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A method for evaluating bias in global measurements of CO2 total columns from
space

Abstract

We describe a method of evaluating systematic errors in measurements of total column dry-air mole
fractions of CO2 (XCO2) from space, and we illustrate the method by applying it to the v2.8 Atmospheric
CO2 Observations from Space retrievals of the Greenhouse Gases Observing Satellite (ACOS-GOSAT)
measurements over land. The approach exploits the lack of large gradients in Xco2 south of 25S to
identify large-scale offsets and other biases in the ACOS-GOSAT data with several retrieval parameters
and errors in instrument calibration. We demonstrate the effectiveness of the method by comparing the
ACOS-GOSAT data in the Northern Hemisphere with ground truth provided by the Total Carbon Column
Observing Network (TCCON).We use the observed correlation between free-tropospheric potential
temperature and Xco2 in the Northern Hemisphere to define a dynamically informed coincidence criterion
between the ground-based TCCON measurements and the ACOSGOSAT measurements. We illustrate that
this approach provides larger sample sizes, hence giving a more robust comparison than one that simply
uses time, latitude and longitude criteria. Our results show that the agreement with the TCCON data
improves after accounting for the systematic errors, but that extrapolation to conditions found outside the
region south of 25S may be problematic (e.g., high airmasses, large surface pressure biases, M-gain,
measurements made over ocean). A preliminary evaluation of the improved v2.9 ACOS-GOSAT data is
also discussed.
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Abstract. We describe a method of evaluating systematicthe observed correlation between free-tropospheric potential
errors in measurements of total column dry-air mole frac-temperature an&co, in the Northern Hemisphere to de-
tions of CQ (Xco,) from space, and we illustrate the method fine a dynamically informed coincidence criterion between
by applying it to the v2.8 Atmospheric GADbservations the ground-based TCCON measurements and the ACOS-
from Space retrievals of the Greenhouse Gases ObservinGOSAT measurements. We illustrate that this approach pro-
Satellite (ACOS-GOSAT) measurements over land. The apvides larger sample sizes, hence giving a more robust com-
proach exploits the lack of large gradientsX@o, south of  parison than one that simply uses time, latitude and longitude
25° S to identify large-scale offsets and other biases in thecriteria. Our results show that the agreement with the TC-
ACOS-GOSAT data with several retrieval parameters and erlCON data improves after accounting for the systematic er-
rors in instrument calibration. We demonstrate the effective-rors, but that extrapolation to conditions found outside the re-
ness of the method by comparing the ACOS-GOSAT data ingion south of 25 S may be problematic (e.g., high airmasses,
the Northern Hemisphere with ground truth provided by thelarge surface pressure biases, M-gain, measurements made
Total Carbon Column Observing Network (TCCON). We use over ocean). A preliminary evaluation of the improved v2.9

ACOS-GOSAT data is also discussed.
Correspondence tdD. Wunch
BY (dwunch@gps.caltech.edu)
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1 Introduction 90'N
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Sadankylis

® Biafystok
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The Greenhouse Gases Observing Satellite (GOSAT) was® M Park Falls,

successfully launched on 23 January 2009, with the goal of ;-\ + ®Lafnont . Tsukuba™®
measuring total column abundances of Lahd CH, with ]
unprecedented precision from spadkota et al, 2004). 0 Darvire

GOSAT is a joint venture of the National Institute for En- s Wollos g
vironmental Studies (NIES), the Japanese Space Agency E aaider®
(JAXA) and the Ministry of the Environment (MOE), and % °
carries the Thermal And Near-infrared Sensor for carbon oo st - - - - - .
. . 180 W 120 w 60 W 0 60 E 120 E 180 E
Observation Fourier Transform Spectrometer (TANSO-FTS, —— aEEeeeE—— =
Hamazaki et a). 2005, which measures spectra of sun- ° 01 020304 05 06 07 08 09 1
Ill\ﬁgtsrf]l?;?&ggmetgesig r;?b(;j;“;‘:??g;gﬁgga&%?ir?:)the Fig. 1. The locations of the TCCON stations used in this study

L (201D. Two ind d ieval algorith are shown in black circles. The fraction of soundings in a 2° by
etal.( D). Two independent retrieval algorithms are pre- 2° box that are M-gain (and removed) are shown in the colours. The

sented and validated Butz et al.(2011) for COz and CHy yarkest shaded regions indicate that all the soundings in that region

and inParker et al(2011) for CHa. are measured with M gain (e.g., northern Africa, parts of central
The Atmospheric C@Observations from Space (ACOS) Australia).

project was formed from the Orbiting Carbon Observatory
(OCO) project following the OCO launch failure in February
2009. Under an agreement with NIES, JAXA, and the MOE, In Sect.2, we detail our approach to comparing global
the ACOS team applied the OCO retrieval algorithm to the Xco, measurements against the TCCOfto, measure-
GOSAT spectra to compute column-averaged dry-air molements. We then describe the ACOS-GOS¥do, data prod-
fractions of CQ (denotedXco,). In this paper, we discuss uct and screening procedures in S&tThe techniques are
the evaluation of the ACOS-GOSAXco, data product by  applied and evaluated in Sedtand Sect5, and a discussion
comparing it with more precise and accurdigo, measure-  and conclusions follow in Seds.
ments from the ground-based Total Carbon Column Observ-
ing Network (TCCON,Wunch et al.2011). The TCCON
measurements are traceable to World Meteorological Orgag Comparing satellite-basedX co, with ground-based
nization (WMO) standards through comparisons with inte-  TCCON measurements
grated aircraft profileswWashenfelder et 412006 Deutscher
etal, 2010 Wunch et al.2010 Messerschmidt et al201),  Observations and models of surface, partial and total column
and have a precision and accuracy~d.8 ppm (2, Wunch ~ amounts of CQin the Southern Hemisphere show low sea-
et al, 2010. The locations of the stations used in this study sonal and geographic variability compared with the Northern
are shown in Figl. Hemisphere. Observations from the global network of in situ
Our technical approach for evaluating thgo, product  atmospheric C@measurements show that surface @on-
from the ACOS-GOSAT retrievals makes use of the rela-centrations at latitudes betweerfZ5and 58 S have a small
tively spatially uniform CQ in the Southern Hemisphere seasonal cyclex1 ppm peak-to-peak), and small geographic
to identify systematic errors, including large-scale biasesgradients GLOBALVIEW-CO», 2006. Olsen and Rander-
and other artifacts caused by the retrieval algorithm or er-son (2004 predicted such uniformity in modeling the total
rors in the instrument calibration. Once identified, thesecolumns of CQ in the Southern Hemisphere. Measurements
biases are removed and the success of this modification tef CO, profiles from the recent Hiaper Pole-to-Pole Obser-
the data is evaluated through comparisons with the Northvations (HIPPO) campaign Bivofsy et al.(2011) also show
ern Hemisphere TCCON data. We exploit observed correthat the Southern Hemisphere €@eld does not vary by
lations between free-troposphere potential temperature anghore than 1.6 ppm south of 25. Figure2 shows the HIPPO
Xco, to minimize variability inXco, that is dynamic in ori-  CO, data centred on the Pacific Ocean.
gin (Keppel-Aleks et al.2011) when defining coincidence  There are two TCCON stations located south of 85
criteria in the Northern Hemisphere. This better defines comi\ollongong, Australia (32S) and Lauder, New Zealand
parable observations than using a simple geographic corns° S). Wollongong is located on the Australian eastern
straint. The large-scale gradients Mto, that are corre-  coast, on the outskirts of a small urban centre, located about
lated with potential temperature are strongest in the North-100 km south of Sydney. Lauder is on New Zealand’s south
ern Hemisphere mid-latitudes, so the free-tropospheric poisjand and is remote from urban sources. The Lauder site has
tential temperature coincidence constraint is less effective iry seasonal cycle i co, with a small peak-to-peak ampli-
the tropics or Southern Hemisphere. tude of about 0.6 ppm (Fig). The measurements over Wol-
longong are affected by local pollutants which can increase

Atmos. Chem. Phys., 11, 12311772337 2011 www.atmos-chem-phys.net/11/12317/2011/
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Fig. 2. Th_ree sllces_of the at_mospherlc gare plotted for the three Fig. 3. The time series of the Southern Hemisphere TCCON data
HIPPO flights at different times of the year. Most of these data .

o : from Lauder, New Zealand and Wollongong, Australia are plot-
were measured over the Pacific Ocean. There is generally smaller

o . - ed in the top panel, along with the 1.89 ppr¥rsecular increase
variability in the Southern Hemisphere south of & (indicated . - :
by the solid vertical black line) than in the Northern Hemisphere. (blue). The Baring Head GLOBALVIEW climatological seasonal

