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Abstract. We evaluate the GEOS-Chem atmospheric trans-2004, and over North America during 2005, reflecting an
port model (v8-02-01) of C®over 2003-2006, driven by incomplete description of terrestrial carbon dynamics. We
GEOS-4 and GEOS-5 meteorology from the NASA God- find GEOS-4 (GEOS-5) a posteriori G@oncentrations re-
dard Global Modeling and Assimilation Office, using sur- produce the observed surface trend of 1.91-2.43 pprhyr
face, aircraft and space-borne concentration measuremenfparts per million per year), depending on latitude, within
of CO,. We use an established ensemble Kalman Fil-0.15ppmyr?! (0.2 ppmyr?!) and the seasonal cycle within
ter to estimate a posteriori biospheric+biomass burning0.2 ppm (0.2 ppm) at all latitudes. We find the a posteriori
(BS+BB) and oceanic (OC) COfluxes from 22 geo- model reproduces the aircraft vertical profile measurements
graphical regions, following the TransCom-3 protocol, using of CO, over North America and Siberia generally within
boundary layer C@data from a subset of GLOBALVIEW 1.5ppm in the free and upper troposphere but can be biased
surface sites.  Global annual net BS+BB+OC O by upto4-5ppm inthe boundary layer at the start and end of
fluxes over 2004-2006 for GEOS-4 (GEOS-5) meteorol-the growing season. The model has a small negative bias in
ogy are—4.4+0.9 (—4.24+0.9), —3.9+0.9 (—4.54+0.9), the free troposphere GQrend (1.95-2.19 ppm y#) com-

and —5.2+ 0.9 (—4.940.9) PgCyrl, respectively. After pared to AIRS data which has a trend of 2.21-2.63 ppm yr
taking into account anthropogenic fossil fuel and bio-fuel during 2004—2006, consistent with surface data. Model
emissions, the global annual net £€@missions for 2004— CO, concentrations in the upper troposphere, evaluated us-
2006 are estimated to be 4H0.9 (4.2+0.9), 4.8:0.9 ing CONTRAIL (Comprehensive Observation Network for
(4.2+0.9), and 3.8:0.9 (4.14+0.9) PgCyr?, respectively. TRace gases by AlrLiner) aircraft measurements, reproduce
The estimated 3-yr total net emission for GEOS-4 (GEOS-the magnitude and phase of the seasonal cycle ofi€@8oth

5) meteorology is equal to 12.5 (12.4) PgC, agreeing withhemispheres. We generally find that the GEOS meteorol-
other recent top-down estimates (12-13 PgC). The regionabgy reproduces much of the observed tropospherig G-

a posteriori fluxes are broadly consistent in the sign andability, suggesting that these meteorological fields will help
magnitude of the TransCom-3 study for 1992-1996, butmake significant progress in understanding carbon fluxes as
we find larger net sinks over northern and southern conti-more data become available.

nents. We find large departures from our a priori over Eu-

rope during summer 2003, over temperate Eurasia during
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1 Introduction and the surface flux inventories. In Sect. 3, we describe the

ground-based, aircraft and satellite data we use to evaluate
Atmospheric transport models have played a central role irmodel CQ concentrations, and to infer the magnitude and
the interpretation of atmospheric G@oncentrations. They distribution of surface sources and sinks. In Sect. 4, we de-
have been used in the forward mode to assess whether a picribe the ensemble Kalman Filter, which is used to opti-
ori flux inventories can reproduce observed atmospherig CO mally fit surface fluxes to minimize the discrepancy between
concentration variations (e.gurney etal.2003, andinthe  observed and model ground-based data. We presentin Sect. 5
inverse mode to adjust surface g@uxes in order to mini-  the a posteriori flux estimates for the terrestrial biosphere and
mize the discrepancy between observed and model concefyiomass burning, and ocean biosphere from 2003—2006. In
trations (e.g.Gurney et al. 2002 Rodenbeck et al.2003 Sect. 6 we evaluate the model, driven by a priori and a pos-
Gurney et al.2004 Stephens et al2007). Model evaluation teriori flux estimates, using surface, aircraft and satellite data
is therefore a critical step in developing robust flux estimatesthat focus on the boundary layer, free troposphere, and upper
using the inverse model. troposphere. We conclude the paper in Sect. 7.

A substantial amount of previous work involved with as-
sessing atmospheric transport models ob®@s been coor-
dinated by an atmospheric tracer transport model intercom2 The GEOS-Chem model of atmospheric C@
parison project (TransCom, e.Gurney et al.2003andGur-
ney et al, 2004. They have in particular assessed the sen-We use the GEOS-Chem global 3-D chemistry transport
sitivity of CO; flux estimation to atmospheric transport by model (v8-02-01) to relate prescribed €@®urface fluxes
guantifying the variation from several independent transportto atmospheric C® concentrations, driven separately by
models. Up until now, the GEOS-Chem global 3-D trans- GEOS-4 Bloom et al, 2005 and GEOS-5Rienecker et a).
port model has not participated in this project, however, the2008 assimilated meteorology data from the Global Model-
model has been extensively evaluated using a wide range ofig and Assimilation Office Global Circulation Model based
ground-based, aircraft, and satellite measurements of CO at NASA Goddard Space Flight Center. The resulting model
CO, HCN, CHCN (e.g.,Li et al., 2003 Heald et al. 2004 calculations using GEOS-4 and GEOS-5 meteorology are de-
Palmer et a].2008 Li et al., 2009. noted as G4 and G5, respectively.

Previous work attempted to evaluate the GEOS-Chem Using different meteorological fields offers us an oppor-
model using the SCanning Imaging Absorption SpectroM-tunity to test the sensitivity of our results to differences in
eter for Atmospheric CHartography (SCIAMACHY) GO atmospheric transport. These 3-D meteorological data are
columns from 2003 but the results were inconclusive becausepdated every six hours, and the mixing depths and surface
there was also substantial unexplained bias in the satellitéields are updated every three hours. We use these data at a
data Palmer et a].2008. Within that study, we performed horizontal resolution of 2latitude x 2.5 longitude. GEOS-

a limited evaluation of model CfOcolumns at Park Falls, 4 (GEOS-5) meteorology has 30 (47) hybrid vertical levels
USA, and found that the model could not reproduce the magranging from the surface to the mesosphere, 20 (30) of which
nitude of the minima during the growing season, consistentare below 12km. We find significant differences between
with previous studiesYang et al, 2007). We also showed GEOS-4 and GEOS-5 meteorological fields that appear to
that the model reproduced GLOBALVIEW surface concen- be related to the use of different convection parametrisations
tration data over North America. A preliminary study us- used in the GEOS-4 and GEOS-5 analysis approaches, which
ing data from the 2003 COBudget and Rectification Air- have consequences for model £@istributions. GEOS-
borne experiment (COBRA)B@kwin et al, 2003 showed 5 uses the relaxed Arakawa-Schubéfoprthi and Suarez

