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Abstract. We assess the large-scale, top-down constraintsise change and biomass burning (Qéré et al, 2009.
on regional fossil fuel emissions provided by observationsGiven the risk of global climate change due to increasing at-
of atmospheric total column GO Xco,. Using an atmo- mospheric C@ (Meehl et al, 2007), the international com-
spheric general circulation model (GCM) with underlying munity has pursued treaties, such as the Kyoto Protocol, to
fossil emissions, we determine the influence of regional fosdimit the emissions of C@to the atmosphere. Currently, the
sil fuel emissions on globaKco, fields. We quantify the international community relies on self-reporting of green-
regional contrasts between source and upwind regions antdouse gas emissions but lacks the ability to verify these re-
probe the sensitivity of atmosphetizo, to changes in fos-  ports against independent dakRC, 2010. A methodology
sil fuel emissions. Regional fossil fuéico, contrasts can to use observations of atmospheric £ verify national
exceed 0.7 ppm based on 2007 emission estimates, but halevel emissions would therefore be highly desirable to sup-
large seasonal variations due to biospheric fluxes. Contamport an international agreement.
ination by clouds reduces the discernible fossil signatures. Monitoring fossil fuel emissions from atmospheric €O
Nevertheless, our simulations show that atmospheric fossibbservations represents a challenge different from attempts
Xco, can be tied to its source region and that changes in theéo infer natural carbon fluxes. Knowledge of the distribution
regional Xco, contrasts scale linearly with emissions. We and strength of terrestrial and oceanic fluxes ob@Qleter-
test the GCM results againsico, data from the GOSAT mined, at least in part, by assimilating observations of atmo-
satellite. RegionaKco, contrasts in GOSAT data generally spheric CQ (e.g.,Gurney et al.2002, Peters et a]2007). In
scale with the predictions from the GCM, but the comparisonthese studies, fossil fuel emissions are assumed to be known
is limited by the moderate precision of and relatively few ob- at either annual mean or monthly timescales, and only natural
servations from the satellite. We discuss how this approacltiluxes are optimized based on atmospheric observations. As-
may be useful as a policy tool to verify national fossil emis- suming perfect knowledge of fossil emissions alleviates the
sions, as it provides an independent, observational constraintechnical challenge of inferring the net carbon fluxes to the
ocean and land (which represent only a small residual of the
gross exchange), but introduces bias into the optimized ter-
restrial and ocean fluxes. For instan€arbin et al.(2010
1 Introduction show that the surface GQmixing ratio can differ by up to

6 ppm in a chemical transport model when fossil fuel emis-
The atmospheric mixing ratio of GOhas increased from  gsjons are distributed using a coarse grid according to popula-

a preindustrial value of 280 ppm to over 390 ppm in 2011.tjon versus a high-resolution inventory, with implications for
This increase is due to anthropogenic activity: in 2008, version results.

8.7+ 0.5Pg C were emitted due to fossil fuel combustion,
and 1.2+ 0.2 Pg C were released to the atmosphere from land
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Recently, progress has been made in bottom-up moni- i \ \ \ 2
toring for fossil fuel CQ emission attribution from point : o RN
sources such as power plants (eBpyensmann et gl2010 60°N -
andVelazco et al.2011) and from urban areas (e.gurn-
bull et al, 2011 and Newman et al. 2012. Results from
Los Angeles suggest that fossil fuel enhancements over ¢ 0° [
megacity are large enough (around 3 ppm) to be observecsos -
in the total column (the vertically integrated mass of £LO : - . : :
in the atmosphere above a given location) via satellite ob- 180°w 120°w 60°W  0°  60°E 120°E 180°W
servations \Wunch et al. 2009 Newman et al.2012 Kort
et al, 2012. Total column CQ (denotedXco,) is currently
measured by satellites such as SCIAMACHY (eBuch-
witz et al, 2005 and Schneising et al.2011) and GOSAT
(Yokota et al, 2004, and will be measured by the upcoming
OCO-2 satellite. Analysis of SCIAMACHY data has shown

that regional XCQ@ enhancements over industrial regions are .« describe the ACOS-GOSAT (Atmospheric £Obser-

detectible from space and are of ordeL.5ppm over the 4iions from Space-Greenhouse Gases Observing Satellite)
Rhine-Main region of GermanySghneising et al.2008. . n Sect. 4, we discuss the simulated regional contrasts

