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Abstract. Monitoring the global distribution and long-term of 1.02 ppm. This precision is sufficient for capturing the
variations of CQ sources and sinks is required for charac- winter to summer variability of approximately 12 ppm in the
terizing the global carbon budget. Total column measuredower troposphere; double the variability of the total column.
ments are useful for estimating regional-scale fluxes; how-This work shows that a combination of NIR and TIR mea-
ever, model transport remains a significant error source, parsurements can profile GQwith the precision and accuracy
ticularly for quantifying local sources and sinks. To im- needed to quantify lower tropospheric g@riability.

prove the capability of estimating regional fluxes, we esti-
mate lower tropospheric CQconcentrations from ground-
based near-infrared (NIR) measurements with space-based

thermal infrared (TIR) measurements. The NIR measurel Introduction

ments are obtained from the Total Carbon Column Observing

Network (TCCON) of solar measurements, which provide anOur ability to infer surface carbon fluxes depends criti-
estimate of the total C£column amount. Estimates of tropo- Cally on interpreting spatial and temporal variations of at-
spheric CQ that are co-located with TCCON are obtained by mospheric CQ and relating them back to surface fluxes. For
assimilating Tropospheric Emission Spectrometer (TES) freeexample, surface Cffluxes are typically calculated using
tropospheric C@estimates into the GEOS-Chem model. We surface or near-surface G@neasurements along with air-
find that quantifying lower tropospheric G®y subtracting ~ craft data (Law and Rayner, 1999; Bousquet et al., 2000;
free tropospheric Cestimates from total column estimates Rayner and O'Brien, 2001; Gurney et al., 2002; Rayner et
is a linear problem, because the calculated random uncer@l-» 2008, 2011; Baker et al., 2010; Chevallier et al., 2010,
tainties in total column and lower tropospheric estimates are2011; Keppel-Aleks et al., 2012). More recently it has been
consistent with actual uncertainties as compared to aircrafénown that total column COmeasurements derived from
data. For the total column estimates, the random uncertaintground-based or satellite observations can be used to place
is about 0.55 ppm with a bias ef5.66 ppm, consistent with constraints on continental-scale flux estimates (O'Brien and
previously published results. After accounting for the total Rayner, 2002; Chevallier, 2007; Chevallier et al., 2011;
column bias, the bias in the lower tropospheric C&ti-  Keppel-Aleks etal., 2012). However, because,@a long-

mates is 0.26 ppm with a precision (one standard deviation}ived greenhouse gas, measurements of the total column CO
are primarily sensitive to synoptic-scale fluxes (Baker et al.,
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64 L. Kuai et al.: Profiling tropospheric CO» using Aura TES and TCCON instruments

2010; Keppel-Aleks et al., 2011); variations in the total col- — TES  — TCCON
umn are only partly driven by local surface fluxes, because 0 ‘ -
the total column depends on GGrom remote locations.
Furthermore, the variations caused by the surface source and
sinks are largest in the lower tropospheric (LT) £Sarrat
etal., 2007; Keppel-Aleks et al., 2011, 2012). Incorrect spec-
ification of the vertical gradient of atmospheric £€€an also

lead to an overestimate of carbon uptake in northern lands
and an underestimate of carbon uptake over tropical forests
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(Stephens et al., 2007). For these reasons we could expect 800 g

that vertical profile estimates of G@vill improve constraints

on the distributions of carbon flux. Therefore, we are moti- 1000

vated to derive a method to estimate the LT Q8urface to 00 02 ‘/’\':‘erag?n-z ker:j 1o 12

600 hPa) from current available column and free tropospheric

(FT) observations. Fig. 1. Averaging kernel for TES retrieval (blue) and TCCON re-

Total column CQ data are calculated from solar near- trieval (red).
infrared (NIR) measurements from the Total Carbon Col-
umn Observing Network (TCCON) (Wunch et al., 2010,
2011a), as well as space-borne instruments, starting frontropospheric C@, whereas the TCCON total column also
SCIAMACHY (Schneising et al., 2011, 2012) and GOSAT has sensitivity to the lower tropospheric &@onsequently
(Yoshida et al., 2009; Wunch et al., 2011b; Crisp et al., 2012;we expect that combining these measurements will allow for
O'Dell et al., 2012). Similar space-borne instruments includeestimation of lower tropospheric GOThis approach has
OCO-2 (Crisp et al., 2004) and GOSAT-2, which are ex- been used to estimate lower tropospheric ozone (Worden et
pected to be launched in 2014 and later this decade respeel., 2007; Fu et al., 2012) and carbon monoxide (CO) (Wor-
tively. In addition, CarbonSat (Bovensmann et al., 2010; Ve-den et al., 2010). However, we do not use the direct profiling
lazco et al., 2011) is a proposed instrument that could also bapproach discussed in Christi and Stephens (2004), because
launched in the next decade. Ground-based Fourier transfewe found that spectroscopic errors and sampling error due to
spectrometer (FTS) measurements such as TCCON instrypoor co-location of the NIR and TIR data currently result in
ments have high precision and accuracy compared to satelinphysical retrieved Cgprofiles. Instead we simply subtract
lite instruments but limited spatial coverage. TCCON mea-free tropospheric column estimates from total column esti-
surements are therefore a valuable resource for validation ofmates in order to quantify lower tropospheric £&lumn
SCIAMACHY, GOSAT and OCO-2 satellite measurements. amounts. As long as the retrievals converge and the estimated
In addition to the column C&from NIR measurements, free states are close to the true states, the problem of subtracting
tropospheric C@ measurements can be made from passivefree tropospheric column amount from total column amount
thermal infrared satellite instruments such as Tropospheridgs a linear problem with well-characterized uncertainties.
Emission Spectrometer (TES); (Kulawik et al., 2010, 2012)
and AIRS (Chahine et al., 2005). All these measurements by
different techniques play important roles in the carbon flux2 Measurements
inversion problem and provide complementary information
of the atmospheric C&distribution. However, none of these 2.1  Ground-based total column CQ measurements
instruments measure the LT GO from TCCON

In this paper, we present a method to estimate the L CO
by combining column and FT COfrom two data sources: The column data used to derive LT @0On this study
total column estimates from TCCON and free troposphericare from TCCON observations. These observations are ob-
estimates from TES data, assimilated into the GEOS-Chentained by FTS with a precise solar tracking system, which
model. We expect this approach to provide estimates of lowemeasures incoming sunlight with high spectral resolution
tropospheric C@, because the TCCON and TES measure-(0.02 cnt1) and high signal-to-noise ratio (SNR) (Washen-
ments have complementary sensitivities to the vertical distrifelder et al., 2006). The recorded spectra range between
bution of CG. For example, Fig. 1 shows that TCCON €0 4000-15000 cm!. These data provide a long-term obser-
estimates are sensitive to the total columny@&® described  vation of column-averaged abundance of greenhouse gases,
by its averaging kernel. The averaging kernel indicates thesuch as C@, CHs, N2O and other trace gases (e.g., CO)
sensitivity of the retrieved estimate to the true distribution of over 20 TCCON sites around the world, including both op-
COs,. The TES averaging kernel for an estimate of Cév- erational and future sites (Yang et al., 2002; Washenfelder et
eraged from surface to top-of-atmosphere, is also shown iral., 2006; Deutscher et al., 2010; Wunch et al., 2010; Messer-
Fig. 1. Both averaging kernels show sensitivity to the freeschmidt et al., 2011). Figure 2 shows a sample measurement
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Table 1. Surface fluxes used in GEOS-Chem model.