99.9% of the filtered ACOS-GOSAT data in the Southern Hemi- _cycle W'Fh atime lag of 6 weeks'and a reduced amplitud@.g5)
. o is superimposed on the secular increase (red). In the bottom panel,
sphere south of 255 lie between 25S and 58 S (indicated by )
. - ) the red curve is removed from the Lauder and Wollongong data to

the dashed vertical black line). The black circles are the pressure- :

: - . . . .. show the residuals.
weighted mean mixing ratios at each 5-degree latitude bin, with
their values on the right axis. Note that the black circles are not
total column amounts, and will be affected by missing data in the

stratosphere. GOSAT and the future OCO-2 and OCO-3 instruments. We

will apply it to the ACOS-GOSATXco, in the following
sections.

the seasonal cycle aKcp, over Wollongong to~2 ppm

peak-to-peak, but this is variable from year to year. Whenz AcOS-GOSAT data product

the effect from the pollution is accounted for, the background

seasonal cycle is reduced tel ppm peak-to-peak. The The ACOS-GOSAT data processing algorithm is described

LauderXco, time series is the longest in the Southern Hemi- j, detail inO'Dell et al. (2013). It is adapted from the OCO

sphere, and has a secular increase of 1.89ppMmsince retrieval algorithm Boesch et a).2006 Connor et al.2008

2004, whichis in good agreement with the global mean secuggesch et a).2011) and incorporates modifications required

lar increase of about 2 ppm vt (with a year-to-year variabil- 1o accurately represent the physics of the GOSAT instrument,

ity of 0.3ppmyr, 1o) from the GLOBALVIEW surface in  gch as the instrument line shape and noise model. The in-

situ flask network over the same time perid@b(way and  yerse method is based on the optimal estimation approach

Tans 2011). given byRodgerg2000. The forward model is based on LI-
Consistent with HIPPO, TCCON, and GLOBALVIEW, DORT (Spurr etal, 2001 Spur;, 2002, and a two-order scat-

we assume that the Southern Hemisphere polewardd25 tering model to account for polarization, described\atraj

has a small seasonal cycle ¥to, of ~0.6 ppm (peak-to- and Spur(2007). A “low-streams interpolation” scheme, de-

peak), has no geographic gradients and a secular increase wsed byO’Dell (2010, ensures that the scattering calcula-

1.89 ppmyrl. We assume that measurementsXefo, in tion is both fast and accurate.

this region that show spatial and temporal variations that ex- The molecular absorption coefficients for gQoth et al,

ceed this constraint contain spurious variance, and we l00R008 and G (Long et al, 2010 have been extended to ac-

for empirical correlations o co, with retrieval or instru-  count for line mixing and collision-induced absorption using

ment parameters that explain the variance. We assume th#étte results ofHartmann et al(2009 for CO, and of Tran

these correlations represent systematic errors that exist glotand Hartmanf2008 for O,. The disk-integrated solar spec-

ally. After accounting for these biases, the satellitg;, data  trum is based on ground-based measurements from the Kitt

are compared against TCCON data globally. This procedurd®eak Fourier transform spectrometer. All other molecular

is applicable to any global measuremeniXfo,, including spectral parameters are taken from HITRAN 20R8thman

the Scanning Imaging Absorption Spectrometer for Atmo-et al, 2009. Surface pressure is retrieved from the oxygen

spheric Chartography (SCIAMACHBurrows et al, 1995, A-band near 0.76 um. The G@olumns are retrieved from

www.atmos-chem-phys.net/11/12317/2011/ Atmos. Chem. Phys., 11, 1P3337-2011
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the “weak” band near 1.61 um, and the “strong” band nearthe meantime, we do not use the M-gain data. Glint mea-
2.1um. The spectral ranges used in the ACOS algorithnsurements are made exclusively over ocean and have differ-

match those of the OCO and future OCO-2 instrument. ent properties than the nadir measurements made over land.
The ACOS-GOSAT glint retrieval algorithm in v2.8 requires

3.1 ACOS-GOSAT data screening additional refinement, so glint retrievals are not considered
here.

We use the v2.8 release of the ACOS-GOSAT data, avail- A fraction of the ACOS-GOSAT retrievals exhibit anoma-
able from the Goddard Data and Information Services Cenfous Xco, values due to the presence of the higher-albedo
ter (GDISC, see notACOS-GOSAT Data Acces01)), snow- and ice-covered land surfaces, which are indistin-
spanning 5 April 2009 through 21 March 2011. Using guishable from low-lying cloud or aerosol in the current ver-
the method described ifaylor et al. (2011 and O'Dell sion of the algorithm. We apply a filter that depends on the
etal.(201D), these retrievals are pre-screened to include onlyretrieved albedos of the £0A-band (Aa0,) and the strong
cloud-free scenes. The ACOS-GOSAT data product include<CO, band @Asco,). We will call this combination of albedos

a "master quality flag” that provides an estimate of confi- the “blended albedo”. The blended albedo was determined
dence in the retrieved co, and its associated a posteriori from a multivariate linear regression on the data, which was
error. The master quality flag uses filters that are describedrained on scenes known to have snow or ice conditions at
in the ACOS “README” document also available from the the surface, and correctly characterises over 99.9% of the
GDISC (Savtchenko and Avj2010. Here, we apply post- scenes. Data that are retained satisfy B)j.gnd their distri-
processing filters that are slightly different from those usedbution is shown in Fig4.

to derive the master quality flag provided with the data. The

filters as applied are listed in Tableand are chosen to limit blended albede: 2.44x0,—1.13Asco, < 1. @

the retrievals to those in which we have the highest confi-
dence. The main differences between the filters applied herg
and those used to determine the master quality flag are in the

quality of the spectral fit (i.e., reduced), the allowed devi-  The filtering described in Se@.1removes spectra recorded
ation of the retrieved surface pressure from the a priori, andnder conditions that are not yet modeled well in the ACOS
a few additional filters as described below. retrieval (e.g., surface ice). However, these filters do not re-

Retrievals are defined as successful by the master qualityhove all systematic errors in the treatment of the instrument
flag when they satisfy 2 < 1.2. However, the? values have  calibration, spectroscopy, measurement geometry, or other
increased linearly over time, because the time-dependent rgeatures. This section discusses the identification of these
diometric calibration caused by a sensitivity degradation ofpjases.
the & A-band channel was not applied to the noise model. Known deficiencies in the implementation of the spectro-
To compensate for this, we adjust the cutoff value so that itscopic line shape of the \-band and the strong Gands
starts at 1.2 and evolves with a linear increase in time, matchcause systematic biases in the retriefeg, . In the absence
ing the increase in minimurg?2. As a result, a similar num-  of an improved line shape model (currently under develop-
ber of scenes are retained over time. ment), the biases can either be removed after the retrieval

Data with retrieved surface pressurs(y) that differs by calibrating against knowK co, values, or by scaling the
significantly from the ECMWF a priori surface pressure cross-sections before the retrieval. The method that will be
(Pecmwr) are marked as ‘bad’ in the master quality flag. employed by the ACOS team in the 2.9 version of the algo-
Data are retained by the master quality flag when the dif-rithm (AppendixB) is to scale the cross-sections of the/
ference between the retrieved and a priori surface pressuresgsand in order to retrieve the known column of atmospheric

Oo. In future versions of the ACOS retrievals, the spectro-
AP = (Psuri— PecMWF) (1) scopic parameters describing the strongx@@nd will re-

sult in a retrieval that yields the same column amount as the
is 0< AP <20hPa. In this work, scenes are retained thatyeak CG band for the same atmospheric conditions. The
satisfy: |(AP) — (AP)| <5hPa. The global mean value of 2 g algorithm does not use scaled cross-sections, so here we
AP is approximately 1® hPa. perform an initial “calibration” of the ACOS-GOSAK o,

We apply three additional filters: one to remove the data using Southern Hemisphere TCCON data. The mean ra-
medium-gain scenes, one to remove the glint measurementgip between the summertime (December, January, February)
and one to remove scenes that contain surface ice or snow.auder TCCON data and the corresponding ACOS-GOSAT
The medium-gain (M-gain) TANSO-FTS mode, which is data within+5° latitude of Lauder is 1.8%. We have thus
used over very bright surface scenes (Rip.is known to  corrected this bias globally by dividing all ACOS-GOSAT
have ghosting issues caused by mismatched timing delays ifata by 0.982 (Fig5). Much of this bias is due to the re-

the signal chain§uto and Kuze2010. In future releases trieved surface pressure offset P), described in Sec8.1
of the spectra, this ghosting effect will be corrected, but in

Bias determination from the Southern Hemisphere

Atmos. Chem. Phys., 11, 12311772337 2011 www.atmos-chem-phys.net/11/12317/2011/
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Table 1. Filters applied to the ACOS v2.8 data. The filters that differ from the master quality flag axé fiteer cut-off values, the surface
pressure filter and the aerosol optical depth filter. (The quaijigy, is the fractional year (i.e., 2009.4). The first GOSAT measurements
were recorded on 2009.26.) The additional filters that are not included in the master quality flag are listed below the line. The aerosol optical
depth is measured at 0.755 pum.