Ground-based measurementsX@o, are obtained by Spec- 5y fossil fuel emissions and the potential complications

trometers in the Total Carbon Column Observing Network {hat may hinder observation of contrasts from space. We also
(TCCON) Wunch et al, 201]). Observations over megaci- 5rasent results using ACOS-GOSAT data in Sect. 4. Finally,

ties, urban areas, and large power plants are likely to shovsect 5 contains discussion relating to a strategy for observ-
large enhancements in G@nd provide improved process- ing fossil Xco, from space.

level constraints on emissions from various sources and sec-
tors Ouren and Miller 2012. However, they do not com-
pletely bridge the gap between bottom-up inventories and the  Model

top-down observational constraints on the spatial scale nec-

essary for complete verification of national level emissions.We simulateXco, fields with an atmospheric general circu-
In this paper, we therefore attempt to explore the signature ofation model (GCM), using carbon fluxes as boundary condi-
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Fig. 1. Zonal meanXcp, fossil anomaly. FossiXco, fields from
the AM2 GCM are averaged for one year and detrended by the zonal
mean to more clearly show the influence of source regions on global

XCOZ-

fossil fuel emissions on regional scales. tions. We use the AM2 GCM developed at the NOAA Geo-
We use a general circulation model (GCM) with imposed physical Fluid Dynamics LaboratonAfderson et a] 2004,
surface fluxes to explore the sensitivity &k, to fossil run at 2 latitudex 2.5 longitude resolution with 25 vertical

emissions in a framework in which we can easily adjustlevels. We separately track atmospheXi€o, fossil, XC0,.bios
fluxes or modulate assumptions about vertical mixing ratesand Xco,,ocn OWing to fossil fuel emissions (Fidl), land
Our goal is to investigate the potential for using total column biosphere exchange, and oceanic exchange, respectively, in
CO; observations from satellites to verify trends in fossil AM2.
fuel emissions rather than to account for the absolute mag- Fossil emissions are based on monthly mean emissions for
nitude of emissions. We illustrate a data-driven approach irthe year 2007 Andres et al.2011), when net global emis-
which aggregated co, fields are differenced over emission sions were 8.1 Pg Cyt. Since then, Chinese emissions have
and upwind regions to determine fossil fuel £@missions. increased by at least 25 %, but the growth in emissions from
The value of this approach lies in its simplicity. Because fos-other developed nations slowed from 2008—-2009 during the
sil emissions are spatially concentrated, the atmosphere reglobal recessionBoden et al. 2012 Friedlingstein 2010.
tains a fossil signature that can be used to constrain fluxeIhe fossil emissions are determined from a proportional-
from observations. Regional differencing of fossil fuel £0 proxy method, in which self-reported fuel consumption data
may be complementary to observations of more localizedare compiled for countries, where available, on monthly
fossil fuel CQ sources. Detecting large-scale, zonally asym-timescales. Countries that lack data at monthly resolution are
metric patterns inXco, could also be beneficial for deter- paired with a proxy country based on similarities in climate
mining compliance in areas where treaty commitments takeand economics, and self-reported annual emissions are dis-
account of reduced deforestation or improved soil managetributed at monthly time steps based on patterns in the proxy
ment.Schneising et al2011) made use of the zonal asym- country Gregg and Andre2008. The geographic distribu-
metry in SCIAMACHY XCGQ; to estimate the relative contri- tion of fluxes is determined from energy and electricity con-
butions of North America and Eurasia to boreal Qftake.  sumption, where available; otherwise emissions are gridded
In this paper, we present results from simulated and ob-based on populatiorMarland and Rotty1984).
servedXco, fields. In Sect. 2, we describe the model used to  In addition to fossil fluxes, we include biospheric and
simulateXco, fields from surface flux estimates. In Sect. 3, oceanic fluxes in AM2. Biosphere—atmosphere exchange in
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Table 1. Source regions for fossil fuel COThe integrated emis- i
sions for 2007 are fromndres et al(2011) and are used for AM2 N

simulations. 50°N €

— - - — 40°N 0
Emission Latitude Longitude 2007 emissions 5]