that the model had a positive bias oft3.5 ppm through- 1992 convection scheme to describe wet convections, while
out the boundary layer, suggesting too weak model verticalGEOS-4 distinguishes between deep and shallow convec-
mixing; a relatively small model bias in the free tropospheretions following the schemes developed Higang and Mc-
(2—6 km) where surface flux signatures are relatively weak Farlane(1995 andHack (1994). Impacts of these two dif-
increasing to a positive bias of 2£31.8 ppm at 8-10km that ferent convection schemes on tropospheric ozone have been
was attributed to a possible error in describing stratospher@reviously reported byVu et al.(2007) using GEOS-3 (with
troposphere exchangs8lia et al.2006. relaxed Arakawa-Schubert scheme) and GEOS-4 data sets.

Here, we perform a more comprehensive evaluation of theFigurel shows, for example, differences between G4 and G5
GEOS-Chem global 3-D transport model simulation ofCO prior atmospheric C®columns in April and August, 2004,
during 2003—-2006 using surface, aircraft and satellite dataespectively. These model atmospheric C&lumns are
that span the depth of the troposphere. We are especiallgimulated using the same (1) initial distribution on 1 January
looking for unexplained biases that could compromise the2004; and (2) the a priori Csurface fluxes. However, the
ability of this model to inform the carbon cycle community differences between their monthly mean £&lumns can
on changes in the magnitude and distribution obGBurces  be as large as 1.0 ppm over tropical lands. These differences
and sinks. In Sect. 2, we describe the GEOS-Chem modedre reflected in the top-down flux estimates.
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studies show that including this additional temporal variabil-
ity can be important, but associated uncertainties are substan-
tial (Erickson et al.2008.

We use a climatological biofuel emission estimateyich
and Logan 2003, which has an annual emission of
0.75PgCyr! with 0.34PgCyr?! from the northern conti-
nents. This additional anthropogenic emission has not been
included as part of the standard prior used in TransCom ex-
periment.

Monthly biomass burning emissions are taken from the
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We use the CASA biosphere modéRdnderson et al.
1997 constrained by observed GEOS meteorology and Nor-
malized Difference Vegetation Index (NDVI) data to pre-
scribe atmospheric GOexchange with the terrestrial bio-
sphere. CASA is spun up for several hundred years using the
multi-annual mean monthly meteorology and NDVI for the
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biosphere. Specific monthly CASA fluxes are derived using
B [ ; S | monthly weather and NDVI data with variations on shorter
-1.0 -0.8 —0.6 —0.4 —0.2 0.0 0.2 0.4 0.6 08 1.0 timescales determined by 3-h G4/G5 meteorology analyses

(Olsen and Randersp@004). This produces flux distribu-
Fig. 1. Monthly mean deviation (in ppm) between the GEOS-4 tions with diurnal to interannual variability, but no long-term
(G4) and GEOS-5 (G5) a priori model G@olumns in(a) April, trend and a mean annual net flux very near zero.
and(b) August, 2004. Except the differences in the meteorological We initialise our model run on January 2002 using a previ-
fields, both model simulations were run at a horizontal resolution ofous model runRalmer et al.2006, which we integrate for-
2° x 2.5°, with the same (1) initial distribution on 1 January 2004; ward to January 2003. Due to the unavailability of GEOS-5
and (2) a priori CQ surface fluxes. meteorology data, the initial G5 GQ@istribution on January

1st 2004 is constructed from the G4 model simulation that

starts from January 2003. We include an additional initial-

We use a version of the GEOS-Chem transport modelzation to correct the model bias introduced by not account-

that accounts for C@®concentration contributions from geo- ing for the net uptake of C&from the terrestrial biosphere.
graphical regions to the total atmospheric concentration. Fig\We make this downward correction by comparing the differ-
ure 2 shows the 22 geographical regions we consider, whichence between GLOBALVIEW C@data GLOBALVIEW-
are based on the TransCom-3 (T3) studugney et al. CO2 and model concentrations over the Pacific during Jan-
2002. The CQ simulation is based on previous woiRun-  uary 2003. Differences range from 1 to 4 ppm with a median
tharalingam et a] 2005 Palmer et a].2006 2008 with up- of 3.5ppm, and we subtract this value globally, following
dates described below. We include a priori surface estimateSuntharalingam et a{2005.
for fossil fuel, biofuel, biomass burning, and surface fluxes To improve the model latitude gradient of gQwe fitted
from the ocean and terrestrial biosphere. We use a spatiahe initial atmospheric C®concentrations over the South-
pattern of annual fossil fuel emissions based on work forern Hemisphere, described by three® 3@titude bands, to
1995 Suntharalingam et aR005 Brenkert 1998, and scale  the zonal mean of the co-located GLOBALVIEW g@ea-
fluxes to 2003—2006 based on global total fossil fuel emis-surements during the first month of 2003. We acknowledge
sions, including emissions from the top 20 emitting coun- that the resulting atmospheric G@istribution, in particular
tries, from the Carbon Dioxide Information Analysis Centre its vertical structure, will still include error and consequently
(Marland et al. 2007). Resulting annual global fossil fuel will affect the estimation of surface Gdluxes. However,
emissions are 7.29, 7.67, 7.97, and 8.23 PgC for the yeara/e anticipate most of this error is absorbed in the 2003 flux
2003 to 2006, respectively. We ignore temporal variation ofestimates after fitting the model to G@bservations. This
fossil fuel emission on timescales less than a year. Others supported by the good agreement between our a posteriori
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2792 L. Feng et al.: GEOS-Chem @@ mulation

90°N

60°N
2 [tnl':enr:::elaric f‘ i -y rasia‘emperi:e
30°N -
h)East Pacif Fen ] : OIS 3) Vst Pacific
0° [ FIIQRICS. .. d. e v b e ey _Tm;_:\cs
.. e
o ' T
(T3) South Paci i
30°S Temperate. | pEr
60°S
90°s
180° 120°wW 60°W 0° 60°E 120°E 180°

Fig. 2. The geographical locations of 22 regions, based on the TransCom-3 &udyef et al.2004, where we estimate C{fluxes. The
symbols denote the 277 GLOBALVIEW observation time series available during 2003—2006. The white circles are boundary layer stations
with relative weights larger than 6.0 in 2005, and red triangles are mid-latitude statiGri$<{80°> N) with relative weights larger than 4.0.