Biosphere CASA-GFED3-v2 (3 h) (cmsflux.jpl.nasa.gov)

Biomass burning  GFEDS3-Fire-v2 (daily) (cmsflux.jpl.nasa.gov)

Bio fuel GFED3-fuel-v2 (monthly) (cmsflux.jpl.nasa.gov)

Fossil fuel CDIAC (monthly) (Nassar et al., 2010)

Ocean ECCO2-Darwin (daily) (cmsflux.jpl.nasa.gov) (Brix et al., 2012)
Ship ICOADS (monthly) (Nassar et al., 2010)

Chemical source  GEOS-Chem-V8.2.1 (Nassar et al., 2010) (monthly)
Plane emission GEOS-Chem-V8.2.1 (Nassar et al., 2010) (monthly)
Chemical surface  GEOS-Chem-V8.2.1 (Nassar et al., 2010) (monthly)

2.2 Satellite-based free tropospheric CQ
osl measurements from TES

0.6 . . .
Free tropospheric Cestimates are derived from thermal

IR radiances measured by the Tropospheric Emission Spec-
trometer (TES) aboard NASAs Aura satellite (Beer et al.,
2001). The TES instrument measures the infrared radiance
0.0 | ! ! emitted by Earth’s surface and atmospheric gases and par-
6200 6220 6240 ticles from space. These measurements have peak sensitiv-
Wavenumber (cm”) ity to the mid-tropospheric Cat ~ 500 hPa (Kulawik et

Fig. 2. CO, band at 1.6 um observed on 17 June 2008 by TCCON&-» 2012). The sampling for the TES g@easurements is

at Park Falls (Wisconsin) with solar zenith angle of 22.5 sparse (e.g., .1 measurement every 100 km apprgximately),
and the satellite passes over the Lamont TCCON-sitgery

16 days (Beer et al., 2001). However, the spatial scales of
in the 1.6-um C@ absorption band, which is used for analy- Vvariability in the free troposphere are large, which suggests
sis here. that TES data can provide useful constraints on free tropo-

As discussed in Wunch et al. (2010, 2011a), total column-spheric CQ over TCCON sites. In order to exploit these
averaged abundances can be estimated from TCCON daiarge scales, we assimilated the TES G@ieasurements into
using a non-linear least squares approach that comparestae GEOS-Chem model, a global 3-D chemistry transport
forward model spectrum against the observed spectrum. Thgodel (CTM).
forward model is dependent on GOtemperature, water ~ GEOS-Chem (V8.2.1) is driven by assimilated meteoro-
vapor (HO), and instrument parameters. The retrieval ap-logical data from the Goddard Earth Observation System
proach adjusts atmospheric €@ncentrations by scalingan (GEOS) of the NASA Global Modeling and Assimilation Of-

a priori CQ profile until the observed and modeled spectrafice (GMAO). The model supports input data from GEOS-4
agree within the noise levels. The precision in the column-(1° x 1.25 horizontal resolution, 55 vertical levels), GEOS-
averaged C@ dry air mole fraction from the scaling re- 5 (0.5 x 0.67, 72 levels), and MERRA (ibid.). The GEOS
trievals is better than 0.25% (Wunch et al., 2010, 2011a).meteorological data archive has a temporal resolution of 6 h
The absolute accuracy is1 %; after calibration by aircraft except for surface quantities and mixing depths that have
data, the absolute accuracy can reach 0.25% (Wunch et altgmporal resolution of 3x 2.5 or 4° x 5° grid resolution
2010, 2011a). by aggregating GEOS meteorological data (Bey et al., 2001).

In this paper, we use the optimal estimation methodConvective transport in GEOS-Chem is computed from the
(Rodgers, 2000) to retrieve a profile that scales multiple lev-convective mass fluxes in the meteorological archive, as de-
els of the CQ profile instead of the whole profile (Kuai scribed by Wu et al. (2007) for GEOS-4, GEOS-5, and
et al.,, 2012). We find that the precision of retrieved col- GISS GCM 3.
umn averages of the profile using this approach (0.55ppm) The original CQ simulation in GEOS-Chem was de-
is consistent with the scaling retrievals described by Wunchscribed by Suntharalingam et al. (2004) and was updated
et al. (2010). The profile retrieval algorithm is described in by Nassar et al. (2010). The “bottom-up” inventories used
Sect. 4. to force GEOS-Chem are drawn from Nassar et al. (2010)

and from the Carbon Monitoring System Flux Pilot Project

(http://carbon.nasa.gpand are available dittp://cmsflux.

jpl.nasa.gov The specific inventories are described in Ta-

ble 1. TES CQ and flask measurements have been used to

0.4

Transmittance (Tr)
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constrain time-invariant global carbon fluxes in GEOS-Chemwhere fgd Y(2) andngry(z) are the vertical profiles of the dry-
(Nassar et al., 2011). Both 3-D variational (3-D var) and 4- air gas volume mixing ratio and number density, respectively,
D variational (4-D var) assimilation approaches have beeras functions of altitude. The dry-air column-averaged mole
implemented in GEOS-Chem for full oxidant-aerosol chem-fraction of CQ, denoted byXco,, is defined as the ratio of
istry as well as for CO (Henze et al., 2007, 2009; Kopaczthe total dry-air column of C®to that of dry air:
et al., 2009; Singh et al., 2011a,b). These techniques have
been used to assess the impact of precursors and emissio;y% — Cco, )
on atmospheric composition (Zhang et al., 2009; Walker et Cair
al., 2012; Parrington et al., 2012). The 3-D var assimilation
algorithm used here is adapted from Singh et al. (2011b).