. 1 30°N 05>
Region [PgCyr-] N S _ - :

ON"Hrw 1000w 80w 60°w 60°W a

Europe 32-65N 20°W-28 E 1.2
India 7-33N 6888 E 0.4 Fig. 2. (a) May and(b) November dynamically adaptive regions
China 20-48N 100-135E 21 over eastern North America. The eastern and western edges of the
W.N.Am 30-55N 110-128W 0.3 emission and upwind regions are determined based on contrasts in
E.N.Am 25-58N 60-110 W 14 simulatedX co,, while the north and south boundaries follow isen-
Australia  20-48S  110-158E 0.1 tropes.

the AM2 simulations is based on monthly CASA fluxes tices then define the northern and southern boundaries of
(Randerson et a11997). The monthly exchange is derived the emission and upwind regions. The east-west boundaries
from a climatological mean and is approximately zero atare informed by the zonal anomaly Xico, fossil in AM2
each grid box across the annual cycle. The monthly ex-2nd are fixed on an annual basis. Although the geographic
change is distributed across each month at three-hourly tim&oundaries of the regions change each month, this approach
steps based on the year 2000 meteorold@lgén and Ran-  Provides a semi-Lagrangian averaging framework. For India,
derson 20049 We have increased CASA net ecosystem ex-Where wind direction reverses Seasona”y with the monsoon
change by 40 % integrated across the boreal region from 40and where temperature gradients are small, we cannat use
to 70° because TCCON data and CarbonTracker reanalysit0 define a dynamical region and instead use geographically
fluxes suggest that CASA underestimates summer drawdowfixed coordinates.
(Keppel-Aleks et al.2012. Ocean surface fluxes are pre-
scribed as monthly-mean fluxes derived from surface ocean
pCO, data Takahashi et al2009. These ocean fluxes rep- 3 Data
resent an annual and global mean sink of atmospherig CO
of 1.4PgCyrl. We analyze ACOS-GOSAKX co, data retrieved from spectra
We investigate the influence of six source regions onobtained between April 2009 and March 2011. GOSAT is a
Xco,,fossil (Table 1) by tagging their fossil fuel C@emis-  carbon-observing satellite developed jointly by the Japanese
sions in AM2. We quantify the resulting difference in Ministry of the Environment, the National Institute for En-
Xco,.fossil and X co, hio OVEr aggregated regions, as regional vironmental Studies, and the Japan Aerospace Exploration
differences inXco,,0cn are quite small. For each study re- Agency. GOSAT samples the same location every three days
gion, we calculate th&co, contrast as the difference be- and has a nadir footprint of 10.5km diameter (86.6km
tween a region that is directly affected by emissions and ararea). Details about the retrieval method are provided by
“upwind” region. O'Dell et al. (2012. We primarily present results using
Rather than use geographically defined regions to averagaCOS-GOSAT v 2.9 retrievals, although we have also an-
the data, we define the north—south boundaries based on palyzed preliminary ACOS-GOSAT v 2.10 retrievals to test
tential temperature]. In simulations with zonally uniform the sensitivity of our results to the retrieval. Because only
surface fluxesXco, is tightly correlated with potential tem- data obtained over the land have been validated to date, we
perature¢ (Keppel-Aleks et al(20113), their Fig. 12). There- test our predictions regarding regional contrasts over China
fore, in absence of zonal asymmetry in fluxes, isentropicand the eastern United States, where the corresponding up-
regions would yield contrasts of zero, while flux asymme- wind regions are over land. We also analyze contrasts for
tries introduced by fossil and biospheric fluxes would yield regions where we expect minimal contribution from fossil
observable regional contrasts. In AM2 simulations, the seaemissions, including Australia and the upwind-of-China re-
sonal cycle in the biospheric contrast between source and umgion, for which we average ACOS-GOSAlco, from a re-
wind regions is reduced by up to 1 ppm when using averaggion further upwind to calculate a regional ACOS-GOSAT
ing regions defined by potential temperature rather than fixed{co, contrast. We filter the data and apply appropriate bias
geographic coordinates, while the magnitude of the simu-corrections as detailed MWunch et al(2011h. We also av-
lated fossil contrast is not affected. To implement dynam-erage ACOS-GOSAT data obtained in target mode to deter-
ically defined regions, we fix the coordinates at the north-mine “unique” data points and not over-weight observations
east and southeast edge of the emission region and calculateer targeted regions.
the monthly mea® at 700 hPa at these coordinates (2. We define dynamically adaptive regions for averaging the
The potential temperature contours that intersect these velACOS-GOSAT data using the same method as for AM2. The