flux estimates and results from other long-term inversion ex-grid boxes we sample the model at the nearest windward
periments, and independent atmospheric, @Bservations.  ocean grid boxes, as suggested by the TransCom 3 protocol
We conclude that using a longer spin-up time to determing(Gurney et al.2003.

the initial distributions would not significantly alter the ma-

jor conclusions of this paper. 3.2 Aircraft data

To help evaluate the model vertical distribution of £0
3 Data used to infer CO flux estimates and to evaluate  throughout the troposphere we use aircraft data from the
GEOS-Chem Comprehensive Observation Network for TRace gases by
AlrLiner (CONTRAIL, Matsueda et 8l.2002; Intercon-
We use independent data to estimate surface fluxes and tinental Chemical Transport Experiment North America
evaluate resulting model atmospheric £&ncentrations. (INTEX-NA, Singh et al. 20069; the COBRA campaign
(Bakwin et al, 2003; and Airborne Extensive Regional Ob-
3.1 GLOBALVIEW CO ; data servations in Siberia (YAK-AEROSIBParis et al. 200§
2010. Tablel provides a summary of these campaigns; for
We use the GLOBALVIEW smoothed GQlata set to infer  the sake of brevity, we refer the reader to the dedicated cam-
surface CQ flux estimates. This is a data product, repre- paign literature, as cited above, for further details of each

senting a (smooth) statistical fit to over 200 time series fromgataset. We sample the model at the appropriate time and
a global ground-based flask and continuous observation neigcation of each observation.

work. The smoothed values are extracted from a curve fit-
ted to measurements that are thought to represent large welg.3  Atmospheric infrared sounder satellite data
mixed air parcels. GLOBALVIEW also provides extended
dataset with 48 pseudo-weekly synchronous®alues per  The Atmospheric Infrared Sounder (AIRS), aboard the
year from an extrapolation procedure used to fill gaps inNASA Aqua satellite, was launched into a sun-synchronous
the observation record at individual sitédgsarie and Tans  near-polar orbit in 2002. AIRS measures atmospheric ther-
1995. mal infrared radiation between 3.74 um and 15.4 um using
Figure2 shows the geographical distributions of the avail- 2378 channels. Cfcolumns are retrieved from selected
able 277 observation time series during the time periodCO, channels in the 15 um band using the Vanishing Par-
2003-2006. Nearly one-third of available stations are lo-tial Derivatives (VPD) algorithm, which does not rely on
cated around North America and Europe, with little cover- a priori information Chahine et a).2009. These thermal
age over the tropics. We sample the model at the nearedR channels are most sensitive to £t 450 hPa, with full-
grid box to the station location and average the data over 48vidth half peak spanning 200—700 hPa. The horizontal reso-
pseudo weeks. For stations that straddle ocean/land moddition of the AIRS CQ data is 90« 90 kn?. Previous work

Atmos. Chem. Phys., 11, 2782803 2011 www.atmos-chem-phys.net/11/2789/2011/
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Table 1. Summary of the geographical region, time, and altitudes covered by the CONTRAIL, COBRA, INTEX-NA, and YAK-AEROSIB
aircraft CQ concentration measurements.

Name Region Period Altitude [km]

CONTRAIL Western Pacific 1993—present 8-13
(140°-149 E, 3C° S-33 N)

COBRA (2004)  Eastern North America May—-August 2004 0-11
(65°-106 W, 40°-5C N)

INTEX-NA North America July—August 2004 0-12
(36° W=132 W, 27° N-53° N)

YAK-AEROSIB Siberia 11-14 April 2006; 7-10 September 2006 0-7

(80°—130° E, 55—63° N)

has shown the retrieved mid-tropospheric AIRS@ata are  regions, the spatial distribution is informed by the annual-
within 2 ppm of aircraft measurements at 8—-13 Kbhhghine  mean net primary production from the CASA modéluf-

et al, 2008. The AIRS CQ global trend, determined by a ney et al, 2003 2008. We use an Ensemble Kalman Filter
linear least-squares fit to monthly means described using 2(EnKF) (Feng et al.2009 to estimate coefficients),, which
latitude bins over 60S—60 N from January 2003 to Decem- we assume have initial values of zero.

ber 2008, is 2.02 0.08 ppmyr L.

We use the gridded monthly mean level-3 AIRS{fPod-
uct. For each gridded AIRS measurement, we sample th
model at the neares? X 2.5° grid box, convolve the result-

The state vectox are monthly values ofi, for each T3
region (Fig.2). We evaluate the resulting a posteriori surface
dluxes,S. For the purpose of this calculation we assume per-
fect knowledge of FF and BF, and report BS + BB and OC

ing vertical profile with the AIRS vertical weighting func- flux estimates; in practice, any adjustmentiowill also re-
tions, which account for the vertical sensitivity of the in- flect errors in FF and BF. We express our a posteriori monthly
strument and air mass at different pressures, as a functiofiux estimates as the equivalent annual flux (PgCyrfol-

of latitudes Chahine et a).2008, and calculate the monthly lowing Gurney et al(2004 2008); for clarity, we also present
mean. We acknowledge that using level-2 AIR £@od- our results as PgC/month.

ucts including reported averaging kernels is more appropriate For the EnKF, uncertainties associated wifh are rep-

for more detailed model-observation comparisons. Howeverresented by an ensemble of perturbations statésso that
level-2 data were not fully available at the time when most ofthe a priori error covariance matriR is approximated by:

our comparisons were made.

4 The ensemble Kalman Filter inverse model

We optimally fit prescribed a priori surface fluxé®(x, y, ),

via the GEOS-Chem forward model, to observed ground
based GLOBALVIEW CQ data at selected stations (denoted
by white circles and red triangles in Fig), similar to the
T3 study Gurney et al.2002. A priori surface fluxes in-
clude those from combustion of fossil (FF) and bio- (BF) fu-
els, biomass burning (BB), and the terrestrial (BS) and ocea
(OC) biospheres (Se@). The adjustment is in the following
form:

22
S0, y,0) =820, 3,0+ ) > Anlin(x,¥), (1)

m ;=1

where each monthly basis functidff,(x,y) represents a
pulsed emission of 1 PgCyt from each of the 22 individ-
ual T3 regions during monthm. For ocean regions, we as-
sumer’ (x,y) has an uniform spatial distribution. For land

www.atmos-chem-phys.net/11/2789/2011/

P=AX(AX)T. We use the full matrix representation of the
EnKF, i.e., using an ensemble of the same size of the state
vector dimension. The perturbation states are projected into
the observation space as the perturbations to the mean atmo-
spheric CQ concentrations by using the GEOS-Chem 3-D
atmospheric transport model. To reduce computational costs,

we introduce a lag window of 8 months to reduce the num-
ber of variables (and hence the size of ensemble) to estimate
at each assimilation step. The current lag window is longer
than we adopted previously for assimilating satellite mea-
r§urements, reflecting the sparse spatial coverage of ground-
based data. We find that the influence of fluxes older than
the lag window do not provide strong constraints, account-
ing for model transport error. Consequently, a much longer
lag window will not dramatically reduce the flux uncertain-
ties presented here. As a result,at each assimilation step of
one month, we need to estimate 176 values (8 moxt?3
regions) ofAl,..