TES at all pressure levels between°&3-40 N, along
with the predicted sensitivity and errors, was assimilated for
the year 2009 using 3-D var assimilation. We compare model

. . L L dry . fg(Z)

output with and without assimilation to surface-based in situ fy *(z) = —————.
aircraft measurements from the US DOE Atmospheric Radi- 1= fre0()
ation Measurement (ARM) Southern Great Plains (SGP) sitgyowever, the HO concentration is usually highly variable
during the ARM Airborne Carbon Meqsurements (Biraud and may introduce some uncertaintiesﬁgqry(z). On the
et al., 2012,http://www.arm.gov/campa|gns/aaf2008a<)me other hand, TCCON also provides precise measurements of
and HIAPER Pole-to-Pole Observations-II (HIPPORRp: O,. Dividing by the retrieved @ using spectral measure-
//h|ppo._ucar.edl)/campa|gns (Kulawik et al., 2012.)' we _fmd ments from the same instrument improves the precision of
model improvement in the seasonal cycle amplitude in theXCOZ by significantly reducing the effects of instrumen-

mid-troposphere at the SGP site, but there are model diSCreIqé\l/measurement errors that are common in both gases (e.g.,

ancies compared with HIPPO at remote oceanic sites, particz ) tracker pointing errors, zero level offsets, instrument

ularly outside of the latitude range of assimilation (Kulawik line shape errors, etc.) (Wunch et al., 2010). Therefore, we
etal., 2012). e ! ' '

We use the results from the assimilation as our estimate
of free tropospheric C® The uncertainties in the assimila-

whereCco, andCjyjr are obtained by Eqg. (1).
In real atmosphere where the amount giCHcannot be

neglected 3™ (z) is formally defined as

©)

introduce another definition qbdry(z) by normalizing simul-
?aneously retrieved £

tion fields are calculated as the difference from aircraft data dry fo@)
(Sect. 5.2). fg (@) = T0.@) x 0.2095 (4)
2
2.3 Flight measurements Consistent with the discussions in Wunch et al. (2010), the

. : g ecision of column estimates using @s the dry air stan-
Aircraft data are used as our standard to assess the quality dT;rd will be imoroved. but the bias specific from the use
the different CQ estimates. The aircraft measure £fo- P ' P

files typically up to 6 km and sometimes to 10 km or higher. Of the Q> band will be transferred .t(XCOZ' For_example,
d . . Fig. 3 shows total columiXco, estimates, retrieved from
For comparison with the TCCON CCestimates, we col- . . . ; .
. ) . . X our algorithm, corresponding to aircraft in which data were
lected profile observations from different aircraft campaigns, .
: .“taken from the surface past 10 km. Red points represent
such as HIPPO (Wofsy et al., 2011) and Learjet (Abshire o . : ) .
i . Xco,, which is estimated using Eq. (3); black points repre-
et al., 2010) littp://www.esrl.noaa.gov/gmd/ccgg/aircraft/qc. o . .
: i sentXco,, which is estimated using Eq. (4). Dots are used
html), and ARM-SGP (Biraud et al., 201)tp:/fwww.arm. for Park Falls site, and diamonds are applied for Lamont site
gov/campaigns/aaf2008achwer the year 2009. These data ' bp '

are compared {0 the TCCON @@bservations at the Lam- 8 50700, (0L B Ao SEte 20 e o has
ont site, Oklahoma (366N, 97.5 W). gherp ’

~ 1% negative bias (Wunch et al., 2010, 2011a). Because the
bias is relatively constant over time and over different sites as
3 Calculation of total column and LT CO» discussed in Wunch et al. (2010), we remove this mean bias

in TCCON Xco, when estimating the total column amount:
Our approach is to estimate LT GOy subtracting estimates
of partial column CQ in the free troposphere from the total XE%SON
column CQ. The total column of a gas “g”, denoted Iy, Cco, = Cair o
is obtained by integrating the gas concentration profile from
the surface to the top of atmosphere: wherex is an empirical correction factor to remove the bias
in TCCON column retrievals.

®)

x(p=0)
Cg = / féw(z) - ndry(z) - dz (1)
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395 I 4 CO; profile retrieval approach
| @ ParkFalls (O, o

390 & Lamont ©,) ¥
’é 285 @ Park Falls (H,0) oo /,/o’
g © Lamont  (H,0) ’ In this section, we describe a profile retrieval algorithm
3801 1 that is based on the scaling retrieval discussed in Wunch et
>Z< 375 | | al. (2010, 2011a). Characterization of the errors, based on
S this retrieval approach, is discussed in the Appendix. The
g 370r ) ) profile of atmospheric C@is obtained by optimal estimation

365 -+ y=(1.002£0.004)x - (Rodgers, 2000) using the same line-by-line radiative trans-

360t | T ymlossT=000ix fer model discussed in Wunch et al. (2010) (or the standard

TCCON retrieval algorithm: GFIT). It computes simulated
spectra using 71 vertical levels with 1 km intervals for the
input atmospheric state (e.g., ¢H>0, HDO, CH;, O, P,
Fig. 3. Comparison ofX ¢, estimates to derived aircraft column 1 €tC.). The details about the TCCON instrument setup and
averages. Red points indicate thai®lis used as dry air standard. GFIT are also described in Yang et al. (2002), Washenfelder
Black points indicate that £is used as dry air standard. Dots are €t al. (2006), Deutscher et al. (2010), Geibel et al. (2010)
for Park Falls site and diamonds for Lamont site. Error bars are noand Wunch et al. (2010, 2011a). The retrievals in this study
shown in this figure. use one of TCCON-measured g@bsorption bands, cen-
tered at 6220.00 cit with a window width of 80.00 crmt
) ] (Fig. 2). Note that ultimately we do not use the full profiles
The partial vertical column amount of GOn free tro-  for this study as we find that spectroscopic or other errors in-
posphere and above{F°") is estimated by integrating the  oduce vertical oscillations into the estimated profiles with
TES/GEOS-Chem assimilated profilg{§) above 600 hPa.  larger values than expected in the upper troposphere that are
compensated by lower values than expected in the lower tro-
posphere. The same effect is found in the GOSAT, €&

360 365 370 375 380 385 390 395
Derived Aircraft Xc02 (ppm)

=0 ) . . . )

=0 trievals as discussed in O'Dell et al. (2012). This vertical os-

CO, co, & dry(z) - 4z. cillation is one of the potential issues in joint retrievals by
2(p=600) combining NIR and TIR (thermal infrared) radiance in addi-

tion to the limitation of the coincident measurements from
The partial vertical column amount of GOn the LT can  two different instruments. However, the total columns of
then be computed as the difference between the total columghese profiles are still good estimates with well-characterized
amount (Eq. 6) and partial free tropospheric column amountrors as discussed in Sect. 5.1. Therefore, the profiles are
(Eq. 7): mapped into column amounts and are shown to be consistent
(p=0) with the results of Wunch et al. (2011a). We use a profile re-
XLgEoN trieval instead of standard TCCON column scaling retrieval
C{;BZ - Car ( « ) - fch)ZS(z) - ndry(2) - dz. (7) in order to understand the error characteristics of th
o e CO
z(p=600 retrieval.

