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Abstract. We use the GEOS-Chem chemistry transportl Introduction

model to interpret the sources and sinks of xC@at de-

termine variability of column-averaged volume mixing ra- . )

tios (CVMRS), as observed by the SCIAMACHY satellite The |rnport§1nce of the natural carbon cycle in understand-
instrument, during the 2003 North American growing sea-"9 climate is well established (IPCC, 2007). A better quan-
son. GEOS-Chem generally reproduces the magnitude antifative understanding of natural sources and sinks of car-
seasonal cycle of observed g6urface VMRs across North  Pon dioxide (CQ), in particular, is crucial if CQ miti-
America and is quantitatively consistent with column VMRs gation and sequestrauon_ act|V|t|es_rer!ng on these natural
in later years. However, it cannot reproduce the magnituddluxes are to work effectively. Estimation of sources and
or variability of FSI-WFM-DOAS SCIAMACHY CVMRSs. sinks of CQ using inverted atmospheric transport models
We use model tagged tracers to show that local fluxes largely° intérpret atmospheric concentration data has been gener-
determine CVMR variability over North America, with the ally effective but has had varied success in the tropics where
largest individual CVMR contributions (1.1%) from the land there is refatively little data (Gurney et al., 2002). Previ-

biosphere. Fuel sources are relatively constant while biomasQUS inversion studies have used surface concentration data
burning makes a significant contribution only during mid- (Bousquet et al., 1999), representative of spatial scales of the

summer. We also show that non-local sources contribute sig2fder of 1000km by virtue of their location; aircraft con-

nificantly to total CVMRs over North America, with the bo- Ccentration data (Palmer et al., 2006; Stephens et al., 2007)
real Asian land biosphere contributing close to 1% in mid- representative of spatial scales of the order of 10-100 s km,

summer at high latitudes. We used the monthly-mean Ja@nd generally only available during intensive campaign peri-

cobian matrix for North America to illustrate that: 1) North ©dS; @nd concentrations from tall towers (Chen et al., 2007),

American CVMRs represent a superposition of many weakrepresentative of spatial scales of the orden_'<af—103 km.
flux signatures, but differences in flux distributions should N€W CC column data from low-Earth orbit space-borne
permit independent flux estimation; and 2) the atmospheric€NSOrs (€.g., the Scanning Imaging Absorption Spectrom-
e-folding lifetimes for many of these flux signatures are 3—4€t€l, SCIAMACHY (Bovensmann et al., 1999); the Orbiting
months, beyond which time they are too well-mixed to inter- CarPon Observatory, OCO (Crisp et al., 2004; Miller et al.,
pret. These long lifetimes will improve the efficacy of ob- 2007); a”‘?' the Greenhouse Ob_servmg SATellite, GOSAT
(Hamazaki et al., 2004)), measuring shortwave near-infrared
wavelengths (SWIR), are sensitive to changes irp €@Qhe
lower troposphere and therefore provide potentially useful
data with which to estimate surface fluxes of £@heval-

lier et al., 2007). One of the main advantages of space-
borne sensors is their repeated global coverage, facilitating

Correspondence tc?. I. Palmer measurements, for example, over remote tropical ecosys-
BY (pip@ed.ac.uk) tems that are currently poorly characterized by in situ data.

served CVMRs as surface G@ux constraints.
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SCIAMACHY CO3 data, in particular, are representative of of the column-averaged volume mixing ratio (CVMR) gen-
a 60 kmx 30 km spatial footprint, comparable with the hor- erally represent the largest signals) that can be used to esti-
izontal resolution of current generation atmospheric trans-mate flux strengths via inverse model calculations. We also
port models; upcoming instruments will have better horizon-emphasize that accounting for the vertical sensitivity of the
tal resolution. At the time of writing, SCIAMACHY is the satellite instrument can, in some instances, enhance surface
only space-borne sensor in orbit that measures @umns  flux signatures.
sensitive to the lower troposphere. To date there have been Section 2 briefly describes the SCIAMACHY retrievals of
very few model studies of SCIAMACHY C&column data, = CO;, used in this work and presents @OVMR distributions
which have provided only qualitative comparisons (Buchwitz over North America. Section 3 describes the GEOS-Chem
et al., 2005, 2007; Barkley et al., 2006c). In this paper, weCTM used for this study and presents a comparison between
use the GEOS-Chem global 3-D chemistry transport modemodel and SCIAMACHY CVMRs distribution; Appendix A
(CTM) to interpret the sources and sinks of £tbat deter-  presents a more detailed model evaluation o ©@er North
mine the variability in CQ columns as observed by SCIA- America during 2003 using surface VMR, ground-based col-
MACHY over North America during the 2003 growing sea- umn VMR, and aircraft concentration measurements. In
son. We focus on North America because of the extensiveSect. 4 we use the model to estimate which land-based fluxes
multi-platform measurement programme which can be usedietermine the continental-scale variability of CVMRs over
to help evaluate SCIAMACHY via the CTM, and on 2003 North America during the growing season, and look in detail
because at the time of writing that represented the only fullat two contrasting sites over North America. In Sect. 5 we
year of fitted CQ columns using the Full Spectral Initia- discuss how CVMRs data could be used to infer source and
tion (FSI) (Barkley et al., 2006a) Weighting Function Mod- sink distributions. We conclude the paper in Sect. 6.
ified Differential Optical Absorption Spectroscopy (WFM-
DOAS) (Buchwitz et al., 2000).