Atmos. Chem. Phys., 11, 28832011
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We optimally estimate the a posteriori state vectous- —— Posterior 6)
. . — Posterior (G5)
Ing ' (a) North Continents
10 T AR T R == ‘Al <
x* =x/ +Kelyobs— H (x/)], ) g_lgw V V Vf ° %

. £-20 29
wherex/ andx“ are the a priori and a posteriori state vec- > B v e s 1538
tors; the observation vectors,ys, represents the atmospheric 2003 2008 ) Tropical comtinents - °
CO, concentrations (ppm)H (x/) are the model observa- by T T T 96 £
tions (ppm), whereH is the observation operator that de- S o §:§2§
scribes the relationship between the state vector and the ob -5 04

servations H accounts for global atmospheric @@ansport 2003 2008 ot R e 2006
and surface emission/sink during each assimilation lag win- T T T ‘
dow, and interpolation of the resulting 3-D G@elds to the
observation locations. We have ignored the feedbacks of the
perturbed C@ concentrations on atmospheric dynamics, and 2005 mos 265 2006
hence observation operat8ris a linear function of the state
vectors (i.e., the coefficientg,, for the regional flux adjust-  Fig. 3. Monthly mean GEOS-Chem a priori and a posteriori model
ments). COs fluxes (PgC/month) over 2003-2006, expressed also as the an-
We calculate the ensemble gain matGx (ppm 1) using:  nual flux equivalent (PgC yrt), averaged over the northern extra-
tropical continents, the tropical continents, and the southern extra-
Ke=AX/(AY)T[AY(AY)T +R] Y, (3)  tropical continents. The black line denotes the a priori estimates,
. . . . with its uncertainty denoted by the vertical lines. The red line de-
Whgre R is the Observc’}tlon error covariance, an_d/ IS notes the posteriori flux estimates after the GEOS-Chem model,
defined asAY = H(AX/). To calculateAY, we inftro-  yiuen by GEOS-4 (G4) meteorology, has been fitted to a subset of
duce model tracers to describe the perturbation of surfaces oaLVIEW station data using an ensemble Kalman filter, with
fluxes, AX, on the variability of observed CGQOconcentra-  the grey envelope denoting the a posteriori uncertainty. The blue
tions (Palmer et al.2006 2008. line corresponds to the a posteriori flux estimates using GEOS-5
We assume an a priori uncertainfy for values ofAi over (G5) meteorological data.
land regioni to be

, 2 measurements are available at a particular site for each year
cm=05,/1.0+ (Bs'm> ; (4)  (Masarie and Tans1995. Table2 shows a list of the C®
o time series we used in our flux inversions. We estimate an
where BS,, represents the monthly BS flux (PgCyy; observation uncertainty for each GLOBALVIEW station by
adding 1.0 avoids artificially small uncertainties where the using the standard deviation of the weekly residual between
prior BS flux is weak. The resulting uncertainty for each observations and the fitted curve as provided by GLOB-
regional land surface flux is close to 50% of the a priori es-ALVIEW (Gurney et al.2004. We limit the minimum ob-
timate, similar to values used in previous studies (see for exservation uncertainties to be 0.25ppm, and also enlarge the
ample,Gurney et al.2008. We find that our a posteriori flux  uncertainties for co-located statior@urney et al.2004. To
estimates are relatively insensitivedp (not shown). We use ~ account for model transport (and representation) error, we as-
a similar approach to describe the uncertainty of ocean resume an uniform 1.0 ppm uncertainty. We assume the obser-
_ , ——\2 — vation and a priori errors are uncorrelated in time and space,
gionscy, =0.5,/0.6+ (an> » whereOG, is the monthly  regyiting in diagonal matrices féandR.
mean ocean surface fluxes. We use a smaller offset value
(0.6) for ocean fluxes, reflecting the smaller, less uncertain
seasonal variation compared to the terrestrial fluxes. 5 A posteriori continental and oceanic CQ fluxes
The observation vectogps includes data from GLOB-
ALVIEW stations, which are used to infer the monthly sur- Global annual a posteriori CO flux estimates over
face fluxes for 2003—2006. These stations, chosen based @2004-2006 for the G4 (G5) model are-4.4+0.9
the measurement availability during 2003—2006, are marked—4.2+0.9), —3.94+0.9 (-4.54+0.9), and —5.24+0.9
as white and red dots in Fi@; additional details of each (—4.94+0.9) PgCyr?, respectively. These estimated fluxes
station can be found &ttp://www.esrl.noaa.gov/ using the G4/G5 meteorology are generally similar. How-
Because changes in data availability may introduce artifi-ever, in 2005 the G5 estimated net sink is higher than the
cial noise into flux estimates, we assimilated GLOBALVIEW G4 flux by 0.6 PgC. This discrepancy is thought to be as-
surface data using relative weights (taken from the GLOB-sociated with different model vertical transport (see Big.
ALVIEW auxiliary files named with a extension of ‘wts’) Table3 compares our global net fluxes (after anthropogenic
larger than 4.0. The relative weights reflect how many realfossil and bio-fuel emissions have been included) with three

I 119000
[=I=T=I-TN} N

oORN
PgC/month
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Table 2. The list of GLOBALVIEW observation time series used to estimate regional surface fluxes during 2003—-2006.