In the scaling retrieval discussed by Wunch et al. (2010,
2011a), the retrieved state vecten) (ncludes the eight con-
stant scaling factors for four absorption gases {C8,0,

LT — “(p=600 HDO, and CH) and four instrument parameters (continuum

Applying Eq. (3) within the lower troposphere gives the esti-
mate of the LT C@ mole fraction g, ); the ratio of partial

vertical column between CO(Cgp,,) and air €

air 0 level: “cI”, continuum tilt: “ct”, frequency shift: “fs”, and
1-ngry(z)-dz)is zero level offset: “zo0”).
TCCON o(p=0) x(p=0) B ]
2o Lnay@ - di— [ fTES@ - nay) - V€O,
T 0 2(p=600 8 Y[H20]
Xco, = 600 (8) Y[HDO
J 1 ndy(z) - dz ]/[CH 1
Ps y = VLI 4] (9)
where X¢p, is defined as the TCCON/TES LT GOThese Vet
estimates can be compared to the integrated partial column- Vs
averaged C@measured by aircraft within the lower tropo- Y20

sphere (surface to 600 hPa for Lamont).
Each element of is a ratio between the state vectar) (
and its a priori £3). In the profile retrieval, for the target gas

www.atmos-meas-tech.net/6/63/2013/ Atmos. Meas. Tech., 6, 32013
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@ 70F According to the above definition, the a priori profile is
xa=M, Baand estimated state is= M 3.

The non-linear least squares retrieval is a standard opti-
mal estimation retrieval that employs an a priori constraint
matrix to regularize the problem (Rodgers, 2000; Bowman
et al., 2006). The non-diagonal G@ovariance matrix used
7100.00 to generate the constraint matrix has larger variance in the
lower troposphere and decreases with altitude. This covari-
ance is generated using the GEOS-Chem model as guidance.
However, we scale the diagonals of the covariance matrix in
order to match the variability observed at the TCCON sites.
S, (%% The square root of the diagonal of this covariance is approxi-

5.0E+00 mately 2 % (8 ppm) in the lower troposphere, 1% (4 ppm) in
the free troposphere, and less than 1 % (4 ppm) in the strato-
sphere (Fig. 4a). The off-diagonal correlations are shown in
Fig. 4b. The elements of the a priori covariance correspond-
2.0E+00 ing to the other retrieved parameters (e.pOhlare set to be
equivalent to 100 % uncertainty.

The measurement noise, or signal-to-noise ratio (SNR) is
used to weight the measurement relative to the a priori in
the non-linear least squares retrieval. Although the SNR of

o 1o 20 An?tide‘(fm) 0 6070 the TCCON instrument is better than 500, we use a SNR
of approximately 200, because spectroscopic uncertainties
Fig. 4. (@) The square root of the diagonal in G@ovariance ma-  degrade the comparison (O’Dell et al., 2011; Wunch et al.,
trix. (b) The 2-D plot of the C@ covariance matrix. 2011a); use of this SNR results incai-squarein our re-
trievals of about 1.

. he altitude-d q ling f . To obtain the best estimate of the state vector that mini-
(COy), we estimate the altitude-dependent scaling factors Ninizes the difference between the observed spectral radiances

stegd. For other interfering gases, a single. scaling factor i%1,) and the forward model spectral radiances)( we per-
retne;ved. Ten Ieve'ls are chosen for £@ee Fig. 4a) to cap- form Bayesian optimization by minimizing the cost function,
ture its vertical variation:

-10.10

-11.00

-110.00

Altitude (km)
Pressure (hPa)

I -11000.00

00 05 10 15 20 25 30
Square root of the diagonal of S, (%)

4.0E+00

3.0E+00

Altitude (km)

1.0E+00

N _ xX():
Y1[COy]
) X)) = 0m =) S om =y + ¥ —ra" S (¥ —va) (13)
Y10[COy] whereS; is chosen to be the covariance shown in Fig. 4 and
Y[H20] S, is the measurement noise covariance, a diagonal matrix

y = | IHDO] |. (10) with values of noise squared. Noise is inverse of SNR.

YICHy)
Yel
Vet 5 Results
));fso 5.1 Quality of the column-averaged CQ estimates

. Z -

To obtain a profile of volume mixing ratio, the retrieved scal- To characterize the quality of the G@stimates, we com-
ing factors need to be mapped from retrieval grid (i.e., 10 lev-pare the TCCON column-averaged estimates with the aircraft

els for CQ and 1 level for other three gases) to the 71 for- column-integrated data. Calculated errors (as derived in the

ward model levels. Appendix) are compared to actual errors as derived empir-
ically from comparison of the estimates to the aircraft data
B=My (11)  and are shown to be consistent.

There are 41 SGP aircraft-measuredQiofiles in 2009
(Fig. 5). Most aircraft measurements are from the surface to
6 km; however, three profiles have measurements from the
surface to 10 km or higher (31 July, 2 and 3 August). To es-
timate the total column, the CQralues for altitudes above
the top of the aircraft measurements are replaced by the TC-
x = M;B. (12) CON CQO a priori, shifted to match the mean aircraft value

whereM = % is a linear mapping matrix relating retrieval
level to the forward model altitude grid. Multiplying the scal-
ing factor 8) on the forward model level tM , = g—g, a diag-
onal matrix of the concentration a prion ), gives the true

state of gas profile:
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Fig. 5. Samples of CQ profiles measured by aircraft (black) and TES/GEOS-Chem assimilation (red) at SGP.

at the top of the aircraft profile. As discussed in the Appendix 395 ;
(A1.2.1), this approximation to the upper tropospheric,CO o osesazoootay
values negligibly contributes to uncertainty in the compar- d
ison between TCCONXcp, estimates and the aircraft
shifted upper troposphere a priori profiles. The comparisons
between TCCON column averages and the derived aircraft
column averages are summarized in Fig. 6 and Table 2.
TCCON Xco, estimates are calculated within a 4-h time
window, centered about the time corresponding to each air- .
craft profile. A 4-h time window is chosen to ensure that a75." ‘ ‘ ‘
comparisons are statistically meaningful and also to ensure 375 380 385 390 395
that variations in C@ and temperature are small relative to Derived Aircraft Xco, (pPm)
calculated uncertainties. Comparisons between TCCON angig' 6. Comparison ofco, from TCCON profile retrievals to that

aircraft Xco, are shown in Table 2. Results _“S_ted_ in Ta- derived from aircraft. Black dots indicate comparison of TCCON
ble 2 are only for clear-sky scenes, because it is difficult 10ggtimates to aircraft that measure up to 6 km. Green dots are com-

quantify the effect of clouds on the TCCON retrievals and parison of TCCON estimates to the three aircraft profiles that mea-
errors. We find that the calculated precision for the collec-sure up to 12 km.

tion of measurements within each 4-h time window encom-

passing the aircraft is, on average, approximately 0.32 ppm.

