360 (here: 170), for the weak,CO are identical with the ones used in the AMTD version of
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Table 3. Specification of eight scenarios and corresponding retrieval precisions fpa@DCH, columns, surface pressure,jpX COx(p,)
andX CO,(CHjy) for CarbonSat nadir mode observatiodsCO»(p, ) refers toX CO, obtained using the ‘pproxy method” and CO»(CHyg)
refers toX CO, obtained using the “Cltproxy method” (see main text for details). Aerosol scenario: single scattering albedo 0.999, Henyey-
Greenstein phase function with asymmetry parameter 0.7, aerosol optical depth (AOD) 0.2 at 550 hm-witivelength dependence.

Retrieval precision

Scenario Surface albedo (-) SZA gCol. p CHgcol. XCOo(py) XCOo(CHy)
NIR/SWIR-1/SWIR-2 (deg.) (%) %) (%) (ppm) (ppm)
VEG_25: Vegetation, SZA-25° 0.20/0.10/0.05 25 0.26 0.08 0.37 11 1.8
SAS 25: Sand/soil, SZA:25° 0.20/0.30/0.30 25 0.14 0.07 0.21 0.6 0.9
VEG_50: Vegetation, SZA50° 0.20/0.10/0.05 50 0.29 0.06 0.42 1.2 2.0
SAS50: Sand/soil, SZA50° 0.20/0.30/0.30 50 0.17 0.06 0.23 0.7 11
A01.50: Albedo=0.1, SZA-50° 0.10/0.10/0.10 50 0.27 0.07 0.42 11 1.9
A005.60: Albedo=0.05, SZA-60° 0.05/0.05/0.05 60 0.43 0.14 0.77 1.8 34
VEG_75: Vegetation, SZA75° 0.20/0.10/0.05 75 0.40 0.11 0.63 1.6 2.9
SAS75: Sand/soil, SZA75° 0.20/0.30/0.30 75 0.24 0.11 0.31 1.0 15

this manuscriptBovensmann et gl2010. As indicated by  be computed:/;=r R;/F;. Measurement vectoy has ele-
Fig. 3, the SNR of the SWIR-2 band can be improved by mentsy;=In(Z;). The corresponding model quantif"°d
minimising the noise due to thermal background radiation.is obtained with the radiative transfer model (RTM) SCIA-
Ongoing activities indicate that for SWIR-2 a significantly TRAN (Buchwitz et al, 2000a Rozanov et a.2002. The
higher SNR is achievable. Therefore, depending on detectoversion of BESD used for this study is based on linearizing
choice and instrument temperature, significantimprovementshe logarithm of the sun-normalized radiance around an as-
in the SNR performance especially for the SWIR-2 band cansumed (atmospheric) state denoted by the a priori state vector
be expected. The SNR values used in this study are therefores, i.e., the following equation is used fof°d as a function
conservative estimates, especially for the SWIR-2 band.  of state vectox:

The signal and the SNR for the vegetation scenario with a_meq
SZA of 50 are shown in Fig4. The SNR is important as it ) =ya+tKx—xa. ©)
determines the theoretically achievable retrieval precision ofHere y,=y™%(x,), i.e., ya is the logarithm of the intensity
the atmospheric parameters. How theJ B€lrieval precision  for state vector,. Matrix K contains the derivatives of the
is obtained from the simulated signal and its error (inverselogarithm of the intensity with respect to the state vector ele-

SNR) is described in the next section. ments and is typically referred to as Jacobian matrix.
BESD is based on minimizing the following cost function
5.2 Atmospheric CO, retrievals C(x):

In order to estimate the G@olumn retrieval precision given <™= x2S —xa) + (=08, M =y (7)

the measured spectrum and its error an Optimal EstimatiorHere S, is the a-priori uncertainty (or variance/covariance)
(OE) retrieval algorithm is used. The underlying theory is de- matrix of state vectox,. S, is the measurement error vari-
scribed in detail inRodgers2000. The algorithm usedisan  ance/covariance matrix()T denotes matrix transpose and
initial implementation of a new algorithm which is under de- ()1 denotes matrix inverse. The solution of this estimation
velopment for improved SCIAMACHY Coretrieval, andis  problem is an estimate of the state vectdy,and its vari-
referred to as “Bremen optimal EStimation DOAS” (BESD) ance/covariance matrf (how this solution can be obtained
(Buchwitz et al, 2009 Reuter et al.2010. The version of s described in Appenidx B).

BESD used here for CarbonSat significantly differs fromthe The simulated CarbonSat radiance measurements have
versions used for SCIAMACHY describedBuchwitz etal.  been obtained by solving the full multiple scattering radia-
(2009 andReuter et al(2010, e.g., with respect to the state tive transfer equation without assuming linearity. For the
vector elements. Below we give a short description of BESDsimulations different C@mixing ratio profiles have been de-
as used for this study. A detailed description is given in Ap-fined. The a-priori C@ profile has a constant mixing ratio

pendix B. of 390 ppm. For the simulated measurements at and around
CarbonSat is assumed to measures radiance spectRPs the CQprofiles with enhanced mixing ratios in the low-
R;=R(};) in nadir mode at discrete wavelengthsas well est 1-2km of the atmosphere have been defined. This en-

as the solar irradiancé;=F (i;). From these two quantities hancement is assumed to be caused by the PPe@(ssion.
the (measured) sun-normalized radiance or intensigan The a-priori profile and two profiles at two different distances
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from the location of the PP are shown in Ficalong withthe 5.3  Error analysis

numerical values of the corresponding £¢ertical columns

and XCO,. As can be seen, the profiles have been definedn this section uncertainties of the retrieved PPGinis-
such that the peak altitude of the €@ixing ratio and the  sions are quantified. For this purpose the quasi stationary
vertical width increase with increasing distance from the PP.Gaussian plume forward model introduced in S8a$ used

Of concern are of course not only random errors but alsan combination with a weighted linear least-squares emission
systematic errors especially due to clouds and aerosols. flux inversion method. The impact of random and systematic
is assumed that only sufficiently cloud free scenes are usefugrrors of the CarbonSatCO, (or CO, column) observations
for the application discussed here. Furthermore, the BESCat and around the location of the PPs on the inferred emission
retrieval algorithm accounts to some extent for disturbingis quantified for different conditions and error sources.
scattering effects due to residual (i.e., very thin and/or very The model used to fit the simulated plume to ¥1€0; ob-
small, i.e., sub-pixel) clouds and aerosols. This is achievedervations has two free parameters: (i) the PR €@ission,
by exploiting the information content of the three spectral re- F, and (ii) a background atmospheric g€raling parameter,
gions, in particular the two spectral regions covered by thedenoteds, which has been added to the model to ensure that
NIR and the SWIR-2 band¥(ang et al.2002. Additional the emission flux inversion is less sensitive to systematic er-
very useful information can be obtained from the simultane-rors of the backgroun& CO,. The scaling factor, ensures
ously retrieved methane column using its absorption lines lo-that the flux inversion is insensitive to a constant (scene inde-
cated next to the C@lines in band SWIR-1 as the retrieved pendent) multiplicativeX CO;, retrieval error. These type of
methane column will suffer from similar scattering related errors may result from erroneous assumptions on the back-
errors as the retrieved GQrolumn. This can be used to ground aerosol, the assumed methane a-priori profile (if the
identify and correct scattering related biases similar to what'CH4-proxy method” is used to obtaixCOy), errors of
is done for SCIAMACHY methane retrievadFfankenberg et  spectroscopic parameters (e.g., line strength), or other rea-
al., 2005 2008 Schneising et al2009. This approach re- sons. Including the scaling parameters in the least-squares
quires that the methane variability is small compared to thefit ensures that only the “differential” GQOcolumn enhance-
variability of CO, over the scene of interest (in terms of the ment due to the PP GQemission relative to the background
relative enhancement of the vertical column) as is typicallyis exploited in order to infer the PP G@mission from the
the case for the application discussed here. observed atmospheric G@patial pattern.