www.atmos-chem-phys.net/13/4349/2013/ Atmos. Chem. Phys., 13, 431857, 2013



4352

G. Keppel-Aleks et al.: Fossil fuel constraints fronXco,

Table 2. Xco, fossil contrast [ppm] calculated for six paired source—upwind regions (columns) during October-November resulting from
emissions from tagged source regions (rows) and from global emissions. We use dynamically adaptive emission and upwind regions to
calculate the contrasts, except for India where we defined stationary averaging boxes. Each source—upwind regional contrast is dominated b

its own emissions.

Fossil Source

Contrast between emission and upwind region [ppm]

\ Europe India China W.N.Am. E.N.Am. Australia
Europe 0.30 -0.01 -0.03 —-0.01 —0.03 —-0.03
India 0.00 0.14 0.00 0.01 —-0.01 —-0.01
China 0.08 0.00 0.58 0.01 0.07 0.01
W. N. Am —0.02 0.01 -0.04 -0.07 —-0.01 —0.00
E.N. Am 0.01 -0.00 0.01 —0.02 0.24 —0.00
Australia 0.00  0.00 —0.02 0.01 —0.00 0.01
Global \ 0.26 0.08 0.76 —0.04 0.25 —-0.35
392 2009-2011 to improve the statistics, assuming no interan-
56°N nual variability, a reasonable assumption for fossil fuel emis-
388 sions between 2009 and 20oden et al.2012). Although
48°N = ground-based observationsX¢o, show substantial interan-
2 nual variability due to biospheric fluxes, we do not attempt
384 . e s .
40°N 3 to account for the variability itX co,,bio in the present study.
To compare with AM2, we have increased the simulated Chi-
32N 380 neseXco, contrast by 25 % of the tagged Chine€e€o, fossil
>N contrast to account for the increased emissions compared to
‘ ‘ 2007 Boden et al.2012.
120°wW 105°W 90°W 75°W 60°W 376 B l a
. ; ‘ ‘ ‘ 392
48°N [
42N 2 3ss§ 4 Results
36| 384 4.1 Simulations
30°N 380
24°Nf'*’\q ~ 0 The signal inXco, from fossil fuel emissions is small. The
r\ ‘ ‘ ‘ 376 .
72%E 00°F 108°E 126°E 144%E enhancement in annual meaito, fossil at 2 by 2.5 reso-

Fig. 3.October 2009-2010 GOSAY o, data for two major source
regions:(a) eastern North America ar{d) China. Circles represent
data in the emission region, and squares represent data in the u

wind region. The monthly mean potential temperature contours tha
define the northern and southern boundaries are also plotted, but

lution is at most 1.5 ppm above the zonal mean for any grid

cell (Fig. 1). As expected, the largest anomalies are over re-
ions with large fossil fuel emissions (e.g., the eastern United

%tates, Europe, and China).