This precision is, on average, consistent with the variability average by-5.66+ 0.55 ppm. The magnitude of this bias es-
of the TCCONX o, estimates within this 4-h time window timate is consistent with that described in Wunch et al. (2010)
of 0.35 ppm. The error on the mean will be arbitrarily small and is attributed to errors in theo@pectroscopy. The error
because of the large number of measurements within this 4-in the bias (0.55 ppm) is consistent with the calculated error
time window. Consequently, we expect that tkieo, vari- due to temperature (0.69 ppm) and is a result of temperature
ability within each 4-h time window is driven by noise and variations between aircraft measurements.

not by variations in temperature and &®owever, we cal-

culate that errors in temperature lead to an erroX do, of

approximately 0.69 ppm on average (last column, Table 2).

We find that the TCCONXco, estimates are biased on
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Table 2. Lists of bias error and its standard deviationx(&) of TCCON profile retrieved column averages within 4-h time window of each

flight measurement. The expected uncertainties from measurement error covariance and the temperature error covariance are also listed in tf
last two columns. To remove the unclear sky spectra measurements, we dismiss the retrievals when the parameter “fvis” (fractional variation
in solar intensity) is greater than 0.05, which suggests the cloud coverage during the spectra measurement. By applying the cloud filter, the
consistency between the empirical error estimates and expected error estimates is improved. The colurhaseftine total numbers of

retrievals within 4-h time window.

Unit (ppm) With cloud filter Expected

Day (yyyymmdd) Bias+5.66 (ppm) Actual o) n o (SXEOZ) o (sxg"g’z)
20090108 0.66 0.30 161 0.27 0.74
20090116 0.45 0.30 171 0.33 0.74
20090129 0.36 0.30 169 0.34 0.77
20090204 0.58 0.26 169 0.33 0.74
20090211 0.69 0.49 90 0.33 0.75
20090219 0.39 0.38 96 0.33 0.76
20090221 0.67 0.42 130 0.34 0.77
20090308 0.25 0.39 132 0.32 0.71
20090314 0.98 0.42 102 0.33 0.73
20090316 0.00 0.27 154 0.32 0.69
20090318 0.26 0.44 112 0.32 0.69
20090329 —0.08 0.28 76 0.33 0.72
20090407 0.13 0.26 98 0.33 0.72
20090408 —0.03 0.40 121 0.32 0.69
20090420 —0.59 0.44 69 0.32 0.70
20090421 —-0.32 0.29 130 0.32 0.70
20090423 -0.21 0.30 122 0.32 0.66
20090517 -0.19 0.32 130 0.32 0.70
20090518 0.82 0.32 131 0.32 0.68
20090520 0.60 0.50 75 0.32 0.67
20090526 —0.12 0.36 86 0.32 0.67
20090528 0.11 0.30 130 0.32 0.68
20090530 0.30 0.34 130 0.32 0.66
20090604 0.01 0.38 128 0.32 0.68
20090612 —0.96 0.35 72 0.32 0.66
20090616 —-1.31 0.34 128 0.31 0.64
20090621 —0.85 0.28 95 0.31 0.63
20090623 —-0.56 0.32 129 0.31 0.63
20090629 0.16 0.32 118 0.31 0.64
20090701 —-0.24 0.46 119 0.31 0.65
20090706 0.85 0.33 43 0.32 0.66
20090731 0.31 0.34 125 0.32 0.66
20090802 0.26 0.29 131 0.31 0.65
20090803 —0.37 0.33 130 0.31 0.63
20090823 —-0.74 0.38 130 0.31 0.65
20091101 —0.47 0.36 130 0.32 0.68
20091102 —0.68 0.33 131 0.32 0.69
20091103 —-0.94 0.35 131 0.32 0.70
20091122 —0.38 0.39 68 0.32 0.71
20091218 -0.23 0.47 127 0.33 0.75
20091220 0.33 0.38 101 0.33 0.72
Mean 0.00 0.35 118 0.32 0.69
1xo 0.55
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Fig. 7. (a) Comparison of LT CQ estimates derived from integrating from surface to 600 hPa by TCCON prior and aifey@omparison
of LT CO» estimates derived from TCCON and TES with aircraft.

5.2 Quality of the LT CO; estimates Table 3.Bias and precision comparisons.

In this section we examine the robustness of estimates of unit (pm) Bias _Precision
the LT CO, (surface to 600 hPa) by comparison of the TC- ol column CQ ggggk‘ﬂp”oﬂ ,é'gg é-gg
CON/TES LT CQ to aircraft estimates. We separate the FT COy [TCCON priof 023 133
lower troposphere from the free troposphere at the 600 hPa (above 600hPa)  [TCCON| -1.62 150
pressure level, because the aircraft profiles indicate that the fgg/géggﬂéh 8-2; égi
variability in the free troposphere becomes “small” above : >Chem ' '

. . . e ey . LT COy [TCCON priof 2.17 2.05
this pressure (Fig. 5) relative to the variability below this  (gyace to 600hPa) [Tccon _4901 139
level and it is well above the boundary layer height, which [GEOS-Cherh 013  1.92

[TES/GEOS-Chein 073  2.86

varies depending on the location and time of the day. The
knowledge of the boundary layer height will affect the use
of these LT estimates for quantifying surface fluxes, because

boundary layer heights are typically at higher pressures than

600 hPa (von Engeln et al., 2005). Figure 7a compares thestimate compared to the TCCON priori, GEOS-Chem mod-
LT CO; estimates that are calculated from integrating TC-eling and TES/GEOS-Chem assimilation. In addition, the
CON prior from surface to 600 hPa to the aircraft estimates.improvement in the TCCON/TES LT CGQ(1.02 ppm), rel-
Figure 7b compares the LT GQestimates that are calcu- ative to the TCCON priori (2.0 ppm), is mainly during sum-
lated from TCCON and TES data to the aircraft estimates.mertime when surface COs low relative to wintertime, be-
The root-mean-square (RMS) of the fitted line (1.02 ppm)cause the biosphere is more active in the summer (Fig. 7).
in Fig. 7b is smaller than that if the TCCON prior data are With these uncertainties, the LT G@stimates are able to
used in Fig. 7a (2.02 ppm). The5.66 ppm bias (or factar capture the seasonal variability of the lower troposphere as
in Eg. 9) is removed from the TCCON total column before discussed next.

computing the LT CQ using TCCON data and TES data.