Station Latitude Longitude Altitude [m] Station Latitude Longitude Altitude [m]
alt 01D0 82.5 —62.5 210 mhdrbd1CO 53.3 -9.9 25
alt 02D0 82.5 —62.5 210 mnml9CO 24.3 154.0 8
alt 06CO0 82.5 —62.5 210 mido1DO 28.2 —-177.4 8
alt 06D0 82.5 —62.5 210 m@ga2D0 —54.5 159.0 12
ams11CO0 —38.0 77.5 150 palmh80CO 68.0 24.1 560
asc01DO0 -7.9 —-14.4 54 pocO0M1D1 0.0 —155.0 10
ask01DO 23.2 5.4 2728 pocn0B1D1 5.0 —151.0 10
bmw.01D0 32.3 —64.9 30 pocnl®1D1 10.0 —149.0 10
brw_01D0 71.3 —156.6 11 pocnl®1D1 15.0 —145.0 10
cba01D0 55.2 -162.7 25 pocs0®1D1 -5.0 —159.0 10
cfa.02D0 -19.3 147.1 2 pocsl01D1 —10.0 —161.0 10
cga01D0 —40.7 144.7 164 pocsiBGlD1 —15.0 9.0 10
€go.02D0 —40.7 144.7 164 pocs251D1 —25.0 9.0 10
chr.01D0 17 —157.2 3 pocs3®1D1 —30.0 4.0 10
€0i_20CO0 43.1 1455 100 pg@LDO —64.9 —64.0 10
cpt36CO0 —34.4 18.5 260 rpiH1DO 13.2 -59.4 45
crz.01D0 —46.5 51.9 120 rta00®1D2 -21.2 —159.8 500
cya02D0 —66.3 110.5 51 rta0191D2 —-21.2 —159.8 1500
esp00501D2 49.6 —-126.4 500 rta02®1D2 -21.2 —159.8 2500
esp01501D2 49.6 —126.4 1500 ryol9CO 39.0 141.8 260
esp02501D2 49.6 —-126.4 2500 sey1DO —-4.7 55.2 7
gmi_01D0 13.4 144.8 6 shr@1DO 52.7 174.1 40
hat20CO0 34.0 123.8 47 sm@l1Co —14.2 —170.6 42
hba01D0 —75.6 —26.5 33 smad1D0 -14.2 —170.6 42
ice.01D0 63.3 —-20.3 127 spd1CO —-90.0 —24.8 2810
izo_.01DO 28.3 —16.5 2360 spd1D0 —90.0 —24.8 2810
iz0_27C0O 28.3 —16.5 2360 spd2D0 —90.0 —24.8 2810
jbn_29C0 —62.2 —58.8 15 stm01D0 66.0 2.0 5
key.01DO 25.7 —80.2 3 sya01DO —69.0 39.6 14
kum.01DO 195 —154.8 3 sya09CO —69.0 39.6 11
lef020.01D2 45.9 —90.3 2000 tgc01®1D2 27.7 —96.9 1500
maa02D0 —67.6 62.9 32 thd01®1D2 41.0 —124.2 1500
mhd.01D0 53.3 -9.9 25 yonl9CO 24.5 123.0 30

Table 3. A posteriori global annual net COflux estimates for
BB +BS+0OC +FF + BF (PgCy?) during 2004-2006 for GEOS-

4 (G4) and GEOS-5 (G5) meteorological fields are comparednental, and North, Tropical and South Oceans. The fourth column

Table 4. A priori and a posteriori annual COflux estimates for
BB +BS+0C (PgC,y1) from North, Tropical and South Conti-

to three long-term inversion experiments: CarbonTracker 2009is the mean fluxes taken from the TransCom-3 experim&sey
(CT2009; LSCE v1.0 Chevallier et al.2010; and JENA S99 v3.2
(Rodenbeck et al2006. An annual net emission of 2.12 PgC will
increase global atmospheric G@oncentrations by 1 ppm.

Year JENAS99v3.2 LSCEv1.0 CT2009 GEOS-4 GEOS-5
2004 3.39 3.27 3.87 4.0 4.2
2005 5.28 5.44 51 4.8 4.2
2006 3.78 3.43 4.15 3.8 4.1
Total 12.45 12.14 13.12 12.6 12.5

www.atmos-chem-phys.net/11/2789/2011/

et al, 2003 for 1992-1996. Negative values indicate a net uptakes

of CO,.
Region A priori A posteriori G4 (G5) TransCom-3
South Continents 0.65 —0.46 (-0.43) —0.20
Tropical Continents 1.26 0.80 (1.02) 1.10
North Continents 0.21 —3.00 (~3.65) —2.30
South ocean -1.10 —1.56 (-1.41) -0.80
Tropical ocean 0.69 0.76 (0.72) 0.40
North ocean —0.96 —1.05 0.77) —-1.10

Atmos. Chem. Phys., 11, 28832011
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Fig. 4. Same as Fig3, but averaged over Europe, temperate North America, Boreal Eurasia, temperate Eurasia, tropical South America,
tropical North Africa, and tropical Asia.

independent inversion experiments: CarbonTracker 200CO, emissions, or a negative (slower) model bias in bound-
(CT2009; LSCE v1.0 Chevallier et al.2010; and JENA  ary layer mixing (e.g.Stephens et gl2007).
S99 v3.2 Rodenbeck et al2006. Our results, in particular ~ There are also large discrepancies between the esti-
the 3-yr totals, are in good agreement with these previouslymated natural fluxes over northern continents determined
reported results that are determined using much higher spay different groups: our G4 estimates3.0 GtCyr1) are
tial resolutions. in good agreement with JENA S99 v3.2-2.8 PgCyr?!
Figure 3 shows a priori and a posteriori fluxes over three Rodenbeck et 812006, but much stronger than LSCE v1.0
T3 land aggregates: North continents (Boreal North Amer-(—2.07 PgC yr! Chevallier et al.2010), partially due to our
ica, Temperate North America, Europe, Boreal Eurasia, Temadditional biofuel emissions of 0.34 PgCyrfrom northern
perate Eurasia); Tropical continents (Northern Africa, Trop- continents. The G5 posteriori has much stronger sinks over
ical Asia, Tropical America); and South continents (South- northern continents than the G4 results, which are related to
ern Africa, Australia, South Americajzurney et al.2003. differences in model transport.
In general, the assimilation process reduces the uncertainties Figure4 shows the a priori and a posteriori BS + BB £0
associated with the estimated BS + BB surface fluxes ovefluxes over continental Europe, Temperate North America,
North continents, and to a lesser extent over the South contiBoreal Eurasia, and Temperate Eurasia. A posteriori esti-
nents; a posteriori uncertainties over the Tropics are similaimates based on GEOS-5 meteorological data show a larger
to the prior values. These error reductions reflect the efficacyink over northern extra-tropical continents during 2004—
of the constraints provided by GLOBALVIEW data. Result- 2006 than G4 runs. The largest discrepancies are over Tem-
ing regional G4/G5 a posteriori fluxes follow the temporal perate Eurasia, where peak G4/G5 a posterior) Gftake
changes of the prior, but have much stronger uptake duringan be more than twice the a priori value. There are also
the boreal growing seasons. shifts (up to 1 month) in the peak GQiptake periods over
Table 4 shows that our results are generally consistentthese regions. Over Europe and Temperate North America,
with previous T3 experiments for 1992-199BUfney et al. the net emission during winter months is smaller than the
2003. Our global annual G4 and G5 a posteriori esti- prior values. The stronger uptake during the growing sea-
mates are much stronger sinks over northern continents dusons and the smaller emission during the winters represent
ing 2004-2006 3.00 and—3.65 PgCyrl, respectively) a substantial departure from the annually-balanced CASA
compared to mean T3 estimates for 1992—-1996, which maynodel, and reflect possible overestimation of biospheric res-
reflect a number of factors: increased activity of the terres-piration by the CASA modelGurney et al.2004), and errors
trial biosphere, an overestimate of prescribed anthropogenii the prescribed fossil fuel emissiortsrickson et al.2008.
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Fluctuations in the a posteriori fluxes, leading to short peri- ——Posterior (GA)
ods of weak negative fluxes during winter months, are likely e
to be an artifact due to errors in source attribution from a
limited number of observations.