The regionalX co, fossil CONtrasts scale with emissions for

individual data can lie outside these contours due to synoptic variiNe Six source regions (Tab®. For regions with the largest

ability. Although individual retrievals are quite variable, there is a

emissions (eastern US, Europe, and China), fossil fuel emis-

0.6+ 0.2 ppm contrast between the source and upwind region oveBions impart a potentially detectable regional contrast of 0.2—

eastern North America and a 0.4 ppm contrast over China dur-
ing Northern Hemisphere autumn (Tal3e

0.8 ppm, while regions with smaller total emissions have
a significantly smaller regionatco, fossil cOntrast. The re-
gional contrasts are smaller than those expected over loca-
tions with concentrated emissions, such as megacities, which

eastern and western boundaries for the emission and upwinshow enhancements of3 ppm (Kort et al., 2012). Local fos-

regions are the same as for AM2, and we use NCEP re
analysis potential temperatun€glnay et al, 1996 to deter-
mine the north and south boundaries (FHp.To estimate the

sil emissions account for a large fraction of theo, fossil
contrast in the simulations (Taki&. The contributions to the
Xco,.fossil cONtrasts from foreign source regions are close to

potential sampling bias in the ACOS-GOSAT contrasts, wezero, meaning that the contrasts primarily reflect local emis-
compare the observations against AM2 sampled using tweions, although the Chin&co, fossil COntrast is augmented

different approaches: at all grid boxes within the dynamically

by emissions from elsewhere in Asia.

defined emission and upwind regions, and only at grid boxes On a seasonal basis, the regional contrast¥de, ow-
containing ACOS-GOSAT retrievals. We average data froming to fossil fuel emissions are partially obscured even in

Atmos. Chem. Phys., 13, 43494357, 2013

www.atmos-chem-phys.net/13/4349/2013/



G. Keppel-Aleks et al.: Fossil fuel constraints fromXco, 4353

180°W_120°W _ 60°W O 60°E  120°E 180°W
1} Europe China g z
' 60°N 25
]
0 o 30°N
= ¢ i
o ) -
o 3 30° é
o 15 3
0 x
o
-+
£ 1) W.NAm E. N.AM. .
© [T R T e
S [l ok “ann ON
X 0 siesa T Bdns -
30°
. i i
-1 Eci)gsﬂ 180°W 120°W 60°W  0°  60°E 120°%E 180°W
) FMAM] | ASOND J FMAM) ] ASOND Fig. 5. Simulated seasonal variability iico,. (@) RMS variabil-

ity for January—February an{d) July—August. Synoptic scale RMS
Fig. 4. Simulated regional contrast iXco, pbip (red) and  variability is maximized in the Northern Hemisphere during the
Xco,.fossil (black) for four source regions. The contrast in growing season, when large-scale gradients are maximal.
Xco,,fossil between emission and upwind regions generally scales
with emissions (Tabld) and is less seasonal than the biospheric

contrast. . .
As expected for a passive tracer like &@he constructed

contrasts scale linearly with emissions. TKi€o,,fossil CON-
the largest source regions by seasonally varying biospheritrasts for the six study regions increase by a factor of
fluxes (Fig.4). We do not show the contribution from ocean 2.00+0.05 when we simulat& co, fossil fields with dou-
fluxes in AM2 since they cause only small (well under bled global emissions. To further verify linearity, we sim-
0.1 ppm) spatial variations in the column. Although the re- ulated Xco, fossil With doubled Chinese emissions. The re-
gional biospheric contrast is minimized by the use of thesulting contrasts were equal to the sum of the contrasts from
semi-Lagrangian averaging regions, growing season conbase global emissions plus the contrasts from tagged Chinese
trasts are of the order of 1 ppm for Europe and China, sugemissions.
gesting that the fossil fuel signal may be more clear in satel- The residence time of fossil GQvithin the defined emis-
lite data acquired outside the growing season. sion region affects the expected contrast. To test the sensitiv-