As shown in Table 3, the average difference between TC5.3 Seasonal variability of LT CO, compared to column
CON/TES LT CQ and aircraft values is 0.261.02 ppm. CO2

The calculated uncertainty (Appendix A4, Eq. A28) depends

on the quadratic sum of the uncertainties of TES free tro-The aircraft, TCCON, and TES assimilated estimates of at-
pospheric estimates«0.71 ppm) and TCCON column es- mospheric CQ have sufficient temporal density to provide
timates ¢ 0.55), resulting in an estimate of uncertainty of an estimate of C@variability over most of the year. In Fig. 8
0.90 ppm. This calculated uncertainty of 0.90 ppm is consis-we show the monthly averaged total column averages and
tent with the actual uncertainty of 1.02 ppm. For total columnthe partial column averages (surface to 600 hPa) calculated
COy, the retrieved value from TCCON measurement is a betfrom the aircraft data and the same quantities derived from
ter estimate than TCCON prior. For free troposphericoCO the TCCON data and the TCCON minus TES assimilated
the assimilated value from TES/GEOS-Chem has the smalldata respectively. The TCCON column averages (black dots)
est uncertainty (0.71 ppm) and is thus a better estimate comand TCCON/TES derived LT data (red dots) are consistent
pared to the other estimates (e.g., TCCON prior, TCCON re-with the aircraft measurement (black diamonds and red dia-
trieval, or GEOS-Chem modeling). As a result, for LT £0 monds) within the expected uncertainties indicating that the
the retrieved value from the TCCON/TES retrieval is the bestestimates are robust. We use a total of 41 aircraft profiles.

[TCCON| — [TES/GEOS-Chein  0.26 1.02
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395 ‘ the measurement error. When comparing the TCCON total
3 ? ? : column estimates to aircraft data over several days, we can
390 ¢ i @ % % - assume that the daily systematic errors due to temperature
£ s ° f ] or other interference error are pseudo-random. For exam-
g ags | i ' i ple, the estimated mean bias across multiple days5$6
S (£ 0.55) ppm. The standard deviation of the bias error of ap-
© < Xoo, (FLT) ] proximately 0.55 ppm is consistent with the expected error
380 [ <°> )L(Tcoégc(gg')“) 1 of 0.69 ppm, which is primarily driven by temperature error,
oLT coi (TCCON/TES) pecause measurement error for these comparisons is arbitrar-
375 ! ! ! ! ! ! ily small due to the large number of measurements used to
0 2 4 6 8 10 12 calculate the mean CQestimate.
Month Comparisons of the aircraft data to free tropospherie,CO

Fig. 8. Monthly meanX ¢, for total column and LT C@in 2009 CGaéCOulsatgﬁ by ass:jmlllaf\llng Aura TEIS Zg(gsfmates Into Lhe h
at Lamont. Aircraft data (FLT) are indicated by diamonds (black -Chem model (Nassar et al., ), suggest that the

for total Xcoy; red for LT COy) and TCCON or TCCON/TES esti- | E> assimilated data have a bias error of 0:88(71) ppm
mates are indicated by black or red dots with error bars. in the free troposphere. We calculated a lower tropospheric

estimate (surface to 600 hPa) of the £&@mount by sub-
tracting the TES assimilated free tropospheric estimate from
Typically 3-5 profiles have been averaged in a month. How-the TCCON total column amount estimates. Comparisons of
ever, September and October both have only one availabléese lower tropospheric estimates from TCCON/TES data
aircraft profile, which were measured under cloudy skies. sdo those from aircraft data are consistent after the bias in the
September and October data cannot be used in this study.CCON is removed. The precision in the derived LT 06
Therefore, the comparisons for these two months are not.02 ppm, which is consistent with the calculated precision
shown. In Fig. 8, both TCCON column averages and TC-0f 0.90 ppm. The dominant sources of the error in the LT es-
CON/TES LT CQ capture the seasonal variability. timates are due to uncertainties in the free troposphere data
The response of the seasonal variability in LTZ®more  from TES assimilation and the temperature-driven error in
than twice that of the column averages with a 14-ppm peakcolumn averages from TCCON. We show that this precision
to-trough in LT CQ and 5 ppm in the column-averaged £0  is sufficient to characterize the seasonal variability of lower
This increased variability is due to a rapid drawdown in LT tropospheric C@over the Lamont TCCON site.
CO; at the growing season onset over mid-latitude due to the The approach described in this paper shows that the prob-
biosphere uptake. lem of using independent total column and free tropospheric
estimates to estimate lower tropospheric@€a linear prob-
lem. This linear problem is in contrast to using a non-linear
6 Summary retrieval for quantifying lower tropospheric ozone (Worden
et al., 2007) or CO (Worden et al., 2010) by using reflected
Total column estimates of atmospheric £&nd partial col-  sunlight and thermal IR radiances and is likely, because
umn estimates of CQin the lower troposphere (surface to ozone and CO can have much larger variance in the lower
600 hPa) are calculated using TCCON and Aura TES data. Itroposphere than GO
order to determine if the retrieval approach, forward model, The study shown here indicates that assimilating total col-
and understanding of uncertainties are robust, it is cruciaumn and free tropospheric GQuill increase sensitivity to
to determine if the calculated uncertainties are consistensurface fluxes by placing improved constraints on lower tro-
with the actual uncertainties. In addition, we need to assespospheric CQ. Furthermore, quantifying lower tropospheric
any biases in the estimates and ideally attribute these bia€0O, using total column and free tropospheric estimates is
errors in the measurement system. The bias and its uncenseful for evaluating model estimates of lower troposphere.
tainties in TCCON column-averaged ¢@re explained at This study also highlights the potential of combining si-
two different time scales: 4-h time windows centered aboutmultaneous measurements from NIR and IR sounding in-
individual aircraft measurement and day-to-day time scalestruments to obtain vertical information of atmospheric,CO
from comparison to the collection of 41 aircraft profiles. (Christi and Stephens, 2004). Column estimates of, CO
We find that, for multiple retrievals of the same air parcel by space are currently available from GOSAT (Yoshida et
within a 4-h time window, the mean bias is from the un- al., 2009) and SCIAMACHY data (Schneising et al., 2011,
certainties of atmospheric states (i.e., temperature or inter2012) and are expected from OCO-2. Column ;C&3ti-
ference gases) or spectroscopic parameters. The variabilitinates from these satellite data together with the free tropo-
of the collection of total column estimates within the 4-h spheric CQ estimates are anticipated to provide complemen-
time window of 0.35ppm is consistent with the calculated tary constraints to infer Cofluxes and advance the ability
random error of about 0.32 ppm, which is associated withto study the carbon cycle problem by providing constraints