Figure4 compares the a priori and a posteriori BS + BB
CO, fluxes over T3 Tropical South America, Northern
Africa, and Tropical Asia. Tropical land fluxes have weaker
seasonal cycles than those characterized by the extratropics
The differences between a posteriori and a priori estimates >
(G4 and Gb5) are usually insignificant, reflecting the small Sy 200 2005 2006
number of observations available to constrain these conti- — ) St pezen
nental fluxes. For example, the CASA biosphere model and
GFEDvV2 biomass burning emission estimates predict a net
emission from Tropical America in August 2005; for that re- o3 2008
gion and month in other years there is a net sink. Without
additional data, we cannot comment on whether the mOde':ig. 5. Same as Fig3, but averaged over the northern extratropical
generates a realistic flux response to the drought conditiongceans, the tropical oceans, and the southern extratropical oceans.
over the Amazon basin during 200BKillips et al, 2009.

Figure5 shows the ocean Cluxes for the correspond-
ing period, which have been aggregated as (a) North oceag 1 \sertical distribution
(North Pacific, Northern Ocean, North Atlantic); (b) Tropical
ocean (West Pacific, East Pacific, Tropical Atlantic, Tropical

Indian); and (c) South ocean (South Pacific, South Atlantic,borne Study during May—August, 2004 over North America;
South Indian, Southern Ocean). The differences between thﬁom INTEX-NA that measured North American continen-,

a posteriori and a priori annual ocean fluxes are generally Ies§aI outflow during 2004; and from the YAK-AEROSIB cam-
o . ) aign during 2006 (Tablg). For these campaigns we sample
where a posteriori annual fluxes have a negative shift of 0. hejgmoéljell agtthe tir‘E1e ané location of eacr? n;%as\lljvremenf
(0.5)PgCyr. Large seasonal variations in the a posteri Figure6 shows that the G4 and G5 model averages are typ-
ori aggregated South ocean flux are correlated with the ob- "g ithin 2 f the COBRA CO0b i ges h yp
served changes in atmospheric £t southern high lati- Ically within = ppm ot the @observations in the

tudes. We find that the data assimilation process introducegree troposphere. V"?‘”ab'“ty of ”.‘Od?' and ot_)served bound-
extra variability to the a priori values, which may partially ary layer concentrations are similar in magnitude and larger

be caused by mis-allocation of continental £€ources/sink compared to the free tro_posphert_a. T_he model is able to re-
to oceans, due to the inability of the measurements to adeproduce the sharp Grertical gradient in the boundary layer

quately constrain ocean fluxes. We find that G4 ocean CO during June and \_July, but has a positive pias Qf Sppm in the
uptake is stronger than G5 fluxes (by 0.3 PgClyover the garly (May) growing season and a negative bias of 3.5ppm
North ocean, and also that G4 seasonal flux variations ovel! the late (August) growing season. Tablshows that G4

the southern extra-tropical oceans are generally larger thaﬁmd G5 have a similar level of Sk'l.l atreproducing the mean
G5 observed profiles over the campaign.

Table5 also shows the mean model minus measurement
statistics for INTEX-NA and YAK-AEROSIB. Generally,
the model is within 1.5 ppm of the measurements above the

We use surface, aircraft and satellite data to help evaluat@oundary layer with a standard deviation close to 3 ppm. The
the GEOS-Chem G4 and G5 models driven by a priori andbias and standard deviation is typically higher for boundary
corresponding a posteriori flux estimates. First, we use thédyer measurements. For INTEX-NA and YAK-AEROSIB
campaign-based aircraft data to help evaluate vertical profile§at@, G4 and G5 show comparable performance. On the ba-
of COy in the troposphere. Second, we use surface, aircraftSis Of thIS comparison there is n_o_conclu5|ve_eV|dence that the
and satellite data to test how well the model can reproducdnodel is suffering from a significant error in stratosphere-
the observed seasonal cycle and trend ob@®m 2003 to  troposphere exchange, as previously suggeste@aimer
2006. We acknowledge some circularity in our using a se-et al.(2008.

lection of ground-based data to infer fluxes and then to use

all stations (smoothed data) to evaluate model atmospheri6.2 Trend and seasonal variations of tropospheric CQ
concentrations resulting from the a posteriori fluxes, but this

approach still provides a gross measure of the model fit to théVe use data from GLOBALVIEW, the AIRS space-borne
surface data. sensor, and from the CONTRAIL aircraft campaign (Table

(a) North ocean
—

PgC/yr
VN O = N

. L . .
2004 2005 2006

(b) Tropical ocean

N
S
@

T ' 0.2

PgC/yr
O = N W

PgC/yr

- -
2005 2006
Date

We use aircraft data from the G@udget and Regional Air-

6 Model evaluation
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Table 5. The mean statistics of G4 (G5) model simulations minug @@asurements (ppm) for the COBRA, INTEX-NA, and YAK-

AEROSIB aircraft campaigns.

G4 COBRA (G5) G4 INTEX-NA (G5) G4 YAK-AEROSIB (G5)
Altitude (km) Mean Std Mean Std Mean Std
0-2 0.59(0.53) 6.8(7.4) 1.95(1.54) 5.7(5.7) 0.13(-0.4) 2.6(2.7)
2-8 1.06 (1.14) 2.9(2.7) 1.01(0.68) 2.1(2.1) —1.52(-1.51) 1.7(1.6)
8-12 0.47 (0.14) 1.3(1.5) 1.22(0.64) 1.9(2.2) N/A N/A

(a) 200405

(b) 200406

G4
G5

10 : : 10 : :

Altitude (km)

| |
70 375 380 385 390 (.‘1570 375 380 385 390

(c) 200407 (d) 200408
10 10 T

Altitude (km)
o & e o

oLL
355 360 365 370 375 380 355 360 365 370 375 380
CO, (ppmv) CO;, (ppmv)

Fig. 6. Observed and GEOS-Chem a posteriori modep @€rtical
profiles (ppm) taken from the COBudget and Regional Airborne
Study over the eastern North America averaged ¢agMay, (b)

f(t) =ap+ait +azsin(2rt) +azCcos2rt) +a4Sin(4rt)

+ascog4rt), (5)
wheret runs from O to 3yr (i.e., from 2004 to 2006). The
coefficientag represents the mean, amdis the annual trend.
The amplitude of the seasonal cyeleis calculated by, =
,/a%—i—ag.