Seasonal patterns iKco, variability on synoptic scales ity of the contrast to the residence time, we run the AM2 with

also impact the detectability of contrasts in the fossil com-fossil fluxes emitted in the free troposphere (8580 hPa)
ponent of Xco,. Biospheric fluxes primarily determine the rather than at the surface, which is likely an overestimate of
large-scale gradient ifco,, and advection of those gradi- the potential error in the simulated regional signal if verti-
ents is the dominant source of temporal variationX b, cal mixing rates are underestimated. The mean contrasts de-
(Keppel-Aleks et al.2011). While these variations provide crease by 38-10% due to faster transport times of €0
a useful tool to infer the large-scale gradientigo, when  away from the emission region. The residence time for fossil
measured at a single site on a continuous basis (such as froemissions varies from region to region, so we do not seek to
ground-based TCCON observatories), they complicate theelate the observed contrasts directly to emissions, but rather
interpretation of most satellite data, where observations ar¢o the change in emissions over time, assuming that mean
made at low temporal resolution. Synoptic variability in£0O transport times remain stable on decadal timescales.
is relatively small when large-scale gradients are small, but The regional contrasts described above are computed from
during the Northern Hemisphere growing season, synopti@ll grid boxes in the dynamically defined regions regard-
activity induces RMS variability of the order of 3 ppm in the less of cloud cover; in reality, remote sensing observations
Northern Hemisphere midlatitudes focused along the stormdf Xco, fossil are obtained only under clear-sky conditions,
tracks, coincident with the regions in which substantial fossilwhich may induce a bias in the regional contrasts. In AM2,
fluxes occur (Figha and b). That the variations are smaller the calculated regional fossil contrasts generally decrease
outside the growing season again suggests that the signaglative to the all-sky value when grid boxes with frac-
from fossil fluxes should be easier to diagnose in winter andtional cloud cover above a threshold value are excluded from
autumn. the regional averages (Fi®). The sensitivity varies sub-

stantially by region: for instance, the regional contrast over

www.atmos-chem-phys.net/13/4349/2013/ Atmos. Chem. Phys., 13, 431857, 2013
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Table 3. Xco, contrast [ppm] for ACOS GOSAT data and AM2 simulations. The AM2 partial contrast is sampled coincidently with GOSAT

data. AM2 full contrasts average all model grid boxes within the dynamically defined regions for all days within the season. The number
in parentheses indicates the regional contrast owing only to fossil fuel emissions. Error estimates represent the standard error of the mean
GOSAT data are averaged for two years across four seasons: winter (January—February), spring (April-May), summer (July—August), and

fall (October—November), with the number of points in the ACOS emission and upwind region listed seasonally.

Season China China upwind E. N. Am. Australia
GOSAT contrast 1204 0.1+ 0.6 0.0+£0.4 0.4£0.3
AM2 partial 0.9(0.4%+0.1 -0.5(-05)+0.1 0.2(0.3+0.1 0.4 (0.040.2
Winter  AM2 full 1.4(1.1)+£0.2 —-0.7(-0.4)£0.3 0.4 (0.4%#0.2 0.0(0.1)+0.1
N 120 107 135 62
Nupwind 107 31 153 10
GOSAT contrast 18604 -1.2+04 0.4+0.2 —0.6+0.3
AM2 partial 1.7(0.6+01 -1.0(-0.3)£0.1 0.3(0.2x0.1 —0.1(0.0)£0.1
Spring  AM2 full 0.7(0.4)£03 -0.2(-0.1)£0.2 0.3(0.3x£0.2 0.2(0.01-0.1
N 53 82 125 70
Nypwind 82 71 105 33
GOSAT contrast —0.6+0.4 —1.3+0.5 0.5£0.5 —0.5+0.
AM2 partial -0.3(0.3)£0.2 -13(-0.1)£0.2 05(0.5+0.2 -05(-0.3)£0.1
Summer AM2 full 1.2(0.9)+04 -05(-0.1)£0.2 1.1(0.8%0.5 0.0(0.0x-0.1
N 64 71 65 107
Nupwind 71 41 104 110
GOSAT contrast 1904 0.2£0.3 0.6£0.2 0.0t0.
AM2 partial 1.1(0.9+0.1 -0.2(-0.3)£0.1 0.6(0.3x0.1 0.0¢0.3)£0.1
Fall AM2 full 15(1.0)£0.3 0.1(0.00.1 0.3(0.44+0.1 -0.1(-0.1)+0.1
N 98 203 178 65
Nypwind 203 172 198 35

Fraction of all-sky X, Contrast

s i
/ & -9 —&— - Europe
! A China
0.6¢ —o— WNA
- 8 —ENA
0.5 - - -
20 40 60 80 100