A number of studies have illustrated that the precision and2 SCIAMACHY CO ; data
accuracy of measured G@olumns is critical to their suc-
cess in better quantifying the carbon cycle. The temporal andCIAMACHY is a nadir and limb-viewing UV/Vis/SWIR
spatial variations in column data are much less than those isolar backscatter instrument aboard the ENVISAT satellite,
surface concentration measurements (Olsen and Randersdaunched in 2002 (Bovensmann et al., 1999). It measures
2004). Inversions of synthetic data have shown that CO from 240 to 2380 nm, with a resolution of 0.2-1.4nm de-
columns have to be retrieved with a precision of less thanpending on the channel. ENVISAT is in a near-polar sun-
1% over a 8x1(° grid if they are to improve upon the ex- synchronous orbit crossing the equator at about 10:00 local
isting ground-based network used for source/sink estimatiorsolar time in the descending node, achieving full longitudi-
(Rayner and O'Brien, 2001). Consequently, uncharacterizedhal global coverage at the equator within six days. SCIA-
systematic biases will compromise this ability (Miller et al., MACHY makes measurements in an alternating nadir and
2007). Use of column Cohas the benefit of effectively re- limb sequence. We use the nadir measurements that have a
ducing the potential model bias introduced by inaccurate dehorizontal resolution of 6830 kn? (acrossx along track).
scriptions of vertical mixing (Olsen and Randerson, 2004). We include here only a short description of the re-
Nonetheless, recent work has highlighted the requirement ofrieval of SCIAMACHY CQ, and refer the reader to ded-
using accurate, synoptic-scale atmospheric transport to inicated retrieval studies (Buchwitz et al., 2000; Barkley
terpret CQ column data in order to minimize errors asso- et al., 2006a). C@columns are retrieved in the 1561.03—
ciated with spatial sampling, particularly over geographical 1585.39 nm wavelength window using the FSI WFM-DOAS
regions with active weather systems (Corbin et al., 2008).approach (Barkley et al., 2006a; Buchwitz et al., 2000). The
The GEOS-4 meteorology we use here has skill in captur-mean fitting uncertainty of these columns is typically 1-
ing synoptic scale transport (e.g., Duncan et al., 2008; Zhan@% (0.8—-3.%10°°molec cnT? based on a fitted column of
et al., 2008) but as with all global 3-D CTMs, convection re- 8x10* molec cnt?), which is largely attributable to poor
mains one of the biggest weaknesses in model transport (Kieharacterization of the atmospheric state (e.g., aerosols, cir-
ley et al., 2003). The vertically integrated g€olumn abun-  rus clouds) (Barkley et al., 2006a). Cloudy scenes are di-
dance represents the sum of an age-spectrum of airmassemgnosed using the SCIAMACHY polarization measurement
Young airmasses (defined in this paper<®months), still  devices using a cloud algorithm developed by Krijger et al.
bearing the signatures of surface fluxes, are subject to atmg2005), as described by Barkley et al. (2006a), and ex-
spheric dilution processes that eventually render these sigeluded from subsequent analyses. We also exclude back
natures indistinguishable from the global background whosescans, observations with solar zenith anglé®°® (Barkley
variability is determined by atmospheric transport. We showet al., 2006a), and observations over ocean due to very
that variability in space-borne GOcolumns over one re- low surface albedo. To remove artefacts introduced by sur-
gion is determined by both national and international sur-face elevation we normalize retrieved €©olumns using
face flux signatures (local biosphere fluxes that reach 1.1%he nearest 6-hourly 1.12%1.125% ECMWF model surface
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pressure (Barkley et al., 2006¢) to derive a CVMR. We use3.1 CQ flux inventories
only column observations with a retrieval error-5% and
with a values that corresponds to CVMRs within a rangeTable 1 reports the regional monthly mean estimates of CO
of 340-400 ppmv to remove anomalous results from un-fluxes from fuel combustion (sum of fossil fuel and biofuel),
detected clouds or from aerosol scattering (Barkley et al.biomass burning, and the land biosphere used in GEOS-
2006a). Previous studies have extensively evaluated FSChem. Gridded fossil fuel emission distributions are rep-
CO;, data against independent measurements over the Northiesentative of 1995 (Suntharalingam et al., 2004) which we
ern Hemisphere. Comparisons between SCIAMACHY,CO have scaled to 2003 values using regional budget estimates
and ground-based Fourier Transform Spectrometers (FTSior the top 20 emitting countries in 2003 from the Car-
and a CTM show a negative bias of 2-4% in the absolutebon Dioxide Information Analysis Center (Marland et al.,
CVMRs magnitudes. Strong correlations between SCIA-2007), including sources from fossil fuel burning, gas flar-
MACHY CO, anomalies and aircraft and ground-based dataing, and cement production. On a global scale the sum of
imply that SCIAMACHY can track lower troposphere vari- these sources has increased by 14% relative to 1995 val-
ability on at least monthly timescales, and has the potentialies. Biofuel emission estimates, taken from Yevich and Lo-
to monitor changes in C£(Barkley et al., 2006b, c, 2007). gan (2003), represent climatological values. This source of
At this time, several retrieval issues (e.g., aerosol contami-CO; is generally less than 1% of the total fuel source for
nation) need to be resolved before the data are characterizedorth America and western Europe but represents up to 18%
sufficiently well for inverse modelling. of the total fuel source for Asia. In many regions, particu-
Figure 1 shows monthly mean SCIAMACHY GO larly Asia, the distributions of fossil and bio-fuel emissions
CVMRs (ppmv) over North America during the 2003 grow- overlap significantly so we lump these fuel source together
ing season (here defined as April-September) averaged ovéFL). Monthly biomass burning (BB) emission estimates are
the GEOS-Chem%2.5° grid (Sect. 3). The average num- taken from the second version of the Global Fire Emission
ber of individual scenes that fall into a North American Database (GFEDv2) for 2003 (van der Werf et al., 2006).
2°x2.5° grid box is between 25 and 50, depending on month;These data are derived from ground-based and satellite ob-
this effectively reduces the random error by approximately anservations and should describe well the burning distributions.
order of magnitude. Outside the growing season spatial covMonthly mean air-sea fluxes of GQare taken from Taka-
erage at high latitudes is reduced by seasonally varying solalnashi et al. (1999). As we show later the observed variability
zenith angle and persistent cloud cover. Values range fronin SCIAMACHY data is determined largely by continental
350 to 390 ppmv with a 15-20 ppmv peak-to-peak seasondlluxes so we do not discuss further the role of ocean exchange
cycle over regions with a strong biospheric signal, which isin this study. We use daily mean land biosphere (BS) fluxes
much larger than the 10 ppmv peak-to-peak seasonal cyclfom the CASA model for 2001 (Randerson et al., 1997),
observed at Park Falls (Yang et al., 2007). in the absence of corresponding fluxes for 2003. Year-to-
year variability of CASA monthly mean land biosphere £0
fluxes is small £10%) so our approach should not introduce
3 The GEOS-Chem forward model of CQ significant error. We do not explicitly account for the con-