Filter Filter criterion

Retain data with good spectral fits redugeid_squaredo2 fph < 1.24-0.088x ( fyear— 200926)
reducedchi_squaredstrongco2 fph < 1.24-0.040x ( fyear— 200926)
reducedchi_squaredweak co2fph < 1.2+ 0.064x ( fyear— 200226)

Retain data with well-retrieved [(AP)—AP| <5 hPa
surface elevation (A P = surfacepressureph — surfacepressureapriorifph)
Retain scenes without extreme aerosol  OOfetrievedaerosalaodby_type < 0.15
optical depth values (use the first of the 5 rows of the matrix)
Retain data with no diverging steps divergisigps =0
Retain scenes with no cloud clatidg = 0
Retain data that converge outcorfteg = 1 or 2
Retain data with ‘H’ gain only gaiflag="H "’
Retain no glint data glinflag =0
Retain scenes without cloud overice .42albedao2 fph —1.13xalbedastrongco2fph < 1
Retain scenes unless with nonzero xeoert£ 0

Xco, uncertainties

420 6
410 B R - 2 B
400 S5 TR e AR vl 1 et YA
2 -
390 g £
e 2 =
T 380 # 3 g
Q. " 2
£ 370 2 gl AN
Q [0}
=’ 360 2 TN
28 4 : : . 4 : .
350 3 374
":D 2009.5 2010 20105 2011 2009.5 2010 2010.5 2011
340 . g
330 Fig. 5. The black curve is the original, unmodified ACOS-GOSAT
data between 255 and 58S in both panels. The global bias
3205 Y 1 1o > o5 3 0 (0.982) between the ACOS-GOSAT and TCCON data is removed
blended albedo in the left panel to obtain the yellow curve, and E4).i6 applied to

obtain the red curve in the right panel. The grey shading represents
Fig. 4. An illustration of how snowy or icy scenes affect the ACOS- 1o. The TCCON data from Lauder, New Zealand (black circles)
GOSAT data. There are two clear populations of points, delineatecand Wollongong, Australia (green circles) are plotted for compari-
by a value of 1 in blended albedo (defined in Egf the main text).  son.
Points to the left of the line at 1 are not influenced by snow and
ice, and they are retained; points to the right are discarded. The
colours represent the logarithm of the number of measurements in

each 0.7 ppm by 0.025 units of blended albedo. The data in thisthe Baring Head, New Zealand GLOBALVIEW seasonal

figure are from soundings poleward of 25°S and span 6 April 20090"mat0|cng GLOBALVIEW-CO, 200§ from the ACOS-
through 21 March 2011. GOSAT data between 2% and 58 S. Because the GLOB-

ALVIEW data replicate the in situ seasonal cycle at the sur-
face and not the column seasonal cycle, we have applied a
From the v2.8 release of the ACOS-GOSAT product, Wet?me' lag of 6 weeks and have reduced the amplitude by mul-
select the most significant parameters that reduce the varfiPlying by 0.65 to best match the seasonal cycles at Lauder
ance of theXco, anomalies in the Southern Hemisphere @nd Wollongong (Fig3).
south of 28 S. The anomalies are computed by subtracting We restricted ourselves to parameters which should not
a 1.89ppmyr! slope with a seasonal cycle derived from systematically affect theXco, anomalies (i.e., albedo,

www.atmos-chem-phys.net/11/12317/2011/ Atmos. Chem. Phys., 11, 1P3337-2011
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Table 2. Parameters and values for E¢).( The coefficients list the values for three assumptions ofXhe), field in the Southern
Hemisphere: 1, that there is a small seasonal cycle and a 1.89 ppm/year secular increase4)j;e2, Bt there is only a 1.89 ppmyt

secular increase (i.e., no seasonal cycle); and 3, that there is a small seasonal cycle, a 1.8% ggowar increase, and-al ppm
gradient between 255 and 58 S. The errors are twice the bootstrapped standard errors. The coefficients have units of ppm/unit of blended
albedo, ppm/hPa, ppm/airmass and ppne@m—2sr—1 (cm=1)—1), respectively.

Parameter Mean value Coefficients

Assumption 1 Assumption 2 Assumption 3

blendedalbedo 0.3 156+0.4 102+0.4 101+0.4
AP 10.9hPa —0.15+0.01 —0.14+001 —0.16+0.01
airmass 2.6 —-2.0+04 —-22+04 —-21+04
signalo2 34x10"Wem2srt(em1)~1 _—0.254+0.08 —0.23+0.08 —0.24+0.08

airmass, spectral fits, surface pressure differences fron%5° S to approximate the HIPPO observations, the coeffi-
ECMWEF, etc.). These parameters were fitted simultaneouslgients again agree, within two bootstrapped standard errors
and separately, and their individual importance on reducing(see Table?). The bootstrapping technique is described by,
the variance in the anomalies was assessed. In order of infor example Efron and Gond1983.

portance, the most significant parameters correlated with the These basis functions (blended albed, airmass, sig-
spurious variability in the retrieve®co, are the blended nal.o2) are not orthogonal (Fig), and other parameters may
albedo (defined in ER), AP (defined in Eq.1), airmass  be used to accomplish a similar reduction in the variability of
(described in Eq3 below), and the continuum level of the retrievedXco,. Errors in aerosol and cloud characterization
O, A-band spectral radiance (called “sigra” in the v2.8  or identification can affect the retrieved albedos and hence
data files). The airmass is approximated by the blended albedo parameter, and they can also affect the
retrieved path length and P. However, blended albedo and
AP are known to have spurious relationships wiho, in
where solar zenith angle is the angle of the sun, andsimulated data@'Dell et al., 2011) generated from an orbit
observing angle is the off-nadir viewing angle of the simulator developed b®'Brien et al.(2009 as a test bed

airmass= 1/cogsolar zenith anglet 1/cogobserving angle (3)

instrument. (These parameters are labeled “soundforthe OCO algorithm. The simulator contains no errors due
ing_solarzenith”, and “soundingenith”, respectively, inthe to spectroscopy or the instrument, and hence provides a di-
v2.8 data files.) rect test of the retrieval algorithm. (It is worth noting that

A multivariate linear regression on the blended albedo,O'Dell et al.(2011) do not use the blended albedo parameter
AP (in hPa), the airmass, and the sigo& (in directly, but they use the ratio of the weak £Band signal
Wem~2srt (em~1)~1) suggests that the following modifi- to the @ A-band signal, which is strongly and linearly re-
cation to the retrievedco, (inppm) partially removes the lated to blended albede{=0.78).) This suggests that at

biases: least part of the blended albed@zo, andAP — Xco, rela-
retrieved tionships are caused by the retrieval algorithm itself.
ngg”ﬁe‘j:&—Cl(blendedalbed&blendedalbedc) In addition to parameters that can be tested in the simu-
Co . lator, there are several known causes of systematic effects
—C2(AP — AP)— Cs(airmass-airmas$ on the retrievals. First, errors in the spectroscopy can pro-
—Cy (signaLon 10’ —signalo2 x 107) (4)  duce spurious airmass dependencies as well as global biases
(e.g.,Yang et al, 2005 Hartmann et a).2009 Deutscher
where the coefficients a6y = 0.982, C1 = 10.5ppm/units et al, 201Q Wunch et al. 2011) and can affect the pressure
of blended albedo, retrieval (e.g.A P). Another error source is from nonlinear-
C>=—0.15ppmhPal, C3=—2.0ppm/airmass and; = ities in the instrument signal chain that can manifest them-

—0.25ppm/ (16Wcem=—2sr1(cm1)~1). Subtracting off selves as zero-level offsets in the @-band. Zero-level

the mean values, listed in TabR minimizes the overall offsets in a Fourier transform spectrometer depend strongly
change inXco,. Scatter plots of the simultaneous regres- on the signal at zero path difference, and hence on the aver-
sions are shown in Fig6. If only the secular increase age signal level of the spectrurAlframs et al. 1994). As

is removed from the Southern Hemisphere data to producea proxy for the average signal level, which is not available
the anomalies (i.e., if we do not include the small seasonaln the public v2.8 data, we use the continuum level radi-
cycle), the regression coefficients agree within two boot-ance (“signalo2”), which is highly correlated with the av-
strapped standard errors with the coefficients in E). (  erage signal levelrf = 0.994). Disentangling biases asso-
Further, if we apply a-1ppm gradient between 25 and  ciated with the spectral continuum level from the airmass

Atmos. Chem. Phys., 11, 12311772337 2011 www.atmos-chem-phys.net/11/12317/2011/
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Fig. 6. Added variable plots, which show the unique influence of each of the four covariates in the multivariate linear regresXigs,of

in Eq. @). Each plot is obtained after adjusting baifX co, and the covariate for the presence of the other covariates. These are data only
from the Southern Hemisphere, where there should be no significegy variations. The solid red lines are the best fit lines described by
the coefficients listed in Tab@

1 . Fourier transform, once the underlying instrumental cause is
properly quantified.