Table6 shows the GLOBALVIEW and G4/G5 model trend
and seasonal cycles. For comparison, we also include the re-
sults for G4 model using the a priori surface flux estimates.
For model evaluation we use GLOBALVIEW data from all
277 time series when observations below 3 km are available.
The G4 model driven by a priori fluxes overestimates the
trend by more than 100%. We generally find that the a pos-
teriori fluxes are more consistent with the observed seasonal
cycle, with differences typically less than 20%. We find that

June,(c), July, and(d) August 2004. The GEOS-Chem model, de- for all latitudes, the G4 and G5 model generally underesti-
scribed at a horizontal resolution of 2 2.5°, has been sampled at mates the annual trend by 4-10%, mainly due to the possi-
the time and location of each measurement. Data and model corbly overestimated a posteriori terrestrial sink (as described
centrations have been averaged over 500 mintervals. Monthly meagpove).

observations are denoted by the black lines, with the grey envelope Figure 8 shows the latitudinal gradient of 2004 GLOB-

r_epresenting the 1-standard deviation about that mean. Blue gnd reﬂLVIEW surface CQ data, binned at 10 degree latitude in-

lines denote the monthly mean Q(bqncentraﬂons co.rrespondlng tervals, is about 4ppm (0.033 ppiatitude) over 60S—

to the G4 and G5 a posteriori flux estimates, respectively. The hori- . .

zontal lines about a posteriori concentrations denote the 1-standar‘é00 N.The G4 and G5 model gradients for the game latitude

deviation about the monthly mean. range are 0.033 ppmlatitude and 0.036 ppmlla'_utu_de, re-
spectively. G4 model zonal means agree to within 1 ppm of
the GLOBALVIEW data at all extratropical latitudes, which

to assess how well the model reproduces observed large-scallcreases to 1.5 ppm over the tropics where observations are

trends and latitude variability of GO sparse. G4 and G5 model zonal means are similar except

between 30N-50° N where the G5 model has a bias of of

1 ppm. The results for 2005 and 2006 (not shown) are simi-

lar.

Boundary layer

Figure7 shows the GLOBALVIEW and model C{roncen-
tration record from 2003 to 2006, inclusive, averaged overs.3 Free troposphere
30 latitude bins. To extract the trend and the seasonal cycle

from surface CQ@ time seriesf (), we decompos¢ (¢) into
polynomial and harmonic functionglfoning et al, 1989
after smoothing with a 8-week moving average:

Atmos. Chem. Phys., 11, 2782303 2011

Figure9 shows a time series of level-3 monthly mean AIRS
data, averaged over 3(atitude bins. The G4 and G5 mod-
els have been sampled at the appropriate time and location
of each gridded AIRS measurement, and convolved with a
latitude-dependent AIRS weighting functio@i{ahine et aJ.

www.atmos-chem-phys.net/11/2789/2011/



L. Feng et al.: GEOS-Chem GGQimulation 2799

Table 6. GLOBALVIEW and model trendi; (ppmyr—1) and am- — GLOBALVEW
plitude of the seasonal cycles (ppm) in CQ concentrations in the = i
boundary layers at six 3datitude bands over 2004—2006. §38’5
g 380 |-
GLOBALVIEW G4 A posteriori (G5) A priori ° 375
Lat ay as al ag ay ag 370
=90 —60 —30 0 30 60 90
—75| 1.91 0.54| 1.76 (1.78) 0.49(0.61) 4.40 0.87 Latitude
—45 | 2.00 0.43| 1.88(1.90) 0.42(0.48) 4.40 0.80
-15 | 1.97 0.31]| 1.92(1.88) 0.31(0.23) 4.35 0.23 Fig. 8. Mean GLOBALVIEW (black) and GEOS-Chem a posteriori
15 2.14 3.27| 2.07 (2.00) 3.30(3.20) 4.29 2.93 model (red G4 and blue G5) latitude gradients ofGiDring 2004
45 | 2.25 5.62| 2.21(2.16) 5.65(5.87) 4.28 5.57 binned at a resolution of 10 degrees. The GEOS-Chem model, de-
75| 243 6.77| 2.38(2.20) 6.90(6.90) 4.43 6.50 scribed at a horizontal resolution of 2 2.5°, has been sampled

at the time and location of each measurement. The grey envelope

describes the 1-standard deviation about the annual mean GLOB-

ALVIEW surface CQ in the latitude bin, while vertical red (blue)
T redvics lines correspond to G4 (G5) simulation.

(b) -60 to -30
382 —————

——ARs] —_— &4
—_— G5

(a) -90 to -60 (b) -60 to -30

# [+ + GLOBALVIEW 5-8 km
- - G458km

(f) 60 to 90

E I L T IR R R Ll
éOOB 2004 2005 2006 2003 2004 2005 2006
Date Date

360

+ + GLOBALVIEW 58 km
- - G458km

+ + GLOBALVIEW 58 km

Fig. 7. GLOBALVIEW and GEOS-Chem a posteriori model €O e300 s 300h e s
concentrations averaged over 30 degree latitude bins during 2003— pate pate

2006: (a) 60° S-90 S, (b) 30° S-60 S, (c) 0-3C° S, (d) 0-3C N, . o

(€) 30° N=6C° N, and (f) 60° N-9C° N. Black lines denote the Fig. 9. Monthly-mean AIRS (black) and a posteriori model (red
weekly mean GLOBALVIEW data at the latitude bins, with the GEOS-4 and blue'GEOS_-S) QQoncentratlons (ppm) averaged
grey envelope representing the 1-standard deviation about the meaf¥®" 30 degree latitude bins during 2003-2008) 60° S-90'S,
The GEOS-Chem model, described at a horizontal resolution of(b) 30°S-60'S, (c) 0-30’S, (d) 0-30' N, (e) 3OO_N_60> N, a”‘?'