Table 3 lists XCO, retrieval precisions obtained using  The theoretical retrieval precision is an important quantity
two different methods: (i) using the retrieved surface pres-to characterize the performance of the satellite as it essen-
sure (p,; this information comes primarily from the JoA- tially determines the detection limit of the sensor. Of course
band spectral region, see Jacobian for state vector elemenf concern are also other errors caused by, e.g., unaccounted
PSU00 in Appendix 2 FigB1); this method is referred to as  or not perfectly accounted scattering effects by aerosols and
“po-proxy method” in this manuscript and the correspond-clouds and errors resulting from imperfect knowledge of crit-
ing XCO;, is denotedXCOy(p,), and (ii) the “CH,-proxy ical meteorological parameters such as wind speed, wind di-
method”, based on the simultaneously retrieved, @dl- rection and horizontal mixing. In the following, initial error
umn used to convert the retrieved £Eblumn into a dry air  estimates for these (typically systematic) error sources are
column-averaged mixing ratio referred to 8€0,(CHy) in also presented and discussed. A full discussion of (all) sys-
this manuscript (the exact definition is given in Appendix B). tematic errors is out of the scope of this study.

As can be seen from Tabl8, the statistical uncertainty End-to-end OSSE have been performed in order to esti-
of the retrievedX COy(p,) is better (smaller) compared to mate random and important systematic errors (aerosols, ver-
XCO,(CHjy). The main reason for this is the higher SNR in tical CO, and CH; profiles, clouds, atmospheric transport)
the NIR band (@-A-band) compared to the SWIR-1 band of the inferred PP emissions based on the satellite 616
where the Cl column information is coming from. As can servations and their random and systematic errors. In the
be seen, th& CO,(p,) retrieval precision is typically in the  following section, this is illustrated using radiance and SNR
1-2 ppm range (0.25-0.5%) for all cases. Th@0,(CHs)  simulations for the VEGS0 scenario and for aerosol related
retrieval precision is 2 ppm (0.5%) or better for the vegeta-systematicX CO, retrieval errors.

tion and soil albedo scenarios except for the (low albedo and

low sun) VEG75 scenario. 5.3.1 Errors due to aerosols

A statistical error of the retrieved atmospheric £dde to
instrument noise as discussed in this section results in uncefFigure6 shows OSSE results for a scenario defined to quan-
tainties of the inferred PP CQGemission. How these emis- tify aerosol related errors. The simulation is valid for a sur-
sion uncertainties can be estimated is described in the nexace albedo corresponding to vegetation and for a SZA of
section, where also other error sources are discussed, inclu&®, i.e., for the VEG50 scenario. The assumed true PP
ing systematic errors. emission isFyye = 13.0 MtCOy/yr the assumed wind speed

is u=2m/s (see annotation in the top right of Fayj. Shown
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Fig. 6. Detailed results from a CarbonSat Observing System Simulation Experiment (OSSE) conducted to quantify random and systematic
errors of power plant (PP) CQemissions. Starting point is the simulation of the true;@mission plume of a PP shown in the bottom left

panel (“True column”). The PP is located in the bottom left corner of each panel. The assumed true emissidh@MtCG/yr. Shown is

the horizontal distribution of the normalized G@olumn (normalized to the background column of 6000%)/or, equivalently, normalized

XCO,. The top row panels show (from left to right) the €B@olumns as observed by CarbonSat and their random and systematic errors. The
random error (1-sigma) originates from the instrument noise. The systematic error in this example originates from unaccounted scattering
by aerosols emitted by the PP. It is assumed that the PP aerosol plume is perfectly correlated with the (3-dimensionafl@ReCQ

is also assumed that an enhancement of 1% of thg €&@umn corresponds to an enhancement of the aerosol scattering optical depth of
+0.5 (at 550 nm). The bottom middle panel shows the plume model fitted to the observations. The bottom right panel shows the “Model
— observation” mismatch after the fit. The end results of the inversion are shown in the grey shaded box in the bottom right corner: The
retrieved emission is 13.221.47 MtCGy/yr. Also shown are the corresponding values of the second fit paramgterihfch accounts for a

possible offset of the background column between the model and the observation (in this case there is no offset). Also listed are a number
of important other parameters suchas which is the mean statistical uncertainty of the retrieved, @dlumn, or equivalenthyx CO»
(hereo,=0.47%, i.e., approx. 2 ppm), meteorological parameters (wind speed, direction and horizontal mixing), and observation statistic
results (maximum C@column enhancement in percent relative to the background (here 1.78%) and the number of ground pixels where the
enhancement is larger than a given factor times the 1-si§@@, retrieval precisions,). For this example the “Cltproxy method” has

been used to obtaiiCO,. As can be seen, the systematic error of the retrieved emission is 0.2201G03.22—13.0).

are the “true plume” at high spatial resolution (bottom left tically thick water clouds originating from the PP emissions

panel), the “observed plume” a2 kn? CarbonSat resolu-  in the vicinity of the PP.

tion (top left panel), the correspondidCO, random error

due to instrument noise (top middle panel), the assumed sys- The main results of the inversion are shown in the grey

tematic error (in this case due to aerosols; see below for #haded box in the bottom right corner of Fég The retrieved

detailed discussion; top right panel) and the difference be€emission isFre=13.22:1.47 MtCQyr, i.e., the statistical

tween the model and the observations after the least-squarésicertainty due to instrument noise is 1.47 MgD® (1-

fit. The measurement directly over the PP is not used for thesigma) and the systematic error is +0.22 Mgy (=13.22—

emission flux inversion to avoid potential problems with op- 13.0). The systematic error in this case is due to unconsid-
ered aerosols in the PP plume. For ti€0O, retrieval, a
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Model (after fit) Model - observation oy 180 TEE -

. m Observation statistics:
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2 N(AVN/>0.50,) = 42
15 N(AVN/>1.00,) = 28
10 N(AVN>2.06,) = 11
N(AVN>3.00,) = 5
V. = 6000.0
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Normalized CO, column [-] Normalized CO, column [-] CO, column difference [%] F = 10.62 +/- 0.922 MtCO,/yr
1m 1.ome 1m moﬁs -omm o.oﬁo S = DOOOREE 000020

Fig. 7. As Fig. 6 but using the “p-proxy method” to obtailXCO,. As can be seen, thECO; retrieval precision is better compared to
the “CHy-proxy method” (here 0.3% compared to 0.47%, see G)idput the systematic error due to aerosols is large2.88 compared to
+0.22 MtCGy/yr).

CO, vertical profiles CH, vertical profiles
USRS B K AL UL UL T . AR AR T T [
0.4r . 04r 1
= 06" 1= 06} ]
o 2
Q True Q True
background background
0.8 1 0.8 1
A-priori A-priori
10—/ .\ Vi 10600 Loviiiis [ I
370 375 380 385 390 395 400 1700 1800 1900 2000 2100
CO, [ppm] CH, [ppb]

Fig. 8. Assumed background vertical profiles of €@eft, green) and CHl (right, green) selected because they significantly differ from the
corresponding a-priori profiles (black) used %6€0O, and XCHjy retrieval and because they also differ with respect to each other. They
have been derived from CarbonTrackBefers et al2007) and TM5 model dataBergamaschi et al2007) and correspond to mid August,
longitude 78 E, latitude 60 N.
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Obsewlon Random observation error Systematlp observatyon error CarbonSat OSSE
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Normalized CO, column [-] CO, column error [%] CO, column error [%] Para.  True Model
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Observation statistics:
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20 i N(AV/V>0.50,) = 17
15 i N(AVN>1.00,) = 5
10 [ N(AVN>2.00,) = 0
5 1T /|l N(AV/N>3.00,) = 0
. V. = 5808.6 o f
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30 Fluxinversion results:
Normalized CO, column [-] Normalized CO, column [-] CO, column difference [%] Fo = 11.19 +/- 2.821 MiCO,/yr
EEE - HR || . T [ [ [ - HE S, = -0.032 +/- 0.00031
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Fig. 9. As Fig. 6 but using the vertical profiles of CQand CH, shown in green in Fig8 for generating the CarbonSECO, observations
(the a-priori profiles used for the retrieval are the black profiles shown ir8Figdere the true PP emission is 13 Mtg/@r, the wind speed
is 4 m/s and the assumed aerosol OD enhancement is +0.5 per pé@@ptnhancement.

single constant default aerosol scenario has been used basedHow realistic is an increase of the aerosol scattering OD of
on the (wrong) assumption that the PP is not emitting any+0.5 per percenk CO, enhancementPrasad et al(2006
aerosols. The default aerosol scenario is the one describdtave determined aerosol OD enhancements due to large PPs
in the caption of Tabl&. For the simulation of the observed in India relative to their surroundings using MODIS data.
radiances, different aerosol scenarios have been defined fdrheir Fig. 3 shows typical aerosol OD enhancements in the
each individual measurement, i.e., for each of theRn? range 0.2-0.5 at 10 km resolution. As the spatial resolution
ground pixels shown in Figs. For the simulated measure- of CarbonSat is higher, their findings cannot directly be used
ments it has been assumed that the PP not only emits COfor this study. The aerosol OD enhancements can however
but in addition aerosols and it has also been assumed that threughly be estimated as follows: A typical lignite or hard
PP aerosol plume is perfectly correlated with the;@mime  coal fired PP emits about 1 kgGQer kWh. This corre-