Finally, there is a photosynthetic fluorescence signal in the
O2 A-band Frankenberg et gl201% Joiner et al.2011). Its

-
potential impact on the retrieval of scattering properties in the
‘ A-band is described blfrankenberg et a(2011) and makes

Blended Albedo
o
5

AP
>

use of the Fraunhofer lines near the ®-band. This effect

is currently ignored in thé{co, retrievals and can give rise

to systematic biases. Over photosynthetically active regions

of the globe, the vegetation fluoresces, adding a broad-band

signal throughout the ©A-band. If this additional signal is

not included in the forward model, the measuredi@es ap-

pear shallower than expected, and the retrieXed, will be

incorrect (too high), with a seasonal cycle from the vegeta-

tion fluorescence imposed on top of the tiXigo, seasonal

cycle that is of interest here. The effects of fluorescence will

Fig. 7. A heat map of the four covariates used in B), {lustrating € retrieved and the fluorescence data will be available in a

their orthogonality to each other. Darker colours represent densefuture release of the ACOS-GOSAT data.

data. In applying Eq. 4) to the global dataset, we assume that

the dependencies dfXco, on the parameters are linear, and
can be reasonably extrapolated to values found outside the

is difficult, because they are strongly (and nonlinearly) anti-range in the Southern Hemisphere. Where these assumptions

correlated (Fig7). fail, so will equationd. The Northern Hemisphere and South-
Future releases of data will account for the zero-level off-ern Hemisphere have similar distributions ¥, summer-

set explicitly, either as iButz et al.(2011), or, preferably, time blended albedo, and signa2, but the Northern Hemi-

in the measured radiances in the interferograms, prior to thephere data contain a larger range of airmasses and blended

AL

X 1 5 10 15 [ 80 . 5
Blended Albedo AP Airmass Signal O,

o
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Fig. 8. A map and histogram of the parameters used in Bgn(August. The horizontal black lines on the maps denote the 25° N and 25° S
latitudes.
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Fig. 9. A map and histogram of the parameters used in Bxjin(February. The horizontal black lines on the maps denote the 25° N and
25° S latitudes.

albedos in the winter months. In the Southern Hemispherein the modified Northern Hemisphere wintertime data. Maps
99 % of the data poleward of 25 have sampled airmasses and histograms of the four parameters are in Fegmd9.
between 2 and 3.3. In the Northern Hemisphere, 99 % of the

data poleward of 25N have sampled airmasses between 24.1 Applying averaging kernels

and 5.1. Any nonlinearity in the airmagsX co, relationship

will result in a residual airmass dependency in the modifiedTO compare twaXco, observations properly, the retrievals
Northern Hemisphere data. Likewise, a nonlinearity in themust be computed about a common a priori profile, and the

blended albedo relationship may leave a residual dependendfect of smoothing must be taken into account by applying
the averaging kernelfRpdgers and ConnpR003. Since

Atmos. Chem. Phys., 11, 12311772337 2011 www.atmos-chem-phys.net/11/12317/2011/
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Fig. 11. The curves in this figure show the effect of the choice
Fig. 10. All the Cessna profiles over Lamont, OK, are shown on a of a priori profile, and the effect of smoothing by the averag-
pressure grid, coloured by the time the profile was measured. Thesiig kernels for data measured over the Lamont TCCON site.
profiles are detrended to show only the seasonality and variability. Plots show the ACOS-GOSAT adjustment to the ensemble pro-

file (- hj(ag— u)]T (xa1—Xc) j, blue), the TCCON adjustment to

the ensemble profile}( ; 1 ; (az—u)]T (xa2—xc); =0, green), the
the v2.8 ACOS and TCCON retrievals were computed Us-smoothing error Yu Y ih; (al—az)]r (So) ji (a1 —ap)y, red),

ing different a priori profiles, we must adjust the retrieved he ACOS-GOSAT standard deviatiam( cyan), the TCCON stan-
Xco, values accordingly (see Appendix for the mathe-  gard deviation», purple), the difference between the TCCON ad-
matical details). To test the effect of this adjustment and ofjusted ACOS-GOSAT smoothed value§ {— &, yellow) and the
the smoothing, we select retrievals withit®.5° latitude and  square root of the sum of the TCCON and ACOS-GOSAT variances
+1° longitude of the Lamont TCCON site. We cannot test (/o2 +02, dark green). All parameters are defined in Appendix A.
the effects of the averaging kernels globally because this re-

quires an estimate of the real atmospheric variability every-

where, which is unknown. We can generate an estimate of i d untak din the stratosphere by d ics that
the atmospheric variability over Lamont, however, by using ration and uptake, and in the stratosphere by dynamics tha

the bi-weeklv low-altitude (0—5km) aircraft measurements seasonally alter the tropopause height. The adjustment to the
of CO, profiI)(/as over the La(mont T)CCON station (Fit0) ACOS-GOSAT data will be latitude-dependent, with smaller

and the surface COmeasurements from the co-located tall fadjustments in the S_outhern Hemisphere, and th_e largest ad-
tower when they were available. Each profile was extrapoJUStmemS at the latitude of the Boreal forests (i.e., around

lated up to 5500 m and down to the surface altitude (315 m)50—65’ N), where the surface seasonal cycle has the largest

from the nearest available data point, resulting in 177 pro_amplityde. Figurel2 illustrates the latitude-dependence of
files recorded between January 2006 and November 2009. |H‘e adjustment_. ] ] ] )
order to compute the weekly variance over several years of 1"€ smoothing error (defined in the caption and given
observations, a secular increase of 1.89 ppryras sub- Py the red curve in Figll) is about 0.6 ppm, which is
tracted from all altitudes of the profiles. Next, we adjust the Smaller than the sum of the variances of the ACOS-GOSAT

ACOS-GOSAT values to the ensemble profile, which we as-Xco, and the TCCONXco, (~1 ppm) but not negligibly so.
sume to be the TCCON a priori profile. This results in an 1€ effect of smoothing the TCCON data using the ACOS-
adjustment to the ACOS-GOSAT o, that is seasonal, with  GOSAT averaging kernel results in a bias of about 0.6 ppm
an amplitude of about 0.5 ppm. It may also have a small secwith no S|gn|f|_can_t seasonal cycle or airmass dependence (the
ular decrease of about 0.1 ppnT¥ras well, which could be ~ Yellow curve in Fig.11).

due to the differences in the secular increases in the ACOS- Applying the averaging kernels in a globally consistent
GOSAT and TCCON a priori profiles. The ACO&o, val- manner is not possible without a global estimate of atmo-
ues are adjusted downward in the winter, and upward in thespheric variability. However, we can draw two important
summer, which has the effect of reducing the overall seaconclusions from the Lamont test:

sonal cycle of the ACOS-GOSAT retrieval (Fil). The ad-

justment at Lamont has a seasonal cycle because the ACOS-1. There is a seasonal cycle induced by the adjustment of
GOSAT a priori profile does not contain a seasonal cycle, the ACOS-GOSAT data to the TCCON a priori profile.
whereas the real atmosphere does (Fifs.and 10). This The amplitude of the adjustment has a latitude depen-
seasonal cycle is driven near the surface by biospheric respi-  dence and is about 0.5 ppm at Lamont.