Maximum cloud cover [%]

Fig. 6. Relative change in the simulateXico, contrast for four

China and western North America decreases by less than
10 % when the cloud threshold is 50 %. In contrast, eastern
North America and European regional fossil contrasts de-
crease by 20% and 30 % with a 50 % cloud threshold. The
cloud bias in AM2 simulations results from clouds prefer-
entially obscuring AM2 grid boxes whosEco, fossil CON-
centrations are higher than the regional average. AM2 does
not include aerosols, which, at high optical depth, would
limit satellite retrievals similarly to clouds. Since G¢dssil

and aerosol share anthropogenic sources, Kigh, fossil and

high aerosol optical depth may be spatially correlated, which
could lead to further bias in the regional contrasts. We rec-
ommend that the bias from cloud cover be investigated in
a transport model that includes both anthropogenic aerosols
and interactions between meteorology and biospheric fluxes.

4.2 Comparison with ACOS-GOSAT data

The regional contrasts in ACOS-GOSAT data are of the mag-
nitude we expect based on the AM2 simulations and gen-
erally scale with fossil fuel emissions for the major emis-
sion regions (China and the eastern United States, Rble

source regions when data are excluded due to cloud cover in thgpg comparison reveals two initial complications. First, the
model grid cell exceeding a threshold value. '

Atmos. Chem. Phys., 13, 43494357, 2013

sampling bias for AM2 is large (up to 1ppm) between a
GOSAT-like sampling and a spatially and temporally com-
plete sampling (e.qg., the spring contrast over China). Second,