(a worst case situation) in the horizontal and in the verticalsponds to 10 MtC@/yr for a PP which produces 3®kwh
direction. It has been assumed that the aerosol scattering oglectrical energy per year (1140 MW PP). Assuming that the
tical depth (OD) at 550 nm is enhanced by +0.5 for each peremission factor of particulate matter with particles sizes
centXCO; (or CO; column) enhancement caused by the PPless than 10um, i.e., PM, is 1gPMykWh (e.g., ac-
CO, emission. For the example shown in Fijthe XCOy cording tohttp://www.eoearth.org/article/Emissiafectors

has been obtained using the “@idroxy method”, which is  0.85gPMg/kWh is a typical value), then 1 gPM is emit-
supposed to be less sensitive to aerosol related errors conted per kgCQ. The CQ background column is about
pared toX CO, obtained using thep,-proxy method”. This 6 kgCO/m?. A 1% CQ, column enhancement therefore cor-
is confirmed by Fig7, which shows the corresponding re- responds to 60 gC&m?. If 1 gPMyq is emitted per kgCQ
sults for the ‘p,-proxy method”. As can be seen, the system-a CQ, column enhancement of 1% or 60 gg/®? corre-
atic emission error is-2.38 MtCQy/yr (=10.62—13.0), which  sponds to a Pl enhancement of 60 mgPMm?. Assum-

is significantly larger than the +0.22 MtG@Qr obtained with  ing that the vertical extent of the (well mixed) PP plume
the “CHs-proxy method”. at some distance from the PP is 2 km, then 60 mgih#
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Flux inversion results:
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Fig. 10. OSSE results illustrating the effect of assuming a wrong wind direction, in this cdsm&éad of 60. As can be seen, this

results in a characteristic mismatch between model and observation as shown in panel “Model — observation”. Here the true PP emission is

26 MtCGOy/yr and the wind speed is 4 m/s.

corresponds to a concentration of 30 pgigvh®.  Us-
ing the linear relation between RM (in ugPM;o/m®) and

different from the a-priori profiles used for the retrieval and
also differ with respect to each other. For this purpose ver-
aerosol OD (at 440 nm) reported Bgré et al.(2009 (i.e., tical profiles of CQ and CH, have been extracted from
PM10=54x AOT+13), it follows that 30 ugPNt/me roughly  global models using CarbonTracker for €(Peters et a.
corresponds to an increase of the aerosol OD of 0.5. Thi2007) and TM5 for CH, (using scenario S1 fronBerga-
shows that the assumption of an aerosol OD enhancememhaschi et al. 2007). Figure 8 shows two profiles which
of 0.5 per percent C®column enhancement is quite rea- differ significantly from the corresponding a-priori profiles
sonable. Depending on the type of coal burned and otheand have an opposite vertical gradient. The corresponding
factors such as used filter technology, the aerosol emissionBP emission flux errors which results from using these model
can probably be lower or larger. We therefore have also perprofiles for the generation of the synthetic observations and
formed simulations assuming an aerosol OD enhancement aissuming aerosol OD enhancements of +0.5 and +2.0 per
+2.0 per percent COcolumn enhancement. The results are percent CQ column enhancement, i.e., under very unfavor-
summarized in Tabld (a detailed discussion is given below). able (worst case) conditions for the retrieval, are listed in
Table4 (see also Fig9). The systematic PP emission flux
Our simulations show that aerosol related errors are lowegrror is 2.41 MtCQ/yr (20% of 13 MtCQ/yr) if the aerosol
if the “CHa-proxy method” is used compared to thg,*  OD enhancement in the PP plume is +2.0 per percent CO
proxy method” due to better cancellation of systematic er-column enhancement if the “Giproxy method” is used.
rors when the C@to CH, ratio is computed. The CH  The error is significantly larger when the,4proxy method”
background vertical profile is however not perfectly known js used. The “Ch-proxy method” results in a systematic
and this is also true for the GQbackground vertical pro-  xCO, retrieval error as the assumed a-priaiCH, value
file. To quantify the corresponding error of the retrieved PP differs from the trueXCH, value (for the example shown

CO, emission we have generated synthetic observations usn Fig. 9 the systematic error is-3.2%) but this offset is
ing CO, and CH, vertical profiles, which are significantly
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Statistical error CO, emission (for 2 ppm) Maximum CO, column enhancement
8 +/-0.8 MtCO,/yr per 1 m/s 5
5 5
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2 Error < 10% 2
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Fig. 11. Top left: Statistical error of the retrieved PP g€@mission as a function of the PP emission (x-axis) and wind speed (y-axis). Top
right: Corresponding peak GCQcolumn enhancement of the G@mission plume. Bottom left: Number of ground pixels during single
CarbonSat overflights where the g©@olumn enhancement is larger than 4 ppm. Bottom right: Number of ground pixels where $he CO
enhancement is larger than 6 ppm. The assumed retrieval precision is 2 ppm (1-sigma).

nearly constant over the scene and compensated for by th&erosol Imager (CAl), which is supposed to be similar to the
CO, background column scaling parametemwhich is in-  CAl onboard GOSAT Kuze et al, 2009.

cluded in the least-squares fit to ensure that the inversion is

insensitive to these kind dfcoz retrieval errors. PPs hOWeVer typ|Ca”y alSO em|t Signiﬁcant amounts Of Wa-
ter vapor which may condense and form water clouds in their
vicinity. In order to avoid potential problems with optically
thick water clouds originating from the PP itself, the mea-
surement directly over the PP is typically not used in this
For the results presented in this manuscript it is assumed thattudy (see, e.g., Fig). Typically the PP water cloud evap-
the scene around the PPs is sufficiently cloud free. Carbonerates after a few hundred meters along the wind direction
Sat can detect thick clouds for example by analysing the rebut it may happen that this cloud extends over more than
trieved vertical columns of the three well mixed gases O one or two kilometers under certain conditions. We have
COy, and CH,. If the retrieved columns of all three gases is therefore estimated to what extend the precision of the re-
significantly lower than the corresponding a-priori columns trieved PP C@ emission is degraded when measurements
this is due to the shielding effect of clouds in the field of closer than a given distancéyin, to the PP are rejected. The
view. In order to enhance the sensitivity to clouds, espe-results are listed in Tabls. As can be seen, the precision
cially to small (sub-pixel) clouds, CarbonSat is planned togets only slightly worse even if all measurements within a
be equipped with an additional instrument, the Cloud andradius of 4 km around the PP are rejected, i.e., not used for

5.3.2 Errors due to clouds

Atmos. Meas. Tech., 3, 78841, 2010 www.atmos-meas-tech.net/3/781/2010/



H. Bovensmann et al.: Monitoring G@missions from space 797

Table 4. Systematic and random (1-sigma) errors of retrieved PR €@fiissions. The systematic errors are caused by neglecting PP aerosol
emissions. The PP aerosol scattering vertical profile (i.e., the enhancement relative to a-priori aerosol background profile) is assumed to be
perfectly correlated with the CQOprofile enhancement originating from the PP £é@nission. The assumed enhancement of the aerosol
scattering optical depth per 1% enhancement GO, relative to the background is listed in the first column. The assumed PP emission is

13 MtCOy/yr. The measurement directly over the PP has not been used for the results shown here.

Aerosol Background Wind Retrieval Systematic error of Random error of Comment
enhancement profiles speed method retrieved PP emission  retrieved PP emission

= (m/s) (MtCQlyr) (MtCOolyr)

0.5 A-priori 2 CHy-proxy +0.22 (1.7%) 1.47 (11.3%) see F&.
0.5 A-priori 2 R -proxy —2.38 (18.3%) 0.92 (7.1%) see Fig.
0.5 A-priori 4 CHy-proxy —1.40 -10.8%) 2.95 (22.7%)