www.atmos-chem-phys.net/11/12317/2011/ Atmos. Chem. Phys., 11, 1P3337-2011
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1 the free-tropospheric potential temperature and variability
_ 0_57‘3‘82:282 | in Xco, in the Northern Hemisphere (Fig4). Keppel-
£ R _ Aleks et al.(201]) detail the use of the potential tempera-
5ON or B - : ture coordinate as a proxy for equivalent latitude for,CO
é“ 05 e A ¢ | gradients in the Northern Hemisphere. We use the mid-

tropospheric temperature field at 700 hPayo (which is di-

-1 rectly proportional to the potential temperature at 700 hPa for

! the range of temperatures of interest here), to allow a sig-
= o5 7ON-85N 1 nificantly broader comparison between TCCON and ACOS-
g #, _& GOSAT than could be found using only geographic coin-
g °r o« *° 4 | cidence. The pressure (700 hPa) is arbitrary, and any mid-
3 —osf 8 tropospheric pressure would do. Choosing 700 hPa is conve-

o ‘ ‘ ‘ ‘ nient, however, because the NCEP/NCAR analysis product

2009 2009.5 2010 20105 2011 20115 is provided on a 700 hPa grid levé{dlnay et al, 1996, and

_ _ _ the NCEP/NCAR data provide the a priori atmospheric in-
Fig. 12. The latitude-dependence of the difference between usformation to the TCCON retrieval algorithm. A Northern

ing the TCCON a priori profile and the ACOS a priori p.rofile Hemisphere map of the NCEP/NCARqq field for 10 days
(TCCON-ACOS plotted here) on the ACOS-GOSAT retrievals ;. August 2010 is shown in Fid5.

(e.g.,é’1 —¢1 from Eq.A10). The latitudes are binned around TC-

! For our coincidence criteria, we find GOSAT measure-
CON sites.

ments within 10 days, latitudes within10° and longitudes

] . ] ~within £30° of the TCCON site, for whict>qg is £2 K of
2. There is a bias of about 0.6 ppm induced by smoothingihe value over the TCCON site. The longitude limits for

the TCCON profile with the ACOS-GOSAT averaging Tsykuba are set to b&10° because we do not wish to in-
kernel at Lamont. advertently over-weight the measurements over China. The
The TCCON a priori profile is being evaluated for a future possible locations of the coincidences for each TCCON site,

version of the ACOS-GOSAT algorithm, which would make given the latitude, longitude, ariroo of each site, are over-
the adjustment step unnecessary ' laid on the map in Figl5. This set of criteria results in many

Our scheme described by Edf) should significantly re- more coincident measurements over the higher latitude sites

duce airmass dependencies caused by global error terngab|?3)' qu example, O\I/er.Park Falls, tifeoo criterion re-
(e.g., spectroscopic errors) and the overall bias. This WiIIsults in 10 times more coincident measurements than using a

not be perfect, of course, and the results will likely contain geographic constraint a£0.5° latitude andt1.5° longitude.

a residual latitude-dependent seasonal bias. Once the TC- These criteria are applied to generate Bi§and Tables,

CON priors are used for the ACOS-GOSAT retrievals, the Which show the site-by-site comparisons in the Northern
discrepancies caused by the a priori profiles will be elimi- Hemisphere. The correlations between TCCON and ACOS-

nated, leaving us only to consider the smoothing error. ForGOSAT are shown in Figl7. All slopes are quoted asty,

the remainder of this paper, only the adjustments in BEy. ( wherey is the bgst fit slope and i.S twice the standarq e
are applied. ror on the best fit, calculated using the method outlined in

York et al.(2004), under the assumption that there is no cor-
relation between the errors in and the errors iny. The
5 Comparisons in the Northern Hemisphere slope is significantly improved after applying E¢) (com-
pare the left and middle panels of FitjZ, which have slopes
The first step in evaluating the Northern Hemisphere seaof 0.82+0.07 and 088+ 0.07, respectively). Selecting a
sonal cycles from the ACOS-GOSAT data before and afterTygp coincidence criterion also improves the coefficient of
applying Eq. 4) is to inspect the retrieved values in latitude determination £2) over a simple latitude/longitude/time co-
bands corresponding to TCCON sites. FigliBshows lati-  incidence (compare the middle and right panels of Eig.
tude bands containing the 11 TCCON sites used in this studywhich haver? of 0.80 and 0.77, respectively). When us-
The seasonal cycle shape, after applying B.t¢ the  ing a T7go constraint of+1K (instead of+-2 K), the 2 de-
ACOS-GOSAT data, is generally improved over the data thatcreases, and the comparison dataset diminishes significantly
has only the global bias removed (0.982). Site-by-site inves{10 % loss in data over Park Falls, and 25 % loss in data over
tigations require stricter coincidence criteria. However, crite- Tsukuba). A constraint of3 K shows no reduction in?,
ria based on tight geographic and temporal constraints resubhut also no significant gain in coincident measurements, as
in few coincidences at higher latitude sites, because the suthe geographic constraints become dominant. Using a ge-
face is covered in snow, or it is often cloudy. ographic constraint but with a larget5°box around each
We can loosen geographic and temporal constraints on th@ CCON site results in a reduced slope (Gt®602) com-
coincidence criteria if we exploit the relationship between pared with the right panel of Fid.7 (which has a slope of
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Fig. 13. Seasonal-cycle comparisons. These panels show the ACOS-GOSAT data adjusted by only the global bias (0.982, left panels) and
after applying Eq.4) (right panels). Each row of panels shows a different latitude range for the ACOS-GOSAT data (the black dots are the
daily median zonal average values, and the grey dots are the individual measurements), and the TCCON daily median data within the latitude
band (multi-coloured circles). The agreement and variability in the ACOS-GOSAT data are visibly improved in the right-hand panels.
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Fig. 14. Plotted here ar&co, anomalies against the temperature at 700 hPa. The anomalies are computed by subtracting a 189 ppmyr
secular increase from theco, time series. There is a strong positive relationship in the summertime, and this relationship reverses in sign in
the winter. The top row of panels shows data from 2009, and the bottom row shows data from 2010. The first two columns of panels contain
data from August, and the right two columns show December. The TCCON data are plotted in squares; the modified ACOS-GOSAT data are
circles, and the medians and standard deviations of the ACOS-GOSAT data at each 2K bin are plotted in black circles with error bars. The
colours represent the latitude. Although there are no TCCON data at the highest latitudesTi@pest2009, the TCCON sites operating

in both years show visibly different drawdown characteristics in August 2009 than in the 2010 TCCON data. This is indistinguishable within
the standard deviation of the ACOS-GOSAT data. The ACOS-GOSAT data nicely capture the reversal in sighcl,thel7gg slope in

the winter.

www.atmos-chem-phys.net/11/12317/2011/ Atmos. Chem. Phys., 11, 1P3337-2011



12328 D. Wunch et al.: ACOS-GOSAYco, bias evaluation with TCCON

T700

Fig. 15. A map of the areas that fulfill the coincidence criteria for a ten-day period in August, 2010. The back@ygyfidid is from the
NCEP/NCAR analysis. The white boxes show #@5° latitude andt-1.5° longitude limits about each TCCON site. The symbols in colour

show the locations on the Earth for this ten-day period that satisfy the coincidence criteffiggihiatwithin +2 K, latitude is within+10°,

and longitude is withint30°. (The only exception to this is the Tsukuba site, where the longitude criterion is tightegektao avoid
over-weighting data over China.) The actual locations of the coincidences with the ACOS-GOSAT data are restricted to the regions overlaid
in colour, where the ACOS-GOSAT data exist (i.e., only over land and in cloud-free scenes).

Table 3. This table presents the results of three comparisons between Northern Hemisphere KegOahd the ACOS-GOSAK cp,.
Coincidence between the two datasets are determined either by ghednstraint (ACOS-GOSAT soundings withi#t?K, +10° latitude
by £30° longitude and 10 days of a TCCON measurement), or a geographic const@ibt (atitude by+1.5° longitude). Biases are
computed by subtracting the TCCQOXfo, from the ACOS-GOSATXco,. The ‘No Modification’ fields include the 0.982 bias correction,
but not the regression described by equadorThe “Modified” fields have had equatiahapplied. The “ACOS” field lists the mean
standard deviation of the ACOS-GOSAT data for a particular location. The column labélegi*is the median number of ACOS-GOSAT
spectra involved in a single coincidence for a particular site. The columns lab¥|gd &re the total numbers of ACOS-GOSAT spectra
involved with the comparison for all times at that site. The averages in parentheses are weighi{ed Biyere are no ACOS-GOSAT data
coincident with the Eureka site using the geographic constraint.