We use the GEOS-Chem global 3-D chemistry transporttr|but|on of fuel combustlon C@frqm the oxidation of re-
: duced carbon species (Suntharalingam et al., 2005) as they
model (v7-03-06) to calculate column concentrations 0fCO N
. ) L ; make only a small contribution to the G@olumn.
from prescribed surface GAluxes described in this section.
We used the model with a horizontal resolution 6&2.5,
with 30 vertical levels (derived from the native 48 levels)

ranging from the surface to the mesosphere, 20 of Wh'crboz concentrations for January 2002 were initialized from a

gti(?ilqoev:egoﬁgl Lg?ar?%deltﬁ dg\lleg ?{AGdE?S"l a?jsg\m'previously evaluated model run (Palmer et al., 2006), which
imilation Offi gél bal Ci ml t('a I\(jl ‘3 | S el(;]gtal:l]ASAs_ we integrate forward to January 2003. We include an ad-
simifation Bitice t>lobal Lircufation Viodel based a . ditional initialization to correct for the model bias intro-

Goddard. The 3-D meteorological data is updated every si uced by not accounting for the net uptake of OfEom

hours, and the mixing depths anq surface fields are update e terrestrial biosphere. We make this downward correct by
every three hours. The G@imulation is based.on Sunthar- comparing the difference between GLOBALVIEW G@ata
a_lmgam et a_I. (.2004) and_F_’aIn_wer etal. (2006); h_ere, we Pro'(GLOBALVIEW-COZ, 2006) and model concentrations over
Xde a delscrlpltlor;_of m?d|f|((:jat||ons .tott_rg)e_:,-e preV|0usttl:g|esthe Pacific during January 2003. Differences range from 1
Argepieradev_a u%%gp n;]o € .Qci's " lfj.'o';s over Nor to 4 ppmv with a median of 3.5 ppmv, and we subtract this
erica dunng IS Shown In Appendix A. value globally, following Suntharalingam et al. (2004).
From January 2003 the total GQracer becomes the
“background” CQ concentration and is only subject to
atmospheric transport. At that time, we also introduce

3.2 Model initialization
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Fig. 1. Monthly mean SCIAMACHY (left) and GEOS-Chem (middle) @GVMRs (ppmv) over North America during April to September

2003 averaged over the GEOS-Chefix2.5° grid. The model is sampled at the time and location of the observed scenes, and using the
SCIAMACHY averaging kernel as outlined in the main text. The RHS panels show scatterplots of the monthly mean data, with the total
number of (black + red) data pointsand associated correlation coefficienand the model bias inset. Red data denote columns over
the region defined by latitudes50° N and longitudes>100° W (as shown in top LHS panel). We exclude 1) cloudy scenes, identified

by instrument polarization devices, 2) scenes with solar zenith angl€%, 3) scenes with a retrieval errors 85%, and 4) scenes that
correspond to CVMRs outside of the range 340-400 ppmv. The nearest ECMWF°(11.235) and GEOS-4 (1x1.125) surface
pressure data are used to convert from observed and model columns to CVMRs, respectively.
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Table 1. Monthly mean regional C®fluxes (Tg CQ/month) for the forward model analysis (Sect. 3 and Fig. 2). BB denotes biomass
burning; FL denotes the sum of fossil fuel and biofuel combustion; and BS denotes the land biosphere. ROW includes only land-based
sources and sinks; the ocean hiosphere is an annual global net sink of -805Q/f/g ®0real Asia (BA) is defined by 72%E-172.53 W,

45° N-88 N; mainland Asia (AS) is defined by 72.5-152.5 E, 8 N-45° N; Europe (EU) is defined by 17°&E-72.5 W, 36° N-88 N;

North America (NA) defined by 172°FE-17.5 E, 24 N-88 N; and the rest of the world (ROW) is the remaining region.