0.5 A-priori 4 R -proxy —4.77 (-36.7%) 1.86 (14.3%)

0.5 See Fig8 4 CHy-proxy —1.81 (-13.9%) 2.82(21.7%) see Fif.
0.5 See Fig8 4 Po-proxy —4.74 (-36.5%) 1.87 (14.4%)

2.0 See Fig8 4 CHy-proxy —2.41 (-18.5%) 2.74 (21.1%)

2.0 See Fig8 4 Po-proxy —7.55 (~-58.1%) 1.83 (14.1%)

the emission flux inversion. This result was to be expected a: Power plant (PP) emission statistics

the precision depends only weakly (square root dependence\? 100 : ; ; : :

on the number of measurements used for the least-squares f% B Wé)rld (33%)
i USA (42%)
o
. . @ 80[ China (40%)
5.3.3 Errors due to advection and mixing E i Russia (27%)
] Japan (26%)

A good knowledge of the wind speed is required for the PPa.  60[° India (42%) |
CO, emission inversion. As can be seen from the formula < i GEemANyTH
for the Gaussian plume model given in Appendix A, thexCO & 40
column enhancement due to the PP emission depends on ti'© I

ratio of the CQ emission ¢) and the wind speed:J. The .§ 20 ]
relative error of the inferred emission is therefore equal to the g i :
relative error of the wind speed. If the assumed wind speec*- 0 L J ‘

is, for example, 10% too high, the retrieved emission will 0 5 10 15 20 25 30
also be 10% too high. As shown in Tali¢his is confirmed PP CO, emission [MtCO,/year]

by the simulated inversions. _ - . :
Table6 also lists the sensitivity of the retrieved emission Fig. 12. Power_plant (PP) emission statlstlc_s for selected countries

with respect to wind direction and the parameter used for theand for the entire world. Shown is the fraction of a country's total

parameterization of the horizontal mixing (parametede- PP emission emitted by PPs which emit more than a given amount.

. . . . If, for example, only the emission of PPs which emit more than
fined in Appendix A). As can be seen, an error of the wind ;

. . . . . 5MtCOu/yr can be observed by CarbonSat this would mean that
direction of 3 may result in an error of the retrieved emis-

. . about 60% of the PP emissions in the USA could be captured. Also
sion of about 10%. In contrast to the wind speed, these tyPgisied are the fraction of a country’s PP emissions relative to the
Of errors result na Chal’aCterIStIC m|SmatCh betWeen the Obcountry's total anthropogenic Cﬁmission (See percentage values

served and the modeled plume. This is illustrated in E@. listed next to the country names). The emissions per country have
for the wind direction related mismatch. It is therefore rea- been obtained from the BP data based (Statistical Review of World

sonable to assume that these type of modeling errors can benergy, http://www.bp.conm and the PP emissions have been ob-
detected and partically corrected. tained from the CARMA data basht{p://carma.orp

5.3.4 Statistical uncertainty due to instrument noise

The statistical error of the retrieved PP emission due toapproximation 0.8 MtC@'yr per 1 m/s wind speed. The ab-
instrument noise, i.e., the precision, depends on the windolute value of the precision (in MtG@Qyr) is independent of
speed. This is illustrated in Fid.1, where the precision of the PP emission but, of course, the relative error is the smaller
the retrieved PP emission is shown as a function of PP emisthe larger the PP emissions is. For large PPs (30 Mt@D
sion and wind speed. The precision (1-sigma) is to a goodhe statistical error is less than about 10% for wind speeds
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CarbonSat daily orbital coverage (21 June)

-135 -90 —45 0 45 90 135

[0}

-135 -90 -45 0 45 90 135

Fig. 13. CarbonSat orbital coverage for one day (21 June) for a swath width of 500 km corresponding to 250 across-track ground pixels of
width 2 km each. Over land the main mode is the nadir mode (the coverage is shown in green) and over water the sun-glint mode (blue). All
ground pixels on the day side are included up to a solar zenith angl€ of 80

Clear sky probability 16 x 16 km2 (2008)

-135 -90 -45 0 45 90 135

-135 -90 —-45 0 45 90 135

0 20 40 60 80 100

Probability [%]

Fig. 14. Clear sky probability for 1616 kn? large scenes for one year (2008) obtained from the MODIS/Aqua cloud mask data product.
The white circles show the positions of selected power plants (see also7Jablee numbers in the circles show the numerical values of the
clear sky probabilities in an area of 166 km? around the power plants.

up to 3—4 m/s but for smaller PPs (e.g., 5 Mt&2@) the er-  plume) and the number of CarbonSat measurements (ground
ror may be larger than 10% even for wind speeds as low apixels), where the C®column enhancement is larger than
1m/s. These precisions are valid for single PP overpassesvo times or three times the noise level. If for a sufficiently
and can be interpreted as g®@®mission detection limit for large number of measurements the C&lumn enhance-
PPs and other Cpoint sources such as volcanoes. ment is larger than the noise, then the PR-@me will be

. » . . clearly visible “by eye” when a map of the retriev&dCO,
Figurellalso shows relevant additional information about ; i Pp |ocation and its surrounding is generated. This re-

the CQ plume as a function of PP emission and wind speedq jirement is fulfilled for the conditions shown by the green
such as the maximum CGOcolumn enhancement (in the
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an,d red colors in the bottom par,]els of F]U,L . These_ref Table 5. Statistical uncertainties of the retrieved single overpass

quirements are typically fulfilled if the statistical emission power plant (PP) C@emissions (1-sigma) for different minimum

flux error is less than 10%. distances (radii) around power plantk(,) defined to reject mea-
The results shown in this section indicate that - dependingsurements in the vicinity of the PP which may be contaminated by

on wind speed - the emission of moderate to strong PPs caaptically thick (water) clouds originating from the PP emission. The

typically be detected and quantified. Therefore the questiorassumed CO;, retrieval precision is 2 ppm.

arises how relevant it is if only large PPs can be monitored.

To answer this, we have analyzed £émission data bases. PP emission  Wind speed din ~ Uncertainty retrieved PP
Figure12 shows PP emission statistics for several countries. ~ (MtCO2/yr) (m/s) (km)  emission (MtC@lyr)
PPs emitting more than 5 MtG@yr are responsible for about 6.5 2 0 1.54 (23.7%)
60% of the total PP emissions of the countries shown in 6.5 2 1 1.57 (24.2%)
Fig. 12. The emissions of PPs emitting 5 MtG/r can be 6.5 2 4 1.66 (25.5%)
o . 6.5 4 0 3.06 (47.1%)
quan_tl_fled by CarbonSat probably only u_nder low wind speed 6.5 4 1 3.14 (48.3%)
conditions (around 1 m/s). The results discussed so far corre- 6.5 4 4 3.31 (50.9%)
spond to single PP overpasses under (nearly) cloud free con- 6.5 6 0 4.60 (70.8%)
ditions. In order to estimate how many useful measurements 6.5 6 1 4.71 (72.5%)
can be obtained in a given time period, the expected number 6.5 6 4 4.97 (76.5%)
of sufficiently cloud free overpasses needs to be determined. 13.0 2 0 1.54 (11.8%)
This aspect is discussed in the next section. 13.0 2 1 1.58 (12.2%)
13.0 2 4 1.67 (12.8%)
13.0 4 0 3.07 (23.6%)
6 Clear sky statistics for power plant overpasses 13.0 4 1 3.15 (24.2%)
13.0 4 4 3.32 (25.5%)
The satellite observations are based on reflected solar radi- 13.0 6 0 4.60 (35.4%)
ation, which cannot penetrate through thick clouds. There- 13.0 6 1 4.72 (36.3%)
fore sufficiently cloud free scenes are needed. To determine 13.0 6 4 4.97 (38.2%)
the probability for a sufficiently cloud free scene for Carbon- 26.0 2 0 1.55 (6.0%)
Sat PP overpasses, one year of high resolution (1 km) global 22'8 5 ‘11 i'gg Egéz’;
MODIS/Aqua Collection 5 Level 2 Cloud Mask data prod- 26.0 4 0 3.08 (11'.802)
ucts Ackermann et a).1998 2008 Frey et al, 2008 has 26.0 4 1 3.16 (12.2%)
been analyzed. MODIS/Aqua has essentially the same or- 26.0 4 4 3.33(12.8%)
bit as assumed here for CarbonSat (sun-synchronous, Lo- 26.0 6 0 4.61(17.7%)
cal Time Ascending Node (LTAN) 13:30). MODIS/Aqua 2o o " P 82;02‘3

is therefore well suited for this application. The daily or-
bital coverage of CarbonSat for one selected day is shown in
Fig. 13for illustration.