Atmos. Meas. Tech., 6, 6379, 2013 www.atmos-meas-tech.net/6/63/2013/



L. Kuai et al.: Profiling tropospheric CO » using Aura TES and TCCON instruments 73

on near-surface Cfvariations and atmospheric mixing. Our scaling factor g) on the forward model level to the concen-
future work will apply this method to combine GOSAT and tration a priori ) gives the estimates of the gas profile. We
TES data to expand the spatial coverage of these lower trodefineM, = 2 whereM, is a diagonal matrix filled by the

. . L0 -
pospheric CQ@ estimates. concentration a priorixa):
£ =M,5B. (A3)
Appendix A From Eq. (A3), it follows thak ;=M Bz andx =M, 8. The
o Jacobian matrix of retrieved parameter with respect to the
Error characterization radiance is
One of the reasons we used optimal estimation to retrieve thg  — w (A4)
CO, profile and then map the profile to the total columnLO oy

instead of using the standard TCCON product is that the opUsing the chain rule, we can obtain the equation relating the
timal estimation allows us to characterize the error budgetJacobians on retrieval levels to the full-state Jacobian:
This appendix estimates the expected errors and shows hoy. 5L gx 9

these terms compare to the actual errors. Careful characterig; = 9 % 5 (AS)
zation of the errors is critical for evaluating the retrieval me-
chanics and for use of these data for scientific analysis.

K, =K,;M;M = KgM. (AB)

Al Errorsin TCCON column-averaged CO; . .
If the estimated state is “close” to the true state, then the es-

In this section, we develop the error characterization fortimated state for a single measurement can be expressed as a
(1) the estimates of TCCON GQ@olumn averages from the linear retrieval equation (Rodgers, 2000):

profile retrievals for a 4-h time window around each aircraft 3 _ _ L Apl

CO, profile measurement and (2) comparisons of TCCON/3 PatAp (B = P2+ MGy anrZ MGy Ky AL (A7)
estimates against 41 aircraft profiles.

In addition to CQ, we also retrieve a column amount of
H»>0, HDO and four instrument parameters. This set of re-
trieval parameters is defined in the following retrieval vector
(see Sect. 4):

wheree, is a zero-mean noise vector with covariaiscend

the vectorAd' is the error in true state of parametefsthat

also affect the modeled radiance, e.g., temperature, interfer-
ing gases, spectroscopy. TK@ is the Jacobian of parameter
(0)- In this study, we found the systematic error is primarily

" y1rco, | due to the temperature uncertaingy § and spectroscopic er-
. ror (e1). G, is the gain matrix, which is defined by
: ) .
Y10(COy] G, = a_i = (KIS, +51) KISt (A8)
Y[H20]

y = | IHDO] |. (A1) The averaging kernel fg8 in forward model dimension is
)Jj[ICHLﬂ Ag = MG, K. (A9)
C

Vet We can definé\, =M, Ag M1 as the averaging kernel for
Vis the concentration profile. In order to convert Eq. (A7) to

| ¥20 ] the state vector of concentratiah)( we apply Eq. (A7) into

Eq. (A3):

Each element of is a ratio between the state vects) @nd

its a priori (rz). For the target gas CQaltitude-dependent * = Xa+ Ax (x — xa) + M. MG, &,

scaling factors are retrieved. For other interfering gases, a +M, MG, Krer + M, MG, K ¢;. (A10)
constant scaling fagtor for the whole profile is ret.neved. TheThe temperature uncertaintg;() and spectroscopic error
last four are for the instrument parametgrs (continuum Ievel:(sL) represent the systematic errorsi{).

“cl”, continuum title: “ct”, frequency shift: “fs”, and zero

level offset: “z0”). To obtain a concentration profile, the re- A2 Total error budget

trieved scaling factors are mapped from the retrieval grid

(i.e., 10 levels for C@ and 1 level for other three gases) to The total error for a single retrieval is the difference between

the 71 forward model levels. the estimated state vector (Eg. A10) and the true state vector
(x):
=My (A2) o
9 ) ) _ _ _ x=x—-x=(1-A)xa—x)+M,MG,en
whereM = 2= is a linear mapping matrix relating retrieval +M.MG, Krer + M MG, K_ey. (A11)

levels to the forward model altitude grid. Multiplying the
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The second-order statistics for the error is have a precision of 0.02 ppm. With the validation standard,
R R n R the error in the retrievab) can be estimated by the compar-
Ss2 = Ssm+ Sy +Sr + St (A12)  ison of the retrieved state vectdi)(to the validation standard

(%stg). In order to do an inter-comparison of the measure-

where the smoothing error covariance is : . )
ments from two different instruments, we apply a smoothing

Sem = (1=A)Sa( —A)T; (A13) operator described in Rodgers and Connor (2003) to the com-
_ . plete profile £ ) based on aircraft measurement so that it

a measurement error covariance Is is smoothed by the averaging kernel and a priori constraint

R from the TCCON profile retrieval:

Sn =M, MGS, M, MG)7, (A14) P

. . . Xstd = Xa+ A (XFLT — Xa). (A17)
and two systematic error covariance matrices are

Xstdis the profile that would be retrieved from TCCON mea-

& T
AST =M:MGK7Sr (M:MGK T)T (A15) surements for the same air sampled by the aircraft without
SL =M:MGK .S, (M;MGK)". (A16)  the presence of other erromsg 7 is the complete C®pro-

S, is the a priori covariance for GOS, the covariance de- 1€ based on aircraft measurement.