Jan Feb Mar  Apr May Jun Jul Aug Sep Oct Nov Dec
BB
BA 0 0 21 124 486 233 196 80 26 13 1 0
AS 29 37 93 89 15 5 4 5 5 4 3 9
EU 0 0.5 6 21 17 6 14 39 34 30 03 0.2
NA 2 1 3 6 7 44 36 95 22 14 9 1
ROW 895 463 360 262 891 774 801 853 669 427 360 668
FL
BA 53 47 53 51 53 51 53 53 51 53 51 53
AS 808 730 808 730 808 730 808 808 730 808 730 808
EU 570 514 570 551 570 551 570 570 551 570 551 570
NA 563 508 563 545 563 545 563 563 545 563 545 563
ROW 475 429 475 460 475 460 475 475 460 475 460 475
BS
BA 374 401 563 657 64 —1469 -1818 —952 459 770 542 408
AS 288 484 763 797 243 -363 —916 1141 -456 -—-12 127 180
EU 534 455 333 —-98 -1068 -—1491 -1284 307 651 892 772 630
NA 703 709 729 496 248 —1692 -—-1981 -1167 33 834 838 747
ROW -101 -322 -350 119 -139 -1385 -1431 578 952 1363 1099 771

additional model tracers, initialized with a uniform value CO, columns to changes in GQthroughout the column,
(for numerical reasons and which is subtracted in subsequerand is a reflection of atmospheric radiative transfer at SWIR
analyses), that account for the monthly production and lossvavelengths. Figure 3 shows the mean SCIAMACHY aver-
of CO;, originating from specific geographical regions and aging kernel, averaged over solar zenith angles ranging from
surface processes (“tagged” tracers). The linear sum of thes@ to 7, increase in sensitivity throughout the troposphere
monthly tagged tracers (and the “background”) is equivalentwith only a small fall-off in the last 1 km due to numerical er-

to the total CQ. Figure 2 shows the tagged geographical re-ror (Barkley et al., 2006c). As noted above, not takinimto
gions for these experiments: North America (NA), Europe account compromises subsequent interpretation of observed
(EV), Asia (AS), Boreal Asia (BA), and the rest of the World columns. Model SCIAMACHY CQ@ columns,2, are given

(ROW). We separately account for @@ontributions from

fossil fuel emissions (FF), biofuel emissions (BF), biomass
burning (BB), the land biosphere (BS), the ocean biosphere = Q, + a(H(X) — X,),
(OC), and the inert initial conditions from January 2003. As
mentioned above, FL describes the sum of FF and BF. Wavhere H(x) is the GEOS-Chem forward model driven by

by (Rodgers, 2000):

@)

find the ocean flux contribution to atmospheric £@lumns
is diffuse and is difficult to distinguish from the initial condi-
tions and is consequently lumped with the ROW.

a priori surface fluxes of C£0x), x, is the a priori CQ con-
centration profile taken from climatology and also used in
the SCIAMACHY retrievals (Remedios et al., 2006) ang

is the associated column. The column averaging kearnel
given bytTA, wheret is the column integration operator that
integrates a vertical profile to a column and the superscript T
denotes the matrix transpose operation.

Global 3-D model CQ@distributions are sampled atthe time  The tagged column contributions to the total £0
and location of the SCIAMACHY scenes. We take into ac- columns, corresponding to geographical regions in Fig. 2 and
count the vertical sensitivity of SCIAMACHY to changes in source types discussed above, are calculated by weighting
COp by using the instrument averaging kerngl, The aver-  the model vertical profile by the column averaging kernel:
aging kernel formally describes the sensitivity of retrieved Qiag=alH (X)]tag.

3.3 Modeling CQ columns and CVMRs from

SCIAMACHY

www.atmos-chem-phys.net/8/5855/2008/ Atmos. Chem. Phys., 8, 5855-5868, 2008
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Fig. 2. Source regions for the tagged g6imulation. The regions  Fig. 3. The mean averaging kernel (0-°7€olar zenith angle, SZA)

are denoted boreal Asia (BA), mainland Asia (AS), Europe (EU), for the retrieval of CQ from SCIAMACHY SWIR measurements
North America (NA) and the rest of the world (ROW). See Table 1 (Barkley et al., 2006c) and applied to the GEOS-Chem model. In-
for latitude and longitude region definitions and associated flux es-dividual averaging kernels, representative of a particular SZA, have
timates. been generated brute-force by perturbing the US standard atmo-
sphere by 10 ppmv at 1km intervals between 10km and at 5km
intervals above 10km. The brute force method uses the formula

Model CQ, CVMRs are determined by scaling each model (@)=(V"P— Y7y J(VIP— V). where VP is the retrieved per-

- A

f:olu_mn by its nearest GEOS-4 surface pressure value, takg, o vertical column density 7 is the true perturbed column,
ing into account unit changes. We us€t1.125 GEOS-4 1 ig the true unperturbed column, akié” is the retrieved unper-
surface pressure data to be consistent with a) the horizonta)rhed column (numerically equal 1/*) (Barkley et al., 2006b).
resolution of the ECWMF surface pressure data used in the
SCIAMACHY retrieval (Sect. 2), and b) the 2 2.5> GEOS-
4 meteorology used in the GEOS-Chem model.

- ) B 1 n an_Qf
3.4 Comparison of model and observed GO/MRs blaS—lo% IZ_; max§, )’ (2
Model CQ; columns (not shown) are generally within 3% whereQ is the observed columi®” is the model column,
of SCIAMACHY columns, consistent with Barkley et al. andn is the number of observations. The large positive bias
(2006c¢), and describe more than 80% of the observed variis likely due to the model underestimating columns over the
ability. Column distributions are largely determined by eastern US and at higher latitudes (denoted by red data points
changes in surface topography, and consequently a reflectioi Fig. 1 scatterplot), where vegetation is predominant, and
of the surface pressure fields. also to an estimated 2-5% measurement accuracy (Barkley

Figure 1 shows the model and observed CVMRs (ppmv).et al., 2006b, 2007).