T700 Coincidence Geographic Coincidence

No Modification Modified by Eq.4) Modified by Eq. @)
Bias ACOSo Bias ACOSo | Nmed Niot Bias ACOSo | Niot

ppm ppm ppm ppm ppm ppm
Bialystok 1.19 3.05 0.70 2.70 10 700 0.46 2.68| 19
Eureka 1.57 2.23 471 2.32 12 63 - - 0
Garmisch 1.32 2.69 0.78 2.52 11 765 6.14 3.57 9
Lamont —0.49 2.25 —0.62 1.77 28 2269 —0.55 1.83| 171
Orleans 0.39 2.59 0.12 2.26 9 327 1.08 2.15 7
ParkFalls 0.97 3.11 0.53 2.70 14 791 1.01 3.08| 81
Sodankyla 3.12 3.98 2.24 3.78 6 178 —0.62 3.44 8
Tsukuba 1.62 1.56 151 1.50 2 63 1.50 2.38| 57

Average | 1.21(0.46) 2.68(2.63] 1.25(0.18) 2.44(2.25] 115 644.5| 1.29(0.40) 2.73(2.34) 44

0.96+0.08), and a slightly smaller coefficient of determi- tude and+1-h coincidence criteria (Table Al d¥lorino
nation ¢2=0.75 compared with2=0.77). A+5°boxis et al.(2011). The ACOS-GOSAT retrievals using the ge-
too large in the Northern Hemisphere summertime, howeverpgraphic constraint show a variability of 2.6 ppm for these
as it will average together data that contain real atmospherisites (2.2 ppm if using th&7og coincidence). The discrep-
differences inXco,. ancy may be partly due to the number of soundings used in
The variability of the ACOS-GOSATXco, seen in this the Morino et al.(2011) work, which is significantly lower
work is comparable to that described Myprino et al.(2017)  than in this work. Butz et al.(2011) have a much smaller
andButz et al.(2011). Morino et al.(2011) remove a large- ~large-scale spectroscopic bias (0.45 % in the Southern Hemi-
scale spectroscopic bias that is similar in magnitude to thesphere), because they scale theA3band absorption cross-
bias seen in the ACOS retrie\/a|5.$‘6 ppm, or 22%), but sections by 1.030. Their Northern Hemisphere standard de-
show a significantly smaller Northern Hemisphere standardviation for a-£5° latitude/longitude box around the TCCON
deviation of 1.2 ppm for Biatystok, Cehns, Garmisch, Park stations (at Biatystok, Ogans, Park Falls and Lamont) is
Falls, Lamont and Tsukuba, usirg2° latitude and longi- 2.55ppm (from Fig. 2 oButz et al.(2011), which is very

Atmos. Chem. Phys., 11, 12311772337 2011 www.atmos-chem-phys.net/11/12317/2011/
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Fig. 16. A site-by-site comparison between ACOS-GOSAT and the Northern Hemisphere TCCON sites, u$iig twéncidence criterion
(data recorded within 10 day4;10° latitude,£30° longitude andt2K). The left panel shows the ACOS-GOSAT data after applying the
global bias (0.982), and the right panel shows the data after applying)=q. (

similar to our 2.4 ppm for the same sites (for either the geo-cal components) or another time-dependent effect, such as a

graphic orT7gg coincidence). drift in the reference laser frequency or a drift in the non-
Because the minimum atmospheric variabilityXigo, is linear response of the LOA-band signal chain. A residual

found in the Southern Hemisphere, we can compute the minairmass-dependent error remains, especially at very high air-

imum expected variability of the ACOS-GOSAT data near amasses, and indeed the assumed linear regression degrades

Southern Hemisphere TCCON site. The standard deviatiorthe agreement at very high airmasses. This is clear in the

of the difference between the ACOS-GOSAT data within aEureka time series and in Tab& Limiting the correla-

+5° latitude and longitude box around Wollongong and thetion plot to airmasses 3.3 improves the? and increases the

Wollongong TCCON data shows a reduction in the variabil- slope (to 0.85 and.03=+0.08, respectively). The additional

ity from 2.49 ppm before applying Eg4)Yto 2.15ppm af- airmass-dependent errors may be reduced by adjusting the

ter applying Eq. 4). Thus, we cannot reasonably expect the ACOS-GOSAT retrieval to the TCCON a priori profile and

standard deviation of the ACOS-GOSAT data in the North-accounting for the photosynthetic fluorescence signal. OCO-

ern Hemisphere to be smaller than 2.15 ppm. T8dbows  2’s target mode will allow for a determination of the airmass

that while the standard deviations have been reduced througélependence globally.

the use of Eq.4), they remain, on average,5-10 % larger Even after modification of the ACOS-GOSAT data by

than 2.15 ppm. Eqg. @), the ACOS-GOSAT noise is too large to see signif-
The correlation slope between the ACOS-GOSAT and TC-icant interannualXco, drawdown differences. Figuri4

CON data is not unity within the uncertainty: it is88+0.07 shows the relationship betwee~tXco, and T7qp in the

with anr2 of 0.80. This difference from unity may be par- Northern Hemisphere for 2009 and 2010. The mean stan-

tially due to a time-dependent difference Xto, between  dard deviation of the ACOS-GOSAT data shown in Fig.

the TCCON data and the ACOS-GOSAT data (H. Suto, per-in August 2009 (2010) is 2.5ppm (2.9 ppm), and the mean

sonal communication, 2011). This time-dependence couldstandard deviation of the ACOS-GOSAT data in December

imply that there is a residual radiometric calibration error 2009 (2010) is 3.7 ppm (3.4 ppm). Although the range of

(due to degradation over time of the mirrors or other opti- potential temperatures sampled at the TCCON sites differs

www.atmos-chem-phys.net/11/12317/2011/ Atmos. Chem. Phys., 11, 1P3337-2011
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Fig. 17. The left two panels show the regression between TCCON and ACOS-GOSAT usiffggeoincidence criterion (10 days,

+10° latitude,+30° longitude andt:2 K). The left panel shows the large-scale bias-corrected, but otherwise unmodified, data. The middle
panel shows the regression after applying Bj. The right-hand panel shows the regression after applying4tgbiit using coincidence

criteria that restricts latitudes to withi0.5°, longitudes to within+1.5°, and interpolates the TCCON data onto the ACOS-GOSAT
measurement times. Note that there are no coincident data over Eureka when using the geographic coincidence criteria (right-hand panel)
The solid lines show the best fit to the data (with equations-ehdtandard errors shown on the plot), and the one-to-one line is plotted as

a dashed line. The vertical bars representitfe variability of the ACOS-GOSAT data, illustrating the dependence of the variability of the
ACOS-GOSAT data at each TCCON value (i.e., varf)) in the regression. Similarly, the horizontal bars representti®e variability of

the TCCON data.

substantially between 2009 and 2010 (because the Eurekase a seasonally and latitudinally varying a priori profile, all
and Sodanky sites were not yet recordingco, data in  of which should improve the retrievals.
2009), all TCCON sites operating in both 2009 and 2010 One underlying assumption in this work has been that the
show differentA Xco, drawdown characteristics in August Xco, gradients in the Southern Hemisphere are small. We
2009 and in 2010. This interannual difference is indistigu- expect that as the quality of the satellite data improves, this
ishable in the ACOS-GOSAT data, as it is within its noise assumption will become less valid. In future work, assimila-
(plotted as & error bars). As further improvements to the tions of Southern Hemisphere GQe.g., CarbonTracker, de-
ACOS algorithms are implemented, the noise should reducescribed byPeters et al.2007) and the Southern Hemisphere
and we anticipate that important interannual features will be-TCCON sites could provide a more robust estimate of the
come separable from the noise. true Southern Hemispheréco, fields. A second important
assumption we have made is that the spurious variability in
the Northern Hemisphere is caused by the same retrieval or
6 Discussion and conclusions instrument parameters that cause the spurious variability in
the Southern Hemisphere. Anywhere that this assumption is
Estimating sources of bias in satellite observations is esserinvalid will lead to residual variability and bias in the North-
tial if the data are to be used to infer surface fluxes. Theern Hemisphere.
ACOS retrievals oX co, from the GOSAT TANSO-FTS in- When turning to comparisons of ACOS-GOSAlco,
strument contain global and regional systematic errors. Wewith TCCON in the Northern Hemisphere, coincidence cri-
have demonstrated that bias between the ACOS-GOSAT reteria that include the temperature at 700 hPa, which serves as
trieval of Xco, data and TCCONXco, is significantly re-  a tracer of dynamically-driven variability i co,, allow for
duced if a set of regressions determined from the Souther@a broader comparison with larger sample sizes. The ACOS-
Hemisphere data is applied globally. After applying the re- GOSAT noise in v2.8 is still too large to distinguish interan-
gressions to the data described by B9, the comparisons of nual variability in the Northern Hemisphere seasonal cycles
ACOS-GOSATX o, to TCCON are significantly improved in 2009 and 2010, but we anticipate that future versions of
but remain imperfect and show both residual time and air-the ACOS algorithm will be able to clearly distinguish the
mass dependences. Future versions of the ACOS-GOSATwo years.
data will include an updated radiometric calibration, a flu- The methods outlined in this paper: using the South-
orescence correction and a nonlinearity correction, and willern Hemisphere to define regressions that remove spurious

Atmos. Chem. Phys., 11, 12311772337 2011 www.atmos-chem-phys.net/11/12317/2011/
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Fig. Al. A priori profiles at the Lamont TCCON site for ACOS- '
GOSAT (left panel) and TCCON (right panel), coloured by the year.