Figure 14 shows the resulting clear sky probabilities for
the year 2008. The clear sky probabilities shown are valid’
for 16 kmx 16 km large scenes, i.e., for given (PP) locations _ ) ) )
and their surroundings. As the MODIS/Aqua cloud masking In this section we shortly_dlscuss the potential pf .CarbonSat
algorithm is very strict, the results presented here are quitd® @S0 detect and quantify the G@nd Chy emissions of
conservative. It is likely that scences with partial cloud cover POINt sources other than power plants.
can also be used for PP emission monitoring. It needs to be Among other strong C@®point sources are, for example,
investigated in a future study to what extent the strict filtering large steel producing factories, that emit £i@ quantities
criteria used here can be relaxed to increase the number @¢¥hich are comparable with the emissions by coal-fired PPs.
useful observations. Itis estimated that more than 1 MtG@er year is emitted for

Also shown in Fig14 are the locations of several PPs and €ach Mt steel producedhichinger, 2007). Large steel pro-
the clear sky probability at their location. The numerical val- ducing factories produce several Mt steel per year and there-
ues are also listed in Tablalong with the clear sky prob- fore are expected to emit several Mtg@r.
abilities for the four seasons. PP names, locations angl CO Another category of strong point source £€mitters are
emissions have been obtained from the CARMA data base&olcanoes. Certain volcanoes emit £@ amounts compa-
(http://carma.ory As shown in Table, typical near-surface rable to coal-fired PPs. For rexample, the average 1975-
wind speeds for clear sky CarbonSat overpasses are in the987 diffuse, i.e., non-eruptive, GQemission of Mount
range 2-6m/s. As can also be seen from Tablgypically Etna, lItaly, is reported to be 13MtG@r and the CQ
20 cloud free overpasses per year can be expected for a giveemission of the Eyjafjalla volcano in Iceland is estimated
power plant. to 150 000tCQ/day (55 MtCQ/yr) during its eruptions in

Emissions from other point sources
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Table 6. Errors of the retrieved power plant (PP) g@missions due to errors of the meteorological parameters wind speed (true value:
4m/s), wind direction (true value: 8P and horizontal mixing in the across wind direction (parametesee Appendix A; true value:

a=104).

PP emission Wind speed Wind direction Horiz.mixing  Error of retrieved PP Comment
(MtCOolyr) error (%) error (deg) error (%) emission (MtGQr)

13.0 +10.0 - - +1.3

13.0 -10.0 - —- -1.3

13.0 - +3 - -1.0

13.0 - -3 — -1.1

13.0 - - +30 +1.3

13.0 - - -30 -1.6

26.0 +10.0 - - +2.6

26.0 -10.0 - - —-2.6

26.0 — +3 - —-2.0

26.0 - -3 - —-2.2 see Figl0

26.0 - - +30 +2.6

26.0 - - -30 -33

Table 7. Clear sky probabilities for CarbonSat overpasses over different selected power plants, ordered by latitude, for one entire year and for
the four seasons December—February (DJF) to September—October (SON), derived from the MODIS/Aqua 2008 cloud mask data product.
The clear sky probabilities are valid for 16 k6 km large scenes. The power plant names, locations and emissions have been obtained
from the CARMA data basehftp://carma.ory Also listed are wind speed percentiles for cloud free CarbonSat overpasses obtained from

ECMWF meteorological data (surface level, year 2008)s the number of cloud free PP overpasses per year (here: 2008).

Clear sky probability

Wind speed percentiles

Power plant name Country G@mission Lat. Long. Year DJF MAM JJA SON 25% /50% / 75%
(MtCO/yr) (deg) (deg) (%) (%) (%) (%) (%) (mis) N
REFTINSKAYA SDPP  Russia 22.2 57.1 61.6 70 16 83 124 5.7 1.9/2.7/3.9 30
DRAX UK 22.6 53.7 -1.0 6.8 15.9 47 1.9 4.9 3.1/6.0/8.4 15
JANSCHWALDE Germany 27.4 51.8 14.4 87 85 9.2 82 8.7 3.0/4.0/6.5 22
SCHWARZE PUMPE Germany 11.9 51.5 14.3 8.7 8.5 9.2 8.2 8.7 3.0/4.6/6.1 20
BELCHATOW Poland 34.6 51.3 193 100 7.6 6.8 148 108 4.3/4.9/6.1 20
NIEDERAUSSEM Germany 30.4 51.0 6.7 8.7 143 84 75 4.5 3.0/3.8/6.0 22
TUOKETUO-1 China 24.7 40.8 1118 236 9.2 206 23.7 405 4.0/5.2/6.1 33
GIBSON USA 22.4 405 -883 174 81 18.1 154 27.6 3.1/4.4/5.8 25
NAVAJO USA 19.1 369 -1114 349 95 346 351 59.7 1.6/2.5/4.0 55
TANGJIN South Korea  24.7 36.9 126.6 17.3 178 26.1 88 16.7 1.8/2.9/4.1 22
ZOUXIAN China 34.5 36.4 116.0 25.2 19.7 345 115 3438 2.0/3.4/14.5 28
OROT RABIN Israel 21.2 324 349 351 248 358 41.0 385 3.1/4.1/14.7 56
WA PARISH USA 20.9 295 -956 205 193 246 22 36.0 2.9/4.7/5.9 33
VINDHYACHAL India 20.2 24.4 819 381 735 388 0.0 415 1.0/1.8/3.4 29
TAISHAN China 19.6 22.2 112.8 141 326 54 0.3 19.2 2.1/2.9/4.1 11
PETACALCO Mexico 19.3 21.2 —-99.0 19.7 343 29.9 1.8 13.0 1.5/2.3/3.1 25
TALCHER STPS India 23.4 20.8 85.1 254 5838 234 01 209 0.8/1.1/2.1 22
RAMAGUNDAM India 21.4 18.4 79.2 321 691 306 00 287 1.9/2.5/3.2 34
MAE MOH Thailand 21.7 18.3 99.7 104 29.9 44 0.0 7.6 1.0/1.4/2.0 18
NEYVELI India 20.5 11.5 795 114 20.6 14.9 0.8 9.5 2.3/3.1/4.1 15
SURALAYA Indonesia 25.8 —6.1 106.1 28 02 1.2 89 1.1 2.2/3.8/4.4 8
KENDAL South Africa  26.8 -30.1 27.1 316 133 181 519 426 3.5/5.2/7.0 32
BAYSWATER Australia 19.8 —-32.3 150.9 22.0 10.7 289 265 212 1.7/2.9/4.1 30
ERARING Australia 19.8 —-33.1 1515 274 178 356 291 26.6 2.6/3.6/4.2 25
ALL >1Mt:
Average: 19.1 21.9 19.7 129 220 2.0/3.2/14.8
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Anthropogenic CH, emissions (2005)

EDGAR v4.0 0.1°x0.1° v }
http://edgar.jre.ec.europa.eu/

B > 10 ktCH,/yr
B > 20 ktCH,/yr

Fig. 15. Spatial distribution of strong localized anthropogenic methane sources according to the EDGAR data base (year 2005, gridded
0.1°x0.1°). Shown are the locations of methane sources, which emit more than 1Q/ktGkd boxes) and more than 20 kt@ghr (blue
boxes). (Source: EC-JRC/PBL, EDGAR version Afip://edgar.jrc.ec.europa.e@009).

April 2010 (seéhttp://www.informationisbeautiful.net/2010/ CarbonSat has therefore the potential to detect and quan-
planes-or-volcand/ tify the CH4 emission of various natural and anthropogenic

In NRC (2010 the potential of OCO to detect and moni- Methane “hot spot” emission sources, for example:
tor the CQ emissions of more extended @68ources such as
large cities is discussed. Because of the better spatial cover-
age of CarbonSat due to its wider swath one can expect that
the monitoring capability of CarbonSat is even better com-
pared to OCO for these type of less localized targets.