Observed CVMRs generally show a larger East-West On a continental scale, the model cannot reproduce SCIA-
gradient (10-15ppmv) than the model (5-6ppmv), in- MACHY CVMR distributions, determined mainly by the
consistent with analyzed CQdistributions constrained by dipole in CQ column oriented NW-SE, characteristic of the
in situ measurements (Schneising et al., 2008). Modelseasonal biospheric uptake (Barkley et al., 2006b, c; Buch-
CVMRs generally have a narrower dynamic range comparedvitz et al., 2007). Similarly, the model cannot reproduce
with the observations, largely confined between 360 toSCIAMACHY CVMR data at individual GLOBALVIEW
390 ppmv. Monthly measurement minus model CVMR stations but is generally consistent with the magnitude and
differences are approximately Gaussian with a mean offseseasonal cycle of surface GQ@oncentrations over North
that varies from—6 to —13 ppmv, depending on month. America during 2003 (Appendix A). Previous work has
Unlike SCIAMACHY CO we find no significant correlation shown that SCIAMACHY captures the broad monthly vari-
between model and data differences and the spectral fittingbility of CO, on a 5 x5° spatial scale (Barkley et al., 2007).
uncertainty (de Laat et al., 2007). On average over NorthModel CVMRs agree with previous measurement studies of
America for each month studied, the model is within 3% the timing and magnitude of measured values at Park Falls
of the observed CVMRs, but this reflects the model beingin later years (Appendix A), suffering from a weak bio-
higher than SCIAMACHY at latitudes-50° N and longi-  spheric drawdown during peak summer months (Yang et al.,
tudes>100° W (where SCIAMACHY CVMRs are typically 2007). Model CQ concentration profiles are in broad agree-
<370 ppm) and lower than SCIAMACHY elsewhere over ment with high-frequency aircraft observations from the
North America. Model bias, used throughout this paper, isCO, Budget and Regional Airborne Study (COBRA) over
defined as: North America during summer 2003 (http://geomon-wg.ipsl.

Atmos. Chem. Phys., 8, 5855-5868, 2008 www.atmos-chem-phys.net/8/5855/2008/
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Fig. 4. Monthly mean GEOS-Chem CGGCVMR contributions (ppmv) from continental sources and sinks during April to September 2003,
averaged over the GEOS-Chem.5° grid. See Fig. 2 for source region definitions and Table 1 for regional {fi@ estimates.

jussieu.fr/sections/aircraftcampaigns/cobra) but suffer from &CVMR contributions. Background GOCVMRs (January
2+3.5ppmv bias in the boundary during period of intense 2003 initial conditions in our calculations, Sect. 3) are typi-
biospheric drawdown and a positive bias of 2 ppmv in thecally greater than 350 ppmv (not shown).

upper troposphere above 7km that may be due to error in co, CVMRs over North America are determined largely
model stratosphere troposphere exchange (Appendix A). Wy |ocal sources and sinks, as expected. The North Amer-
conclude that the model has reasonable skill at reproducingcan |and biosphere (BS NA) represents the single largest
observed distributions of GQover North America at a spa-  ¢ontribution to total C@, with a minimum and maximum of
tial resolution of 2.5, and the discrepancy with SCIA-  _gppmy and 3 ppmv, respectively, corresponding to a max-
MACHY reflects not only model error but a significant re- jmum of 1.1% of the total CVMR. This contribution, here
trieval error, consistent with Barkley et al. (2006b, 2007).  determined by the CASA model (Sect. 3), is a source 0§ CO
until late May, after which it becomes a sink peaking in July.
During periods of uptake this contribution is characterized

4 What surface fluxes determine model C@Q CVMR by a dipole with uptake over the North and East and a source
variability over North America? over the arid southwestern states (Barkley et al., 2006b, c);
a similar pattern is evident in model and observed CVMRs

4.1 Continental-scale distributions (Fig. 1). We also find during periods of BS NA drawdown

that CVMRs and surface VMRs converge (not shown), as a
Figure 4 shows the land-based contributions to mode} CO result of the SCIAMACHY averaging kernel peaking in the
CVMRs over North America (Fig. 1 and Table 1). Many lower troposphere. Fuel sources from North America (FL
source and sink terms show large seasonal cycles in theiNA) are relatively constant in magnitude throughout the year
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Fig. 5. CO, CVMRs at Park Falls, Wisconsin USA (459M, 90.27 W, 442 m above sea level) and at Wendover, Utah USA (39,9

—113.72 W, 1320 m above sea level) during 2003. LHS, SCIAMACHY (raw and 30-point running average) and GEOS-Chem CVMR
(ppmv) averaged on &% 2.5° grid; and RHS, GEOS-Chem CVMR contributions greater than 0.5 ppmv. The grey CVMR data represent
the individual pixel retrievals of C&from SCIAMACHY and the blue data are the associated 30-point running mean values. The horizontal
dashed lines superimposed on the CVMR comparison over Park Falls represents the observed peak-to-peak range of CVMRs (Yang et al.
2007), which we add to our model mean of £OVMR at this site over 2003.