www.atmos-chem-phys.net/13/4349/2013/
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the upwind-of-China and Australia regions, which were cho- AM2 simulations, even though the contrasts did not quantita-
sen to test the agreement between AM2 and observationvely agree with the simulations year-round. At least some of
where fossil emissions are small, show significant regionalthe difference comes from sampling bias: regional contrasts
contrasts likely owing to biospheric patterns. As expectedare different in the model when we sample only at locations
based on the simulations, these biases are minimized dumith ACOS-GOSAT retrievals versus when we sample every-
ing Northern Hemisphere winter (January—February) and auwhere within the dynamical boundaries. The remaining dis-
tumn (October—November) when biospheric fluxes are moreagreement could be due to differences in the fossil fluxes un-
quiescent and zonal flux anomalies are dominated by the fosderlying the model and actual emissions, due to differences
sil fuel component. in biospheric fluxes, or due to bias in the observations due
In winter and autumn, the comparison between ACOS-to cloud or aerosol contamination. The emissions underlying
GOSAT observations and AM2 agrees well for the easternAM2 in our experiments are based on CDIAC flux estimates,
United States when we sample AM2 only where we havewhich Guan et al(2012 estimate are 10 % below Chinese
ACOS-GOSAT observations. For China, the comparison beemissions estimated from province-level statistics and that
tween observations and simulations is more favorable wherZhao et al(2012 estimate are 10 % below emissions deter-
AM2 is sampled everywhere within the emission and up-mined from a bottom-up Monte Carlo model. The simula-
wind regions. Still, the observed ACOS-GOSAT enhance-tions also show that regional biospheric enhancements will
ment over the Chinese emission region is larger than that prepotentially obscure fossil fuel signatures, consistent with ob-
dicted by AM2, even with a 25 % increase added to the simu-servations of C@ made in China and Korea that show up to
latedX co, fossil cONtrast. This discrepancy could be tied to is- 50 % of the boundary layer enhancement in polluted regions
sues with either the ACOS-GOSAT observations or the sim-is owed to biospheric emissionsurnbull et al, 20118H.
ulations. An aerosol-inducef{co, bias may have inflated Although the initial comparison presented here between
the observed contrast, or an underestimate in CDIAC Chi-simulations and observations demonstrates that estimating
nese fossil fuel emissions (e.@hao et al.2012andGuan  fossil fuel emissions from space will be difficult, our results
et al, 2012 or CASA NEE may have resulted in a biased provide direction for making{co, a more useful observa-
simulated contrast. The regional contrast observed over th&on for validating fossil fuel emissions. Both the sampling
source and upwind regions of China is similar for all three bias in AM2 (Table3) and the cloud bias (Fig. 6) point to-
seasons outside the Northern Hemisphere growing season.\ard footprint size as a key design factor in the utility of
is worth noting that only a small dataset that passed all thesatellite observations for fossil fuel emissions monitoring at
appropriate quality flags was used to calculate the regionapolicy-relevant accuracy. OCO-2 or CarbonSat, whose foot-
contrasts and their standard errors (Ta)le prints are 40 and 20 times smaller than that of GOSAT, may
We tested the effect of the retrieval by computing the be an easier dataset from which to diagnose fossil emission
seasonal contrasts using non-bias-corrected ACOS-GOSATrends as the likelihood of cloud-free scenes will be greater
v 2.9 retrievals and found that the observed contrasts changeahd the spatial coverage will therefore be more complete.
by +0.2-0.5ppm, with no consistent sign difference. We Geostationary observations may also reduce the cloud bias
also calculated regional contrasts using preliminary ACOS-by providing multiple retrievals of a given scene each day
GOSAT v 2.10 retrievals with more restrictive quality flags (Duren and Miller 2012).
compared to v 2.9, reducing the number of retrievals used Our results show that the regional contrasts estimated from
to compute the regional averages. The calculated contrastsias-corrected ACOS-GOSAT data agree better with predic-
agreed with those presented in TaBl® within the standard tions from AM2, which underscore the importance of care-
errors; however the error bars were much larger due to théul characterization of satellite retrievals and of an accu-
reduced number of data. rate bias correction. We note optimistically that retrievals
from GOSAT will likely improve as the retrieval algorithm
is further developed and potential sources of bias are bet-
5 Conclusions ter characterized. The launch of OCO-2 and other satellites
will provide more, and potentially better, datasets with which
Our analysis with simulated co, fields suggests that fossil to work. For example, OCO-2 requires single-sounding pre-
CO, emissions leave discernible signatures on globed, cision of 1 ppm Miller et al., 2007 Wunch et al, 20118,
fields, although these signatures are small and their detectioglightly better than the single-sounding precision of 1.0—
is complicated by variation in natural atmospheric.Chhe 1.5 ppm for ACOS-GOSAT dataX(Dell et al,, 2012. Ad-
simulations show that the fossil signatures respond linearly taitionally, the upcoming CarbonSat will provide coincident
changes in fossil emissions. Therefore, changes in observeahethane retrievals that may elucidate the processes con-
Xco, contrasts could be used to monitor changes in fossiltributing to regional variations in o, (Bovensmann et gl.
emissions. 2010.
Two year seasonal averages of regional contrasts in the The method described here is certainly not the most pre-
ACOS-GOSAT data scale with our expectations based ortise method to infer emissions rates frafgo, observations.
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Technigues such as data assimilation or flux inversions
should provide more precise flux estimates and will be nec-
essary to account for interannual variability in natural,CO

fluxes, which we have ignored in this analysis. Moreover,

analysis of how concomitant changes in land fluxes and~°rpin. K. D., Denning,
ocean fluxes will accompany decadal-scale increases in fos-
sil fuel emissions is necessary as coherent regional changes
may obscure detection of fossil signatures. The methodology

G. Keppel-Aleks et al.: Fossil fuel constraints fronXco,

Carbon monoxide, methane and carbon dioxide columns re-
trieved from SCIAMACHY by WFM-DOAS: year 2003 initial
data set, Atmos. Chem. Phys., 5, 3313-332#,10.5194/acp-5-
3313-20052005.

A. S., and Gurney, K. R.: The space
and time impacts on US regional atmospheric,Gf@ncentra-
tions from a high resolution fossil fuel G@missions inventory,
Tellus B, 62, 506-511¢0i:10.1111/j.1600-0889.2010.00480.x
2010.

presented in this paper represents one tool that can be usgg,ren R. M. and Miller, C. E.: Measuring the carbon emissions of

in conjunction with other observations at other spatial scales
to move toward national-level emissions verification.
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