CarbonSat also measures the second most important an-
thropogenic greenhouse gas, methane. Assuming that the — pipeline compressor stations (e edikov et al (1999
methane point sources are well isolated in the sense that report emissions on the order of 10 ktgt),
no strong CQ point sources such as coal-fired PPs are lo-
cated in their surroundings, the “G@roxy method” can be
used to retrieve accuratéCHy (Frankenberg et a12005

— landfills and coal mines (e.g., the European Pollu-
tant Release and Transfer Registet{://prtr.ec.europa.
eu/PollutantReleases.ajpists many sites in Europe
where methane emissions are estimated to be signifi-
cantly larger than 10 ktCidyr),

— oil sand areas (e.gSiddique et al.(2008 estimate
that the highly variable methane emissions in the oil

2008 Schneising et al2009. In this caseXCHa is com- sand areas of Alberta, Canada, may significantly exceed
puted from the ratio of the retrieved GHolumn and the 10KtCHulyr),

simultaneously retrieved GQcolumn. The relativeX CHy — oil and gas fields (e.g., Yamal West Siberian Gas Fields
retrieval precision is therefore equal to the relative (i.e., per- (for exampleJagovkina et a{200Q) report methane col-
centage)X CO, retrieval precision obtained with the “GH umn enhancements of 1-2% over several kilometer),
proxy method”. As can be seen from TalBlethis precision Prudhoe Bay Oil Field, Alaska, USA, or Gulf of Mex-

is typically 0.5% or better, which corresponds to 8 ppb for ico (for examplevillasenor et al(2003 report methane

XCH4. OSSE for methane emission inversion similar as the emissions up to 14 ktCHyr per platform)),

ones presented here for @@ave also been conducted for

CHg4. As for COp, the corresponding CHy or CHy column — marine seeps (e.g., Coal Oil Point, Santa Barbara,
enhancement relative to the background due to the localized  California, USA (eifer et al. (2006gb) report emis-
CH, source must be on the order of 1% in order to be clearly sions larger than 1ACH4/s in a region of several
detectable by single CarbonSat overpasses. The OSSE show square kilometers corresponding to about 20 ki@H

that the statistical uncertainty of the inferred £emission or Black Sea seeps off the coast of Georgia (gdd
for a retrieval precision of 8 ppb (0.5%) is 1.4 ki@ per (2004 report emissions of more than 400 kggsin?®
1m/s wind speed, i.e., in the range 3-8 kD for typical over an area of about ¥ corresponding to about
wind speeds in the range 2—-6 m/s. 40 kKtCHy/yr)),

www.atmos-meas-tech.net/3/781/2010/ Atmos. Meas. Tech., 381812010
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— degassing marine shelf areas (e.§hakhova et al. tistical uncertainty of the inferred power plant g@mis-
(2010 report boundary layer methane enhancements irsion due to instrument (detector) noise is 0.8 M#GO (1-
the Eastern Siberian Arctic Shelf of up to 8 ppm over a sigma) per 1 m/s wind speed for a single power plant over-
distance of more than 100 km), pass, i.e., in the range 1.6-4.8 MteJ@x for typical near-
) o surface fair weather wind speeds in the range 2—-6 m/s. This
— mud volcano eruptions (e.gKourtidis et al. (2009 corresponds to 12-36% of the emission of mid-size power
show that corresponding emissions may result inyants (13 MtCQ/yr) or to 6-18% of the emission of large
methane column enhancements relative to the backnower plants (26 MtC@lyr). Using clear sky statistics it has
ground which may even be detectable with SCIA- peen conservatively estimated that typically 20 sufficiently

MACHY despite much larger ground pixel size cjoyd free overpasses over a given power plant per year can
(30x 60 kn?) compared to CarbonSat%2 ki?)). be expected.

Figure15shows the spatial distribution of strong localized ~ The sensitivity to several parameters has been determined
anthropogenic methane sources according to the EDGARVhich are expected to result in systematic errors such as un-
database. Shown are all methane sources (ak0.1° reso- ~ accounted aerosols and optically thick water clouds origi-
lution) which emit more than 10 and more than 20 kG nating from the power plant emission and transport related
i.e., significantly more than the CarbonSat detection limit. errors due to imperfect knowledge of wind speed, wind di-

Therefore CarbonSat has the potential to be an importantection and horizontal mixing. The most relevant transport
tool for the detection and monitoring of many “hot spot” related error source is wind speed. For the Gaussian plume

greenhouse gas emission sources in addition to coal-fireenodel the relative systematic error of the inferred emission is
power plants. equal to the relative error of the wind speed, i.e., a 10% over-
estimation of the wind speed results in a 10% overestimation

of the inferred emission. Optically thick water clouds in the

8 Conclusions vicinity of the power plant arising from the PP emission can
) ) _ be dealt with by excluding measurements within a certain

A satellite remote sensing technology has been discussedyiys around the power plant from the analysis. An impor-
which enables the detection and monitoring of CENIS-  ant error source is unaccounted or not properly accounted
sions from strong localized GQsources such as coal-fired gcattering due to aerosols (particulate matter) emitted by the

power plants. _ o power plant in addition to C® It has been found that ne-

The instrument concept is based on an imaging specylecting aerosols in the PP emission plume results in system-

trometer system which measures high resolution spectra oyic errors in the range 0.2—-2.5 MtG@r, depending on PP
reflected solar radiation in the SWIR/NIR spectral region gerosol emission, for a PP emitting 13 Mt@@.

in nadir (and sun-glint) mode covering relevant absorption
bands of CQ, CH; and G (to obtain surface pressure,)at
high spatial resolution. The instrument concept is similar to
the concept developed for OCO and GOSAT but has been o
timized especially to serve important additional applications
such as monitoring of localized G@nd CH, sources. This

The investigated satellite, called Carbon Monitoring Satel-
lite (CarbonSat), is not limited to this application but can also
contribute to the detection and quantification of a number of
other important localized C£emission sources such as vol-
canoes and steel factories as well as a large number of natural
; : . oo . . . __and anthropogenic localized GHmission sources such as
is achieved by a unique combination of wide swath imaging . ; : S .

land fills, oil and gas fields, pipeline leaks, coal mines, mud

(500 km swath) and small ground pixel sizex@kn?). ; . -
Observing System Simulation Experiments (OSSE) haveVOIC":moes and marine Seeps. The estlmfated precision of the
ferred CH, emission is 1.4 ktChfyr (1-sigma) per 1 m/s

been conducted to estimate random and systematic errors (:)/?/ind speed for a sinale overoass for ¥oH, retrieval pre-
the inferred power plant emissions. The OSSE comprise ra- b 9 P 4 P

diative transfer and instrument simulation and inversion ofoISIOn of 8 ppb (0.5%), WT'Chdf:an be achieved in most cases

the synthetic measurements (radiance spectra) to obtain vef—Or measurem,ents over 1and, measurements over water us-

tical columns of CQ and CH, as well as surface pressure. N9 CarbonSgts sun-glint mode have not been discussed in

. . X . this manuscript).

From these retrieved quantities dry air column-averaged mix-

ing ratios of CQ, denotedX CO,, have been obtained using I addition to greenhouse gas emission hot spot detec-

two different methods (“pproxy method” and “Chi-proxy  tion and monitoring, the CarbonSat satellite mission aims at

method”). The retrievedl CO, and its error has been used fulfilling all relevant requirements for global regional-scale

to obtain power plant emissions including error estimates viaCO2 and Chy surface flux inverse modeling, i.e., it fulfills

inverse modeling. A Gaussian plume model has been use@imilar requirements as have been identified for the dedicated

to simulate the C@column enhancement resulting from the 9reenhouse gas missions OCO and GOSAT.

power plant CQ emission. The discussed satellite concept has the potential to become
It has been shown that power plant £@missions can be an important component of a future global £¢@nd CH,

unequivocally detected and quantified. The estimated staemission monitoring system, which is needed for example
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for independent verification of reported emissions in the con-atmospheric stability parameterMasters 1998 and refer-
text of, for example, Kyoto protocol follow-on agreements. ences therein):
CarbonSat could continue the time series of global green- 0.894
house gas (CQ CH) observations from space which started %) =@ """ (A2)
with the launch of ENVISAT with the SCIAMACHY instru- Herex must be Speciﬁed in kilometers to gm§ in meters.
ment on board in 2002. This time series is currently beingror stability class C (slightly unstabl®)asters1998 gives:
continued by the Japanese GOSAT satellite (launched in Jan-
uary 2009) and possibly will be extened for £@ith OCO-2 @ =104 (A3)
(2013-2015). There is however high risk for an observationaLI-0 simulate an emission source with a cross sectioat the

gap in the time period 2016 to 2020 or later. This gap can beplume’s origin an offsety is added to Eq.A2):
closed with a satellite mission similar to the one investigated o