2° x 2.5°, has been sampled at the time and location of each mea(f) 60° N__90) N. The GEOS-Chem model, descrlbed_ at a horizon-
surement. Red and blue lines denote the model weekly mean cor}faI resolution of 2 x 2.5°, has been sampled at the time and cha-
centrations using a posteriori fluxes inferred using GEOS-4 (G4)tlon of each AIRS level-3 C@scene, weighted by the observation

and GEOS-5 (G5) meteorological fields, respectively. numb.ers, and convolved using the vertical weighting functions from
Chahine et al(2008. The grey envelope denote the 1-standard

deviation about the zonal mean g@bservations in the latitude

. band. The green crosses are GLOBALVIEW aircraft measurements
2008. AIRS CQ; concentrations show a global trend of 4t yertical range 5-8 km, and the cyan dots represent G4 a posteriori

2.21-2.63 ppmyr* while the G4/G5 models have a trend of model CO concentrations sampled at the same time and locations
1.95-2.19 ppmyr. of each GLOBALVIEW aircraft measurement.
Over southern high latitudes, AIRS data are not avail-
able; the model values have only a weak seasonal cycle as
expected. Over southern middle latitudes the model has amplitude much smaller than the sparse GLOBALVIEW air-
smaller seasonal cycle and lower concentrations than oberaft data that span 5-8 km. When we sampled the models at
served by AIRS, suggesting possible errors in the fluxeshe same time and location of these GLOBALVIEW aircraft
and/or atmospheric transport. We acknowledge few indepenmeasurements, the models agreed better with the observa-
dent data to validate AIRS retrievals over southern middletions, suggesting smearing effects in the monthly zonal mean
latitudes. data from vertical weighting functions (as well as from hori-
Over northern tropical latitudes, the a posteriori model zontal and temporal averaging). We still find that the model
seasonal cycle is in good agreement with AIRS, but has arseasonal cycles are smaller than the observations. We did

365
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00 (2) Time-series ‘(IaF 35100) | bin them b_etween 35%5-0 and 0—-35° N between 5—;2 km.
w05} — QNTRAL | The resulting model and observed trends are similar (2.00—
T [F— G5 | 2.15ppmyrl) in both latitude bands. The models also cap-
S5 i ture the observed magnitude and phase of the seasonal cycle
g 350 M in both hemispheres. Figuféc shows the CONTRAIL and
375 model latitude gradient of COconcentrations. Observed
B Em—rer T variations about the annual mean mainly reflects the sea-
, Date sonal cycles at 8-12 km, which have been slightly under-
(b) Time-series (lat: 0 to 35) . .
W —T estimated by our models. Coarse model horizontal resolu-
_en = & 7 tion can also smear out small spatial variations shown in the
E 300 7 neighbouring observations. At latitudes’16-3C0° N, model
g:;:o Nw concentrations show much less variation than the observa-
© tions: at 23 N, the observed variation is 2.4 ppm, while G4
P I L M AR (G5) model variation is only 1.4 ppm (1.1 ppm), partially due
2003 2004 003 2008 to transport deficiencies and coarse spatial resolutions. The
252 (f) Latitud‘e gradient G5 model has less variation_ than G4, suggesting that the G5
s = ZgNTRA'L model has slower vertical mixing.
E;.‘S?S » -
goor 7 Conclusions
374
M T T T % We have evaluated the GEOS-Chem model of atmospheric
Latitude CO, using surface, aircraft and space-borne data. We have

. ) . . . driven the model using GEOS-4 and GEOS-5 meteorology,
Fig. 10. Timeseries and latitude gradients of CONTRAIL (black) which offers us an opportunity to assess the sensitivity of

and GEOS-Chem a posteriori model (red G4 and blue G5) CO teriori i to at heric t ¢ iori fl
concentrations (ppm). The model, described at a horizontal resoly@ POSENON NUxes 10 atmospheric transport, a priori fiuXes

tion of 2° x 2.5°, has been sampled at the time of locations of each©f fossil fuel,_ biofuel, biomass burning, and the terrestrial
observation. The model and observed timeseries are averaged ov@f'd ocean biospheres. Model analyses that used GEOS-4
(a) 0-35 S and(b) 0-35 N during 2003—2006. The model and and GEOS-5 meteorology are denoted by G4 and G5, re-
observed latitude gradients) are averaged over 2004, with data Spectively.
binned at a 5 degree resolution. The grey envelope, and red and We fitted ocean (OC) and the sum of terrestrial biosphere
blue vertical lines denote the 1-standard deviation about the meaBS) and biomass burning (BB) GQluxes over 22 geo-
CONTRAIL, G4, and G5 model C&concentrations, respectively. graphical regions to GLOBALVIEW surface data using an
ensemble Kalman filter. Global annual net BS+BB+OC
CO, fluxes over 2004-2006 for GEOS-4 (GEOS-5)
not observe the difference in seasonal cycle with the groundmeteorology are —4.44+0.9 (—4.24+0.9), —3.94+0.9
based GLOBALVIEW data, suggesting that incorrect model (—4.540.9), and—5.2+ 0.9 (—4.9+ 0.9) PgC yrl, respec-
vertical transport plays an important role in the discrepancytively. After taking into account anthropogenic fossil fuel
between the model and data. Over northern mid-latitudes, thand bio-fuel emissions, the global annual net,@missions
model and AIRS seasonal cycles are of comparable magnifor 2004-2006 are estimated to be 40.9 (4.2+0.9),
tude but there is a phase shift with the model leading by 1-24 84+ 0.9 (4.24+0.9), and 3.8:0.9 (4.1+0.9)PgCyr?,
months which is consistent with the sparse GLOBALVIEW respectively. The estimated 3-yr total net emission for
aircraft observations which span 5-8 km. Previous work hasGEQS-4 (GEOS-5) meteorology is equal to 12.5 (12.4) PgC,
also reported GEOS-Chem model bias in the seasonal cyagreeing with other recent top-down estimates (12—13 PgC).
cle of CQ, (Palmer et al.2008, which has been attributed  The sign and magnitude of regional a posteriori@0xes
to deficiencies in mOdeling vertical transport in the free tro- are in broad agreement with TransCom-3 flux estimates for
posphere. We do not reproduce the AIRS seasonal cycle atg92-1996, but our model has a larger sink over northern and
northern high latitudes, with the model more consistent withsouthern continents. Our larger estimated sink over northern

the GLOBALVIEW data. continents is partially due to including biofuel emissions as
part of our prior flux estimates.
6.4 Upper troposphere and lower stratosphere The stronger drawdown during the growing season and

weaker source during the rest of the year represents a sub-
Figure 10a and b show CONTRAIL and model G&on- stantial departure from the annually-balanced CASA model,
centrations during 2003—-2006. We sample the models at thpossibly reflecting one or a combination of factors, as found
time and location of each CONTRAIL measurement, andby previous studies, e.g., overestimating prior biospheric
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