(Table 1), with the largest CVMR contributions over the East biosphere (BS NA), which may compromise the ability of
coast (up to 2 ppmv). The North American biomass burningcolumn observations to independently estimate fluxes from
(BB NA) season starts in Canada in June reaching a peak ithe North American and Boreal Asian biospheres despite ex-
August with partial monthly mean columns of 1 ppmv; this hibiting different spatial distribution in column space but this
contribution, in particular, is likely to be much larger on sub- needs to be confirmed by rigorous inversion analyses. The
monthly timescales and finer spatial scales. largest mainland Asian fuel and biomass burning contribu-
. tions (FL AS, BB AS) to North American Cgoccur in

We also show that Cgcolumns over North America are March (not shown) and April over the west Coast, consis-

significantly influenced by Boreal Asia and mainland Asia
9 y y tent with current understanding of the temporal continental

and that in some months these column contributions are com-
parable in magnitude to North American fluxes. Column outflow from that region (Liu et al., 2003). The biospheric

contributions from Boreal Asian fuel sources (FL BA) are signal from mainland Asia (BS AS) is delayed relative to

largest over Alaska and northern Canada, reflecting the IatNorth America with a negative peak in August. European

itude of Boreal Asia and subsequent atmospheric transportf. olgrr;n coEtrlbut:SCsE[rJorgéuglu bgggﬁ burning, I?I':d tlhe
Similar spatial distributions are shown for biomass burning and biosphere ( ) are qualititively

and the land-biosphere from Boreal Asia (BS BA), with the similar to Boreal Asia, reflecting similar high latitude atmo-
contribution from biomass burning peaking in midisummer. spheric transport, but they are an order of magnitude smaller.

The land-biosphere is most positive during April (1.2 ppmv) Many of these sources and sinks will be much higher
and is most negative during July-% ppmv). The seasonal on sub-monthly temporal scales and on finer spatial scales
cycle of BS BA is similar to that of the North American but our results reiterate previous studies that emphasize the

Atmos. Chem. Phys., 8, 5855-5868, 2008 www.atmos-chem-phys.net/8/5855/2008/



P. I. Palmer et al.: Interpreting column G@ata 5863

importance of sub-1% precision column measurements ifsmoothed) columns have a negative bias similar in magni-
physically meaningful surface flux distributions of g@re  tude to observed columns at the WLEF site. Model and ob-

to be estimated. served CVMRS are generally much noisier than at WLEF, re-
flecting rapid variations in relatively small values of GEOS-4
4.2 Temporal distributions at individual sites surface pressure (790-840 hPa compared with 960-990 hPa

at WLEF). Apparent drawdown of observed and modebCO

Figure 5 shows the COflux signatures that determine the columns and CVMRs at this site is much weaker than at
variability of CO, at two measurement sites: the WLEF tele- the WLEF site. Figure 5 shows the seasonal contributions
vision tower, 12 km east of Park Falls in Wisconsin and Wen-of different monthly sources and sinks to model CVMRs
dover in Utah. In Appendix A we show that GEOS-Chem has > 0.5 ppmv at some time during the year. As at WLEF there
skill in reproducing the contrasting seasonal cycle ob@® is a strong fuel signature originating from North America,
these sites, but predicted premature uptake of @Ghe Park  Europe, and mainland Asia with a similar gradient through
Falls site. the year. From our analysis the weak seasonal cycle is de-

We sample the model at the location of the two ground-termined by biospheric signals from North America, Boreal
based sites and at the 10-12 local SCIAMACHY overpassand mainland Asia, which is not obvious from interpreting
time. The WLEF site shows as observed seasonal cycle ofariation in total CVMRSs.
COy, CVMR with a peak-to-peak range of 13 ppmv (denoted
by the horizontal dashed lines), which is captured reason-
ably well by GEOS-Chem. The corresponding model,CO 5 Implications for surface flux estimation
columns vary by %10?°moleccnt? (not shown), repre-
senting a change of order 4% in the column. SCIAMACHY The ultimate goal of space-borne g@ata is to locate and
reproduces the broad-scale seasonal cycle observed at tlggiantify natural sources and sinks of £6b that more de-
surface (and the tower data at this site (Barkley et al., 2007)}ailed studies can assess their durability with changes in cli-
but because of noise, due to the retrieval and the relativelynate. Generally, an inverse model is required for that pur-
coarse spatial colocation (Barkley et al., 2007), it is diffi- pose. While such a study is outside the scope of this paper,
cult to assess whether SCIAMACHY reproduces the laterand will be the subject of forthcoming work, we calculate the
onset of the uptake observed by surface measurements. Wgonthly mean Jacobian matrix corresponding to our forward
use a 30-point running mean to effectively reduce randommodel calculations to illustrate the ability of these column
noise. The resulting smoothed observed columns, even aftatata to infer individual sources and sinks of £@n general
accounting for the bias, show a larger drawdown ob@Or- the Jacobian matrix, describing the sensitivity of total,CO
ing midsummer. Model and observed CVMRs show greatercolumns to changes in surface sources and sinks, attributes
discrepancy during midsummer months. Figure 5 shows thealifferences between forward model (GEOS-Chem) and ob-
seasonal contributions of different monthly sources and sinkserved quantities to specific surface sources and sinks.
to model CVMRs>0.5 ppmv at some time during the year.  For illustration only, Fig. 6 shows the monthly mean
Fuel combustion from North America, Europe and mainlandcolumns of the Jacobian matrix for North America, based on
Asia increase throughout the year, as expected, with a meahRig. 4 and Table 1. The e-folding lifetime of individual flux
gradient of 1.5 ppmv/year. The North American biospherecontributions is typically 3 to 4 months, with e-folding life-
at this site makes a significant contribution to the totabCO times exceeding 6 months for Asian sources, consistent with
CVMR, with smaller but significant contributions from Bo- Bruhwiler et al. (2005). All sensitivities converge to a back-
real Asia, Europe and mainland Asia. The different conti- ground sensitivity (28 10~° ppmv/Tg CQ) beyond which
nental biosphere signals peak at different times, due to differindividual source and sink signatures are well mixed. The
ences in seasonal cycles and atmospheric transport. Biomastorth America and Boreal Asia land biosphere signals are
burning from Boreal Asia plays only a small role in determin- among the strongest signals that can potentially be retrieved
ing CO; CVMRs at this site, peaking in the Spring. Based on independently, with maximum contributions of 3—4 ppmv to
this calculation it is difficult to attribute differences between the column. New satellite instruments such as OCO and
model and observed GAGCMVRs to bias in the magnitude GOSAT (with a target column precision close to 1%) should
or timing of different continental biosphere fluxes. However, be able to measure these biosphere signals when they are 3
as we discuss in the next section these subtle differences may 4 months old and the signal strength is 1/e of its emitted
help to spatially disagregate G@uxes using formal inverse value. Fossil fuel column Cgsignals, however, contribute
models. a maximum of 2 ppmv and consequently will fall below the