in this study. oy(x) =a (x +x0) 8%, (Ad)
The presented concept is based on a single satellite but the
spatio-temporal coverage can of course be significantly im-Where
proved if the space based greenhouse gas monitoring system Y0\ 089
would consist of a constellation of greenhouse gas observinéO - ( ) :
satellites. This is important especially if emissions of time
dependent emission sources need to be quantified with higl&ppendix B
precision. In this context it may be possible to also use satel-
lite instruments less complex (and therefore less expensive . . .
than the one discussed here. These “compact satellites” ma%\/tmosphenc CO; retrieval algorithm
only cover one band, the SWIR-1 band, which covers ab-pjgre e provide a description of the retrieval algorithm
sorption I|r_1es of C@and CH, aroun_d 1.6 ym. Such “COM-  \yhich has been used for this study. This retrieval algo-
pact satellites” are expected to deliver very useful informa-yjinm is the “Bremen optimal EStimation DOAS” (BESD)
tion on localized C@ and Chy sources (using the “CH  gi90rithm.  BESD is based on Optimal Estimation (OE)
proxy method” or the “C@-proxy method”, depending on  (radgers 2000 and on “Differential Optical Absorption
emission target) and can glso be expected to prowde Vergpectroscopy” (DOAS) (see, e.@uchwitz et al, 2000h
useful data for global regional-scale glsurface flux in- 5 references given therein). OE allows to constrain the re-
versions as demonstrated by SCIAMACHRrankenberg €t yjeya| using uncertain a-priori information, e.g., on aerosols
al,, 2005 2008 Bergamaschi et 312009 Schneising etal.  ang (thin) clouds. DOAS permits to filter out disturbing
2009. “Compact satellites” will however probably not be |4y frequency radiance contributions which are typically dif-
able to provide a sufficient data quality as needed for thesic it o model such as contributions from aerosol scatter-
global regional-scale Cfsurface flux inversion application. ing, changes of the Earth’s surface spectral reflectance and
changes of instrument calibration functions. BESD is un-
. der development for improved SCIAMACHY CQetrieval
Appendix A (Buchwitz et al, 2009 Reuter et a.2010.
The satellite instrument measures radiance spectra
R;=R();) in nadir mode at discrete wavelengthsas well
as the solar irradianceé;=F();). For the following we as-
sume that the wavelength grids of the nadir and the solar
fpectra are either identical or that the solar spectrum has been
interpolated onto the wavelength grid of the nadir measure-
ments. The directly measured quantitgsand F; are used
to compute the measured sun-normalized radiance or inten-

(A5)

a

Gaussian plume model

In order to simulate the Cfvertical column enhancement
at and downwind of a C®source such as a GCemit-
ting power plant, a quasi-stationary Gaussian plume mode
is used Gutton 1932. Integrated for the total vertical col-
umnV it equals:

1y \2 sity I; which is defined ag;=n R;/F;. In the following the
Vix,y)= —e_?(m) , (A1) measurement vectgris used whose elements are=In(l;).
V2o (x)u The corresponding model quantigy°®is obtained with the

. . . radiative transfer model (RTM) SCIATRANB{chwitz et al,
wherev Is the .CQ vertical CO'U”T” (|r_1 g/rﬁ) at and down- 2000a Rozanov et a).2002. The version of BESD used for
wind of the point source. The-direction is parallel to the this study is based on linearizing the logarithm of the sun-

vvmd Q|rect|on and the-direction perpendmulqr to the wind normalized radiance around an assumed (atmospheric) state
d|rect|on.. v qepends on the emission rake(in g/s), the. denoted by the a priori state vectoy, i.e., the following
across wind distancg, wind speed:, and the standard devi- equation is used fop™ as a function of state vectat

ation iny direction,s,. The standard deviation,=o (x) is

a function of the along wind distanceand depends on the ym°d(x) =yat+K@x—xa). (B1)
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Fig. B1. Visualization of a typical retrieval Jacobiald Y matrix. Each spectrum shows the (scaled and shifted) derivative of the logarithm of
the sun-normalized radiance due to a change of the corresponding state vector element. The state vector element identifiers are shown on tt
right hand side. For an explanation of the state vector elements see main text anB8ITable

Here ya=y™%(x,), i.e., ya is the logarithm of the sun- The columns of the Jacobian matf for a typical RT
normalized radiance for state vectey. Matrix K is the Ja-  simulation are shown in FigBl. Each column oK cor-
cobian matrix with eIementKij:fjay{"Od/axj|x:xa. For responds to one state vector element. The state vector ele-
numerical reasons (most of) the elements of the Jacobian mawnents and their assumed a-priori uncertainties are listed in
trix are defined to be dimensionless. They express the relafable B1. For the retrieval, a 3-layer atmosphere is used
tive change of the intensity due to a relative change of statdthe RT simulations are however performed on a finer verti-
vector elementj (unit: %/%). For these case§=x; and  cal grid). The three layers are denoted “Lower Troposphere”
K;; can be interpreted as the relative change of the intensitfLT), “Upper Troposphere” (UT), and “Stratosphere” (ST).
at wavelength.; due to a relative change of state vector el- As can be seen from Tabkl, 21 state vector elements have
ementj. This is true for all state vector elements except for been defined. For COand CH, their sub-columns (layer
the elements which correspond to the coefficients of the lowcolumns) in the three atmospheric layers are state vector el-
order polynomials. The low order polynomial is included ements. For each of the three layers a dimensionless scat-
to make the retrieval less sensitive to spectrally broadbandering parameter has been defined, the layers aerosol and
radiance (and/or measured signal) contributions which typi-cloud scattering (ACS) optical depth. Additional parame-
cally cannot be modelled with high accuracy. For the polyno-ters are scaling factors for the temperature (TEM) and wa-
mial coefficientx; the corresponding elements of the Jaco- ter vapour (HO) vertical profiles, a scaling parameter for
bian matrix are K;;=((x; —Ac)/Ac)", Whereic is the center  the pressure profile (“surface pressure” parameter PSU) and
wavelength of the spectral fitting window for which the poly- nine parameters for the three second order polynomials in the
nomial is valid.np is an integer in the rangeg 0., Ny, where  three spectral bands (parameters POL). The Optimal Estima-
Ny is the order of the polynomial (here we use a quadratiction method requires a-priori uncertainties to be assigned to
polynomial, i.e.Np=2). each parameter and the corresponding values, which are to be
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!nterpreted as 1-sigma rglatlve uncgrtamnes, gre also IISteq’able B1. BESD retrieval algorithm state vector elements and a-
in TableB1. The two variance/covariance matric8g and  pyriori uncertainties. PSU is the surface pressure state vector ele-

Sy are assumed to be d.iagonal matrices, i-?-: 'they are fU'_'Vnent with corresponding 1-sigma uncertainty of 3%. The nine POL
specified by the uncertainties (standard deviations) listed irparameters are the coefficients of the quadratic polynomials in the

TableB1. three spectral bands. ACS are the three state vector elements for
BESD is based on minimizing the following cost function aerosol and cloud scattering in the three atmospheric layers strato-
C(X): sphere (ST), upper troposphere (UT) and lower troposphere (LT).

In the three bottom rows the GGstate vector elements are listed,
C)=(x—xa S tx —xa)+(y—ymOd(x))Ts;l(y—ym"d(x)). (B2) which are layer columns. The assumed 1-sigma uncertainty of the
COy, lower troposheric layer column (ID CQQ0) is 6%. Stronger
Here x is the to be estimated (atmospheric) state vectorconstraints are used for GGn the upper layers. For C+the con-
at the time of the measurement, is the assumed a-priori straints are relaxed as methane is_ assumec_i to be more va_riable than
state vector (ideally the climatological mean) with a-priori CO,. For H,O and_temperature single vertical profile scaling fac-
variance/covariance matr,,, y is the measurement vec- ©' have been defined as state vector elements.
tor with variance/covariance matri,, and yMod(x) is the
forward model which relates the desired but unknown state
vector with the directly measured quantity. Hgyé denotes

Number ID Explanation Uncertainty
(relative) )

matrix transpose ang ! denotes matrix inverse. 20 PSU00 Surface pressure 0.030

The solution of this estimation problem is an estimate Polynom NIR
of the state vector, denote¥l and its variance/covariance 19 POLa02 Quadratic term 1000.0
18 POLa01 Linear term 1000.0

matrix S,. How this solution can be obtained is shortly

described in the following (for details seRd¢dgers 200Q 17 POLa00 Constant term 1000.0
Rodgers and Connp2003 and references given therein). Polynom SWIR-1