Fig. A2. Column averaging kernels for ACOS-GOSAT (left panel)
and TCCON (right panel) over Lamont, coloured by the airmass.

- . . The GOSAT ai lotted here i h ller (2-3.2
variability, and using the temperature at 700 hPa to deflnqhan the rang:'gp?é%g:lg;rgasses (iil(l)i much smaller ( )

coincidence criteria in the Northern Hemisphere, are read-
ily applicable to other satellite instruments observitigo, .
These methods are directly applicable to the future OCO-2x -, are computed by dividing the total column abundances
retrieval algorithm, and will form the basis for initial evalua- of CO, by the column of dry air.

ti f the OCO-2 data.
ions of the ata column CG

column dry air (A4)

Xco, =
Appendix A The column of dry air can be computed in two ways: directly
using a measurement of the ©olumn, or using the surface

The effect of averaging kemels pressure Rsyrf) corrected for the KO column:

The averaging kernels and a priori profiles for the ACOS- | drv air— column @ A5

GOSAT retrievals over Lamont and the TCCON FTS re- cOiUmn dry air= 0.2095 (AS)

trievals are shown in Fig&\1 andA2. According toRodgers _ Psur | MH,0 AG

and Connor(2003, to compare retrieval results from two = ry — COUMMH;0—5y (AB)
{g}airmair mip

different instruments with differing viewing geometries, re-
trieval algorithms, a priori profilescg) and averaging kernels  where mp,o is the molecular weight of water (18 x
(A), an “ensemble” profilex(c) and covariance matrix) ~ 10-3/N, kg molecule’l), m%Y is the molecular weight of
should be selected, which represent the mean and var|ab|b|ry air (28964 x 10-3/Na kgmolecule’), Na is Avo-

ity of the ensemble of true atmospheric profiles over WhiChgadro’s constant, ang}air is the column-averaged gravita-
the comparison is to be made. That is, in order to compargiynal acceleration.

retrigyed valugs%,» from thei-th instrument, the equations, The TCCON and ACOS-GOSAT algorithms compute the
traditionally written as total column of dry air in different ways. Both use a mea-
Y U _ surement of the @column, but the TCCON approach is to
¥i—¥a =Ai(xX=Xa)tex (A1) divide the total column of C®by the total column of @,

with measurement errar,;, should be “adjusted” to a com- measured in the 1.27 um spectral region (i.e.,A%). This
mon comparison ensemble;, by adding(A; —1) (xa —x¢) approach is advantageous because the &@d Q bands are

to both sides of the equation, giving our new, adjusted equaspectrally close, so many errors caused by instrumental im-

tions: perfections are reduced in the ratio, and no additional water
N vapor correction is necessatyéllace and Livingston99Q
¥ —xc=A;(x —xc)+ €y (A2)  Yangetal, 2002 Wunch et al.2011). Mesospheric dayglow

from the 1.27 um @band precludes useful measurements of

this band from space, and so the GOSAT instrument mea-

R =%+ (A —1)(xa —xc) (A3) sures the @ A-band (0.76 um). The ACOS-GOSAT algo-
rithm cannot simply use the TCCON formulation (E&p)

We are interested in comparing the dry-air mole fractionsbecause the A-band is spectrally distant from the ®@énds

(DMFs, Xco,) inppm, and not the profiles of GO The and is measured on a separate detector. Instead, it uses the O

wherez; is the “adjusted’®, andl is the identity matrix:

www.atmos-chem-phys.net/11/12317/2011/ Atmos. Chem. Phys., 11, 1P3337-2011
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e whereu is a vector of ones. The difference and variance in
] the DMFs are then represented by Egs. (23) and (24) from
‘ ' Rodgers and Conng2003:
ééL—CA’2=Z”lj((/ll_aZ)j(x_~’Cc)j+€c1‘|‘€c2 (A11)
J

o?(Ey—e) =Y Y hj(a1—a2);(So) jhi (@1 —az);
koj

T
Aircraft Profile

—e—Truth ()

_ . GOSAT prior (x)

_ .~ TCCON prior(x )

@ IS w N e
= S =3 S S
] S 3 3 S

T T T T

Pressure (hPa)

@

3

]
T

+0d+0d (Al2)

o The matrixs is the ensemble covariance matrix, and repre-
] sents the real atmospheric variability. We will use the con-
[ vention that GOSAT ig=1, and TCCON is = 2.
’1—:f§§g:‘§:§ /} | For simplicity, we can choose the TCCON a priori profile

: as the ensemble profile (e.gq2=xc). The TCCON a priori
profile is a statistically reasonable estimateXafo, in the
_ ~atmosphere — it is an empirical function that is latitude- and
F]lgL A3. F:':’htstfrom 2 AdUQU:St zooizt"":e” there((‘)"’alszi” ;’Virrf]“grtftime-dependent, built on the GLOBALVIEW data set in the
of Lamont that spanned a large altitude range (0-12km). The le 3 .
panel shows the aircraft profile (grey) which uses the TCCON atgglzﬂlsgt?oerrsffl&ggé\l/_v\gE:A;I((:Z%%)’:l)z ?noggrsl?r:t]gs?)%irzf. ar

priori profile to fill in the stratosphere above the aircraft ceiling, . . . .
the true profile (black; i.e., the aircraft profile interpolated onto the If the first termzon the right hand side of E&\12) is small

ACOS retrieval grid), the ACOS-GOSAT a priori profile (blue) and Compared withsZ +o2, then an adjustment to a common
the TCCON a priori profile (red). The right panel shows the ACOS- €nsemble a priori profile is sufficient to account for the major
GOSAT (blue) and TCCON (red) column averaging kernels for the differences in the two retrievals at the same location and time.
time of the aircraft measurement. This means that we can directly compéfeandcs,.
However, if the first term on the right hand side of
g. (A12) is not negligibly small, we must reduce our
oothing error by computing what the GOSAT instrument
plicitly correcting for the water column with the retrieved would retrieve given the TCCON total column as "truth,” via

value from the ACOS algorithm. Eq. (25) fromRodgers and Conn¢2003:

The retrievedXco,, denoted?, can also be described as o=cc+ Y _hjai; (*2—xc); =cc+ Y _hjaij(yxc—xc); (A13)

the profile-weighted column-average €ixing ratio in dry Y J

air, and is related to the retrieved profikg,via the pressure  wherey is the TCCON scaling factor applied to the a priori

weighting functionk, described byConnor et al(2008. profile to get the final TCCON profile that is then integrated

. _— to producers.

c=h'x (A7) A comparison ofé), with ¢, (the GOSAT adjusted re-
The pressure weighting function contains the pressurdrieval) should significantly reduce the smoothing error in-

thicknesses in the state vector, normalized by the surfac&oduced by the averaging kernels. Analogs of E4d.1)

pressure corrected for the atmospheric water content. Apand @A12) for this case are found in Egs. (26) and (27) of

plying AT = (h1,....h},...) to both sides of Eq.A2) gives  Rodgers and Conng2003:

~
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370 375 3%
XCDZ ppm) Column Averaging Kernel

A-band measurements to compute a surface pressure, whic
is then used to compute the dry air column via E6), ex-

Eq. (22) inRodgers and Conng2003: br—t1o= Y hjan (1—Ag) (x—x0))Hecr— Y hja ez (AL4)
& —cc=h" A; (x—xc)+eq=Y hjaij(x—x.);j+eq, (A8) / /

_ ! o (—c) =) hjay, ((| —A2)S(l —Az)T) hiaw
whereec; is the measurement error on the column retrieval  j Tk

for instrumenti and j is the pressure level. The normalized
column averaging kernel ig; = (Cl[]_,...,él,’j,...)T for instru-

+od + DY hjarj (Sv2) jehia (AL5)
menti and is defined by onnor et al(2008, Eq. (8): Lo

A A full profile (from the surface up to 12 km) was measured
dc; 1 _ (hTAi) 1 (A9) by an instrumented aircraft over Lamont on 2 August 2009,

aii = ——
" 3)6./ hj

ihj which provides an example “true” profile (i.a.). Using this

profile to computga; —a»)” (x —x¢) yields a difference of

about 0.2 ppm, which is very small compared wiiht e ~

& =¢ +th' (@i —u) j (xa —Xc); (A10) 2.3 ppm. FigureA3 shows the profiles and averaging kernels
J

The “adjusted” retrieved columdj is then
used in the calculation above.
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Table B1. Filters applied to the ACOS v2.9 data.