scribing the TCCON measurement noise (see Secs4he Several aircraft only measure GQIp to a_pproximgtely
a priori covariance for temperature and based on the a pri§ km, but three of them go up to 10km or higher, which are

ori covariance used for the Aura TES temperature retrievaidneasured by Learjet on 31 July, 2 and 3 August (Fig. 5).
(Worden et al., 2004); this temperature covariance is based '€S€ three profiles show that the free troposphere is well
on the expected uncertainty in the re-analysis fields that arg1ixed and the vertlcalk%rament is small (Wofsy et al.,
inputs to the TES retrieval§; is the covariance associated 2911). 1ess than 1ppmkm on average between 600 hPa

with spectroscopic error. It has been found that spectroscopi@hnd dt.ropope}use.ﬂTherefore, the Iowir parb;]nﬁ E from
inadequacies are common to all retrievals from TCCON ra-the direct aircraft measurements. Above that, the TCCON

diances (e.g., line widths, neglect of line-mixing, inconsis- PO’ ':t scaled to the meashureththlﬁs at the top of tlhe
tencies in the relative strengths of weak and strong linesfifcrait measurement so that the profile is continuously ex-

(Wunch et al., 2010). tgnded up to 71 km. T_hen the complete profile based on the
aircraft measurement is
A3 Individual error budget terms xmea sxmeas
XFLT = |:}LF|7_T§‘| =X — 8x|:|_T =X — |: FFE- F] (A18)
X3 x AXg

Considering different time scales, the uncertainties of the es-
timates would be attributed to different error terms. In this wherex[|52%is the direct aircraft measurements in the lower
section, we will discuss the error terms one by one. atmosphere, which has been mapped to forward model grid.
For comparisons of TCCON retrievals to each aircraft pro-sxT52%is its unknown error relative to the “truth” and is of
file, we choose the TCCON measurements taken within a 4-hihe order of 0.02 ppmh is the ratio between the GCat the
time window centered about the aircraft measurement. Thisop of aircraft measurement to the a priori £6n that level.
time window is short enough so that we can assume the atx? andx’ represent the a priori and “true” state above direct
mospheric state has not changed, but it is also long enoughircraft measurement in the free troposphere and abmge.
that there are enough samples of retrievals for good statisticig the shifted a priori to smoothly extend the profile up to
(e.g.,~ 100 samples). the stratospherecg T represents the complete profile based
There are 41 aircraft measurements that measuregl COcombining a priorisxr.t is the unknown error in theg 1
profiles over Lamont in 2009. On any given day (eth to the true state.
day), we have:; TCCON retrievals within a 4-h time win- Subtracting Eq. (A27) from Eq. (A10) results in the fol-
dow around aircraft measurement wheresaries by day (or  lowing expression:
aircraft profile comparison). The difference of the mean of
these retrievals to the aircraft measurement can be used
compute the error of the mean estimate due to temperature. +MxMG, Krer + MiMG, K ep. (A19)
The average of the errors from these 41 comparisons esti,e gecong-order statistics for the error in the complete
mates the mean bias error. Which term contributes to the uny;. .- pacaq profilesx is:
o : : ) FLT,
certainties will be discussed in follow.

A

A =% — Xstd = ArSxpLT + M MG en

_ _ Ssxpur = E [8xpur — E (Sxpn)] [xFur — E (xpn)]”
A3.1 Error due to extrapolation of CO, above aircraft eas()
i = LT . (A20)
profile 0 g
In reality, the true statex{ is unknown and can only be esti- S{,|%25is the error covariance for direct aircraft measurements,
mated by our best measurements, such as by aircraft, whictvhich is a diagonal matrix with a constant value of the square
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of 0.02 ppm (the precision of aircraft instruments) (Wunch etwith a covariance of
al., 2010).Sk is the submatrix of TCCON prior covariance

matrix above the aircraft measurements. Since we scale the; (§Xco,) = y/h” Srh (A26)
a priori to the aircraft data, the actual error covariance in the
upper atmosphere should be much smaller ®an whereS; is from Eq. (A25). The estimate of this term is, on

The uncertainty in retrieved column averages driven by theaverage, approximately 0.69 ppm.
smoothing error can be estimated by
A3.4 Spectroscopic error

osm (8 X = hT A, Ssxp7AT h. A21
Sm( COZ) \/ PR (A21) The spectroscopic error is another significant source of sys-

The upper limit of this uncertainty is approximately 0.5 ppm tematic error. Different from temperature error, it does not
when using the a priori covariance in the upper atmospher&ary significantly on any time scales or even over different
where the aircraft measurement is missing (e.g., above 6 kmﬁites (Wunch et al., 2010). Therefore, its covariance is always
Since the free troposphere is well mixed and the upper atmonegligible. However, it is found to be the primary source of
sphere is constrained by the aircraft measurement, the adhe bias error.

tual uncertainty for the validation standard should be much———— T

smaller than above estimates. For example, if we assumé‘SXCOZ)L =h"MMG,Kpep. (A27)
conservatively that the ter®s,q; is half the size of thesy
used to describe our G@ovariance, then this term becomes
negligible relative to the temperature error.

The estimate of this term is about ppm. It is mainly due
to the error in Q cross section.

A4 Errorsin LT column-averaged CO
A3.2 Measurement error 9 2

We estimate the LT C®by subtracting the TES assimilated
free tropospheric C®from the TCCON total column C®
The TCCON dry-air total column estimated by weighting the
retrieved Q column has a bias of approximatelb.66 ppm.
l:l'herefore, we remove the bias using Eqg. (9) before subtract-
ing the free tropospheric partial column amount. Because the
N TCCON estimates and TES/GEOS-Chem estimates are in-
Om (‘SXCOz) =V hT Sy h (A22) dependent estimates of GQthe uncertainties in the lower

A i , ) tropospheric estimates are simply the uncertainties summed
whereS,, is defined in Eq. (A14). We calculate that this term quadrature:

is approximately 0.32 ppm. The error on the mean is related

The measurement noise vectey is a zero-mean random
variable. In a 4-h time window, the measurement error co-
variance will drive the variability of the retrieved column av-
erages. The uncertainty in retrieved column averages drive
by the measurement error can be estimated by

to the number of samples in 4-h time window:
P o (8XL5,) = \/(;2 (8XTE) + o (sxTLON).  (n28)
hTS, h
om (8Xco,) = - (A23)  The estimate of this term is 0.90ppm. The TES as-

similated free tropospheric bias error and uncertainty
wheren; is number of retrieval samples within 4-h é#h (0.38+£0.71 ppm) is estimated by the comparison to the free

day (listed in Table 2). tropospheric estimates from the aircraft-based prafite().
The TCCON total column mean bias error and uncertainty
A3.3 Temperature error (—5.66+ 0.55 ppm) has been discussed in previous section.

Within a 4-h time window, we assume that variations in tem-
perature do not result in variations in the £€stimate; how-

ever, the uncertainty in the temperature profiles will result inAcknowledgementsPart of this research was carried out at the Jet
a bias: Propulsion Laboratory, California Institute of Technology, under a

contract with the National Aeronautics and Space Administration.
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