Figure 5 also shows model and observed columns andnstrument detection limit soon after a month.
CVMRs at Wendover, Utah. The nearest model grid loca- While the initial goal of inversions of space-based L£LO
tion to this site also includes emissions from Salt Lake City.data may be to estimate total fluxes on a continental scale,
The observed seasonal cycle at this site is weaker than at is clear from our analysis there are a number of indi-
WLEF, with a peak-to-peak range of 5 ppmv. SCIAMACHY vidual source/sink signatures that are above the 1% level
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Fig. 6. Monthly mean columns of the Jacobian matrix (ppmv/TgE@caled by 18 for presentation, calculated using a priori flux estimates
(Table 1) and the corresponding GEOS-Chem CVMR contributions, averaged°or2a52 grid over North America during 2003 (Fig. 4).
Colours denote specific months . Each point represents the monthly mean sensitivity of North Ameraoi@@s to specific continental
sources and sinks. Lines connecting the points have no physical significance.

and therefore retrievable by OCO and GOSAT. Our calcu-6 Conclusions
lations suggest that satellite observations of,GO/MR
provide greater constraints on land-biosphere fluxes than oRve have used the GEOS-Chem global 3-D CTM, driven by
fossil fuel emission. Our calculations also imply that re- g priori sources and sinks of GOto interpret the sources
gional biases on spatial scales of 100 s-1000 km, which willand sinks of C@ that determine variability of CVMRs, as
not necessarily be identified using spatially sparse, dedicategbserved by the SCIAMACHY satellite instrument, during
calibration-validation efforts (Miller et al., 2007), could po- the 2003 North American growing season, accounting for the
tentially be identified using cross-validation techniques. Sys-nstrument averaging kernel. We have shown that GEOS-
tematically inferring surface fluxes using successive subsamehem has some skill in reproducing observed distributions
ples of all available clear-sky data (e.g., over and downwindof surface VMR at sites over North America during 2003 and
of continents) could potentially identify the extent of the bias, is consistent with ground-based FTS CVMR measurements
subject to limitations due to model transport error. from later years. However, the model cannot reproduce the
As we discussed earlier and show in Fig. 4 the distribu-magnitude or variability of SCIAMACHY CVMRs, which is