12333

Filter Filter criterion

Retain data with good spectral fits

reduashd_squaredo2 fph < 1.4

reducedchi_squaredstrongco2 fph < 2
reducedchi_squaredweak co2 fph < 2

Retain data with well-retrieved
surface elevation

Retain scenes without extreme aerosol
optical depth values

Retain data with 0 diverging steps

(use the first of the
divergistgps =0

[(AP)—AP| <5 hPa
(A P = surfacepressureph— surfacepressureapriorifph; AP =0.59 hPa
O<Ofetrievedaerosalaod by type < 0.15

5 rows of the matrix)

Retain scenes with no cloud clotfidg = 0
Retain data that converge outcarfteg = 1 or 2
Retain data with ‘H’ gain only gaiflag = “H

Retain scenes without cloud over ice

.4Ralbedao2 fph —1.13xalbedastrongco2fph < 1

Glint data are defined by

soundimgnd fraction = 0

|soundingsolarzenith— soundingzenith <2°
160°< soundingsolarazimuth— soundingazimuth< 200°

Table B2. Parameters and values for E4) {or the v2.9 land data. The coefficients list the values for three assumptions Btthgefield

in the Southern Hemisphere: 1, that there is a small seasonal cycle and a 1.89 pmaacular increase (i.e., E4); 2, that there is only a
1.89 ppmyr? secular increase (i.e., no seasonal cycle); and 3, that there is a small seasonal cycle, a 1.89 ppoujar increase, and a

—1ppm gradient between 25 and 58 S. The errors are twice the bootstrapped standard errors. The coefficients have units of ppm/unit of

blended albedo, ppm/hPa, ppm/airmass and ppriMicm—2 sr—1 (cm~1)~1), respectively.

Parameter Mean value Coefficients

Assumption 1 Assumption 2 Assumption 3
blendedalbedo 0.3 6+04 6.3+0.4 6.2+0.4
AP 0.59hPa —0.15+0.01 -0.14+0.01 -0.16+0.01
airmass 2.6 —-13+04 —-1.3+04 —-154+04
signalo2 37x10’wWem2sri(em1)~1  _0474+008 —045+0.08 —0.47+0.08

Appendix B
A Preview of ACOS v2.9

A significant subset of version 2.9 data, covering 1 July 2009
through 28 March 2011, has been processed since this paper
was first published. Significant changes and improvements
to the algorithm include:

— A new time-dependent radiometric calibration was
computed and applied to both the radiances and the
noise model.This implies that the time-dependent fil-
ter on thex? values described in Tabtkis no longer
necessary. Our new recommendation for gefilters
is described in TablB1.

— The O, A-band cross-sections were scaled by 1.025.
This has corrected thell hPa bias between the re-
trieved surface pressure and the ECMWF surface pres-
sure.

www.atmos-chem-phys.net/11/12317/2011/

— An improved instrument line shape has been applied.
This has further improved the overall bias between TC-
CON and ACOS, and together with the, @Q-band
cross-section scaling has eliminated the need for the
overall bias correction (i.e., what wa%, or 0.982 in
v2.8).

The zero level offsets in tH®, A-band were removed
through fitting the spectra with an additional parameter.
This reduces the error caused by detector nonlinearity,
improves the spectral fits and should have some impact
on the relationship betweeKco, and both signab2

and airmass.

The stratospheric column averaging kernel has been
corrected. This should have little impact on the re-
trieved Xco,, and was a bug in the pressure-weighting
function calculation that caused the abrupt changes
in the v2.8 ACOS-GOSAT column averaging kernels
above 100 hPa (FigA2).

Atmos. Chem. Phys., 11, 1P3337-2011
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Table B3. This table presents the results of three comparisons between Northern Hemisphere KegOahd the ACOS-GOSAK o,

for the v2.9 ACOS-GOSAT data. Coincidence between the two datasets are determined eithefp tenstraint (ACOS-GOSAT
soundings withint2 K, +10° latitude by+30° longitude and 10 days of a TCCON measurement), or a geographic constabft latitude

by £1.5° longitude). Biases are computed by subtracting the TCQRYN, from the ACOS-GOSATXco,. The “No Modification” fields
have not had the v2.9 regression applied. The “Modified” fields have had the v2.9 regression applied. Ther"A@@Sists the mean
standard deviation of the ACOS-GOSAT data for a particular location. The column labélegi*is the median number of ACOS-GOSAT
spectra involved in a single coincidence for a particular site. The columns labglgd are the total numbers of ACOS-GOSAT spectra
involved with the comparison for all times at that site. The averages in parentheses are weighiigid Digere are no ACOS-GOSAT data
coincident with the Eureka site using the geographic constraint.

T700 Coincidence Geographic Coincidence
No Modification Modified Modified

Bias ACOSo Bias ACOSo | Nmed Niot Bias ACOSo | Niot

ppm ppm ppm ppm ppm ppm
Bialystok 0.08 3.08 —-0.49 2.90 12 869 -1.67 3.93| 27
Eureka 0.97 3.35 1.88 3.41 10 60 - - 0
Garmisch 0.06 2.50 —0.40 2.44 15 1004 3.44 4.23 16
Lamont -0.81 1.97 -0.98 1.88 38 2668 -0.86 1.92| 251
Orleans 0.41 2.18 -0.21 1.95 14 430 0.18 2.19 13
ParkFalls 0.15 3.00 -0.36 2.69 18 1018 —-0.03 3.21| 120
Sodankyla 2.35 3.19 1.58 3.17 7 254 0.34 4,23 16
Tsukuba 0.72 1.70 0.57 1.70 3 46 1.03 2.65| 59
Average | 0.49(-0.16) 2.62(2.45) 0.20 (-0.53) 2.52(2.31)| 14.6 793.6| 0.35(-0.28) 3.19(2.58) 62.8

® Eureka
® Sodankyla
Bialystok
Orleans
Garmisch
Park Falls
Lamont
Tsukuba

ACOS-GOSAT X, (ppm)

r?=0.83 ?=0.84 ?=0.79
y = (0.83+0.07)x + (67+27) y = (0.98+0.07)x + (9+26) y = (0.960.07)x + (15+25)
370 ? ; ; ; ? ; ; ? ;
380 385 390 395 380 385 390 395 380 385 390 395

TCCON X (ppm)

2

TCCON )(CO2 (ppm) TCCON XCO2 (ppm)

Fig. B1. The left two panels show the regression between TCCON and ACOS-GOSAT v2.9 data usihgptbeincidence criterion. The

left panel shows the unmodified data. The middle panel shows the regression after applyiighiEgwith the coefficients described in
Appendix B. The right-hand panel shows the regression after applyingdEith the coefficients described in Appendix B, but using
coincidence criteria that restricts latitudes to withif.5°, longitudes to withint=1.5°, and interpolates the TCCON data onto the ACOS-
GOSAT measurement times. Note that there are no coincident data over Eureka when using the geographic coincidence criteria (right-hanc
panel). The solid lines show the best fit to the data (with equationst&ndtandard errors shown on the plot), and the one-to-one line

is plotted as a dashed line. The vertical bars represent-gaevariability of the ACOS-GOSAT data, illustrating the dependence of the
variability of the ACOS-GOSAT data at each TCCON value (i.e., wax()) in the regression. Similarly, the horizontal bars represent the

+2¢ variability of the TCCON data.
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The a priori profiles remain unchanged and fluorescenceRAMCES team at LSCE (Gif-sur-Yvette, France). The PEARL
has not yet been included in the state vector. Hence, ther8ruker 125HR measurements at Eureka were made by the Canadian
may still be both a latitude-dependent seasonal cycle inducelietwork for the Detection of Atmospheric Change (CANDAC),
by the a priori profile (compared with using the more realistic 1€d by James R. Drummond, and in part by the Canadian Arctic
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