It can be shown that the state vector covariance matrix for ig Egtggi Qﬂi‘iﬁ“{;gm 118(?(;)'(?
the absolute state vector elemer8%, can be obtained from 14 POLb0O Constant term 1000.0

the state vector covariance matrix for the relative state vector

& . Polynom SWIR-2
elementss;,, as follows: 13 POLc02 Quadratic term 1000.0
& _a-a) (2 12 POLcO1 Linear term 1000.0
( x)l.j = (xi xj) <Sx>ij : (B3) 11 POLc00 Constant term 1000.0
10 ACS02  Aero./clouds scat. ST 0.050
Analoge relations exist for the smoothing error covariance 9 ACSO01 Aero./clouds scat. UT 5.000
matrix 8 ACS00 Aero./clouds scat. LT 1.000
7 H20.00 H>O(z) scaling 2.000
(sg) = (g?j?) (Ss) ) (B4) 6 TEM.00 T (2) scaling 0.100
L 1 5 CH4.02 CHy ST 0.010
: . . 4 CH4.01 CH, UT 0.060
and the measurement noise covariance matrix 3 CHA4.00 CH, LT 0.120
& _ (=-a=a) (& 2 C0202 Co ST 0.005
(S?’X),- i (x i xf') (S”)i i (B5) 1 co201 CO, UT 0.030
0 C0200 CO LT 0.060

Assuming Gaussian statistics and a linear forward model,
which relates the state vecterto the measured quantity
via y=yMd(x)+¢, wheree is the measurement error, the
solution of this estimation problent, can be formulated in

: : . An important matrix for the characterization of the re-
terms of the retrieval gain matri®:

trieval is the averaging kernel matri, which can be for-
mulated in terms o6 and Jacobian matrik :

X=x3+G(y—ya. (B6)
. . . dx dxdy
Gain matrixG is defined as =—=—-—=0GK, (B9)
dx dydx
d¥ & To 1
G= dy SKK'S) . (B7)  wherex is the true state vector (which is only exactly known
for simulations).
HereS, is the uncertainty covariance matrixdand is given The sum of the diagonal elements/fs the so-called de-
by gree of freedom for signals=trac&A), which can be inter-
. preted as the number of “independent pieces of information”
Se=(KTS'K+sH™t (B8)  which can be retrieved.
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Fig. B2. Retrieval results for the VEGO scenario. Top: Sun-normalized radiance in the three CarbonSat spectral bands. Middle: fit
residuum (black line), i.e., relative difference between the simulated measurement and the fitted RT model. Also shown is the measurement
noise (light red) and the difference between the measurement and the simulated measurement before the fit (grey line). Bottom: Vertical
profiles of (from left to right) CQ and its uncertainty, Cldand its uncertainty, C®and CH, vertical column averaging kernels (AK), and

the scattering layer vertical optical depth (the numerical values are the total scattering optical depth at 760 nm) and its uncertainty. The black
horizontal bars denote the assumed a-priori uncertainties (1-sigma) in the three layers.

Defining matrixR=A—1, wherel is a unit matrix, allows éyx = GSyGT. (B11)
to compute another matrix, which is important for charac-
terizing the retrieval, namely the smoothing error covariance Of interest for this study are the absolute values of the state

matrix vector elements and the absolute values of functions of the
. T state vector elements, in particular the total column 0 CO
S;=RS,R", (B10) and its statistical error. As the state vectdras been defined

using normalized dimensionless relative quantities, transfor-
‘mations from relative quantities to absolute quantities have
fo be carried out. The absolute value of state vector element
J )2;" is related to its relative valué,, by the following re-
lation (here the alternative notatianis used for the a-priori

which quantifies errors caused by limited (final) vertical res-
olution of the instrument. The measurement noise contribu
tion to the overall uncertainty is given by the measuremen
noise covariance matrix
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state vector, i.e., far,, to avoid confusion with the the same factor), p, (in hPa). The retrieved COy,, denotedf(co2 (in

lettera used for “a-priori” and “absolute”): ppm), is obtained as follows:

~a_ -a A N 3

=21+ E)). B2 feo= o2 e (B20)
This equation defines the tranformation of the “relative state Pe

vector” % to the corresponding “absolute state vecto?’ C is a constant and given bg=10"6x2.15x10?%. Fac-

It can also be shown that the averaging kernel matrix fortor 10~ accounts for the conversion to ppm and®<10°°
the absolute state vector elements can be obtained from the the assumed number of gaseous air molecules of dry
averaging kernel matrix for the relative state vector elementsair above a surface of area 1¢&ror a surface pressure of

as follows: 1013 hPa.
-a The statistical uncertainty of the retrievédCO; (in rel-
(A%);; = A)ij=5- (B13)  ative units), denotedy,, is computed from the relative
Xj statistical uncertainties of the retrieved £&lumn and sur-

The vertical column of, for example, GO can face pressure:
be computed from the absolute state vector elements - -
(i.e., layer columns), given above, and the total col-9xco, =\/(UCOz/UCOz)2+(UpO/Po)2~ (B21)
urTnn operator g, which can be defined as follows: The statistical uncertainty ocf CO, in absolute units (ppm)
g'=[0,0,0,...,1,1,1,...,0,0,0], whereg;=1 corresponds to is given by (1-sigma):
state vector elements over which need to be summed to com-
pute the total column (for Cfxhe indices of the state vector oxco, =0y co, x Xco,. (B22)
arei=0,1, and 2, as can be seen from TaBlB. All other ) .
elements of, over which should not be summed, need to be _The XCO, _and Its error comPuted using th? -form.ulas
set to 0. This formulation of requires that the correspond- given ab_ove is referred to as syproxy method” in this
ing CO, state vector elements are absolute sub-columns infnanuscrlpt.
e.g., molecules/cfy as otherwise their sum will not yield the
total vertical column.

Using these definitions, several important quantitities,

The second method used is in this manuscript to obtain
XCQO; is the “CHy-proxy method”. For this method the cor-
responding formulas are:

which are needed to characterize the retrieval, can be comx dco,

uted: Xco,(CHp)=——F—=——, (B23)
p . o ) ) UCH4/XCH4ap”

The a-priori vertical column of a gas of interest, e.g.,.2CO
in absolute units (e.g., molecules/nis given by whereicy, is the retrieved vertical column of methane and
- tea XCH4®" is the assumed a-priori dry air column-averaged
V=g x. (B14) mixing ratio of methane (obtained from, e.g., the model at-

Smosphere used for the radiative transfer simulation). The

The corresponding retrieved vertical column in absolute unit - L . o
; corresponding statistical (relative) uncertainty is given by:

is by
b=0+g (x2—x9). (B15) G)V(COZ(CH4):\/(UCOZ/{}C02)2 + (oCH, /OcH,)?. (B24)
The corresponding vertical column total statistical error is Using analog formulas the corresponding result for
« methane, i.e Xcn, £oxch,, can be obtained.
2_ T ! 4 40
o, =g Sig- (B16) To illustrate this, BESD retrieval results for one scenario,

The vertical column averaging kernel (a vector) is given by the VEGS0 scenario, (surface albedo: vegetation, SZA:
50°) are shown in FigB2. As can be seen, a significant

ay =g A% (B17)  uncertainty reduction relative to the assumed a-priori un-
certainty has been achieved for the tropospheric layers, es-

The vertical column smoothing error is pecially for the lowest tropospheric layer (the stratospheric

02 =g"Sg (B18) layer is well constrained). The true G@ertical column is
. . _ 8.464x 10?* molecules/crh, which is 1.1% higher than the a-
and the vertical column measurement noise error is priori column, which is 8370x 102X molecules/crh. The re-

(B19) trieved CQ vertical column is 8487x10?X molecules/crf,
which is close to the true column. The difference is 0.27%,
Finally, the dry air column-averaged mixing ratio of O i.e., not zero, e.g., because of the smoothing error, which is
denotedXCOy, is computed from the retrieved G@olumn  0.17% (1-sigma). The a-priori GCcolumn uncertainty is
(in molecules/crf), denotedico,, and the retrieved surface 3.63% and is reduced to 0.29% after the retrieval. The as-
pressure (obtained from the retrieved pressure profile scalingumed a-priori surface pressure uncertainty is 3.0% and is

2 _ ,Tc
Ovyx =& S?xg'
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reduced to 0.06% after the fit. The a-posteri&€CO, un-
certainty is 1.2 ppm. The degree of freedom for sigda) (s
1.21 for the CQ column and 1.24 for the CAHolumn, which
indicates that essentially only vertical column information on
CO, and CH; is available. The C®column averaging ker-
nel is approximately unity for the lowest layer indicating that
the observing system is sensitive to £&hanges in the low-
est atmospheric layer, which is also true for ZH he two
panels at the bottom right, which show the results for the
scattering profile, indicate significant uncertainty reduction

Aichinger, H. M.:
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