tions of many of the dominant flux Signatures are Sufﬁcienﬂy"ke'y due to uncharacterized retrieval error and model error.
separated in space and time to permit independent estima- We have used a tagged approach to interpret variability of
tion of individual fluxes. This needs to be confirmed by a CVMRs in terms of individual source and sink terms. In gen-
rigorous inversion analysis of the signals, based on observedral, we find local sources provide the largest contributions to
distributions of CQ columns. Certainly, many of the sources CVMR variability, with the North American land biosphere
and sinks of CQ@ shown here will have much stronger signa- representing more than 1% during peak growing season.
tures on finer temporal scales than studied in this work and-uel sources are relatively constant, while biomass burning
should therefore be considered, e.g., the onset and decline ofiakes only a significant contribution in mid-burning season.
the growing season. Our calculations show that surface fluxes from Boreal Asia,
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mainland Asia and Europe also represent significant contriAppendix A
butions to CVMR variability over North America, with, for
instance, the Boreal Asia land biosphere responsible for alEvaluation of GEOS-Chem North American
most 1% of the total CVMR in mid-summer. While there surface CO, concentrations and CVMRs
are significant overlaps in the CVMR distributions from lo-
cal and non-local fluxes, there is also sufficient separatiorFigure Al presents a comparison of model and GLOB-
of these contributions in time and space that with carefulALVIEW values (GLOBALVIEW-CO,, 2006) of sur-
analysis should permit independent flux estimation. Anal-face CQ concentrations over North America during
ysis of data from individual sites within the US provided 2003. GLOBALVIEW concentrations generally represent
further insight into the superposition of flux signatures. At smoothed values extracted from a curve fitted to measure-
the WLEF GLOBALVIEW site near Park Falls, Wisconsin ment data that have been selected for conditions where the
we showed that the seasonal cycle (observed peak-to-peasi@mpled air is thought to be representative of large well-
CVMR of 13 ppmv, Yang et al., 2007) was driven by North mixed air parcels, which should be reproducible by global
American biospheric uptake-@ ppmv peak) but also bio- CTMs. Here, we have chosen measurement sites that
spheric uptake signatures from Boreal Asia, Europe and to dave contrasting seasonal cycles and reasonable coverage by
lesser extent mainland Asia. In contrast, the site at WendoveBSCIAMACHY. For example, there is no data in early 2003
Utah, with a smaller (model) peak-to-peak CVMR seasonalover Canada because of persistent cloud. In general, the
cycle of 5ppmv had large contributions from biospheric up- 2°x2.5> model has some skill in reproducing the in situ sur-
take signatures originating from Boreal Asia and mainlandface concentration data but there are some notable exceptions
Asia, both peaking in late summer with CVMRs-e2 ppmv.  where the model overestimates observed concentrations by
Using the monthly mean Jacobian matrix we show that thenearly 10 ppmv during periods of GQuptake (Fraserdale
e-folding lifetimes of individual C@flux signatures are typi- and Harvard Forest) and mistimes the land biosphere uptake
cally 3-4 months. Given the a) magnitude of these signature®y a few weeks (Park Falls). As we show in Sect. 4 these
and b) precision of new space-borne Ci@struments, bio- examples of model error are not necessarily explained only
spheric signals<3—4 months old should still be measurable, by local North American fluxes but also by other continental
while fuel signatures fall below the instrument detection limit fluxes.
soon after a month. Figure Al also compares model and SCIAMACHY £0
CO, flux estimation relies partly on quantifying the dif- CVMRs over the same surface stations. The SCIAMACHY
ference between model and observed,@Dantities. Pre- values have been smoothed using a 30-point running mean
scribed error covariance matrices describe only the randonthat significantly reduces the random noise on this measure-
error associated with the model and observations. Uncharment. Model CVMRs are generally higher than the smoothed
acterized systematic error could be mis-attributed to surfac&sCIAMACHY values, consistent with the continental dis-
source and sinks. Attempting to directly estimate system-ributions shown in Fig. 1. The seasonal cycle of CVMRs
atic bias of satellite measurements of £@ith a model is  are essentially a damped version of the surface concentra-
of little value because our current quantitative understandtion at each site, consistent with previous studies (Olsen
ing of the carbon cycle is incomplete. Dedicated calibration-and Randerson, 2004). The seasonal cycle observed by
validation efforts are underway for upcoming spaceborneSCIAMACHY, even accounting for the estimated 2-5% bias
missions. A particular focus, owing to spatial nature of the (Barkley et al., 2006b, 2007), captures only the broad fea-
column data, is the estimation of regional biases (on spatiatures, consistent with previous work (Barkley et al., 2007).
scales of 100 km), a length scale lying between undetectabl&everal studies have examined columnyG@ncentrations
effects due to noise and large-scale biases detectable witht the Park Falls site in years later than 2003 (e.g., Washen-
precise and accurate ground-based FTS (Miller et al., 2007)felder et al., 2006, Yang et al., 2007), the peak-to-peak values
Unfortunately, no such measurements were available duringf which are denoted by dashed lines. Model values are in
2003. Recent studies have shown that SCIAMACHYCO agreement with previous studies that have shown that models
columns VMRs during 2004 are within 2% of the ground- generally underestimate the summer drawdown at this site by
based FTS column measurements at Park Falls, Wisconsir20% due to too weak vertical mixing. We also compared the
capturing only the monthly mean variability (Barkley et al., model with SCIAMACHY over Egbert, Canada, where there
2007). This suggests that G&VMR anomalies might be are FTS measurements of g@uring 2003. Our results (not
more effective than COCVMRs as the measurement vec- shown) are consistent with those reported by Barkley et al.
tor. (2006¢), with the model lying below the larger, noisier FTS
CVMR measurements and approximately 10 ppmv above the
smaller, noisier SCIAMACHY CVMRs.
We also compared model concentrations with aircraft
measurements from the GBudget and Regional Airborne
Study (COBRA, http://geomon-wg.ipsl.jussieu.fr/sections/
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Fig. Al. Comparison of GEOS-Chem model and GLOBALVIEW (GLOBALVIEW-g™®006) CQ surface VMR (ppmv) and SCIA-

MACHY column VMRs (ppmv) over North America during 2003. Model concentrations, averaged R grid (Sect. 3), have been

sampled at the 10:00-12:00 local overpass time of SCIAMACHY. The grey CVMR data represent the individual pixel retrievalfofCO
SCIAMACHY and the blue data are the associated 30-point running mean values. The horizontal dashed lines superimposed on the CVMR
comparison over Park Falls represents the observed peak-to-peak range of CVMRs (Yang et al., 2007), which we add to the model mean o
CO, CVMR at this site over 2003.

aircraftcampaigns/cobra) over North America during sum-campaign, we found that the model generally underestimated
mer 2003 (not shown). The model was sampled along théboundary layer drawdown byt23.5 ppmv (=5389), a likely
aircraft flight tracks and resulting model and observed, CO reflection of too weak model vertical mixing. There was
concentrations were binned at 2 km intervals, where the numa relatively small model bias in the free troposphere, rang-
ber of measuremeniswas typically>2000. Over the entire ing from —0.5+2 ppmv (2—4 km,n=4447) to 0.@:2 ppmv
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(4-6 km,n=1789), a vertical region that generally has only  spheric CH, CO, CQ, H,0, and NO total column amounts
weak surface flux signatures. Above 6 km, the model pro- from SCIAMACHY Envisat-1 nadir radiances, J. Geophys. Res.,
gressively showed a positive bias from £24 ppmv (6— 105, 15231-15 246, 2000.

8km, n=1767) to 2.31.8 ppmv (8—10 kmp=6463), which Buchwitz, M., de Beek, R., Burrows, J. P., Bovensmann, H.,

may reflect model error in describing stratosphere-trosphere Warneke, T., Notholt, J., Meirink, J. F., Goede, A. P. H., Bergam-
exchange (Shia et al., 2006). aschi, P, Krner, S., Heimann, M., and Schulz, A.: Atmospheric

methane and carbon dioxide from SCIAMACHY satellite data:
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