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Abstract

Monitoring the global distribution and long-term variations of CO, sources and sinks
is required for characterizing the global carbon budget. Although total column mea-
surements will be useful for estimating large regional fluxes, model transport error re-
mains a significant error source, particularly for local sources and sinks. To improve
the capability of estimating regional fluxes, we estimate near-surface CO, values from
ground-based near infrared (NIR) measurements with space-based thermal infrared
(TIR) measurements. The NIR measurements are obtained from the Total Carbon Col-
umn Observing Network (TCCON) of solar measurements which provide an estimate
of the total CO, atmospheric column amount. Estimates of tropospheric CO, that are
co-located with TCCON are obtained by assimilating Tropospheric Emission Spectrom-
eter (TES) free-tropospheric CO, estimates into the GEOS-Chem model. Estimates of
the boundary layer CO, are obtained through simple subtraction, as the CO, estimation
problem is linear.

We find that the calculated random uncertainties in total column and boundary layer
estimates are consistent with actual uncertainties as compared to aircraft data. For
the total column estimates the random uncertainty is about 0.55ppm with a bias of
—-5.66 ppm, consistent with previously published results. After accounting for the total
column bias, the bias in the boundary layer CO, estimates is 0.26 ppm with a precision
of 1.02 ppm This precision is sufficient for capturing the winter to summer variability
of approximately 12 ppm in the lower troposphere; double the variability of the total
column. This work shows that a combination of NIR and IR measurements can profile
CO, with the precisions and accuracy needed to quantify near-surface CO, variability.

1 Introduction

Our ability to infer surface carbon fluxes depends critically on interpreting spatial and
temporal variations of atmospheric CO, and relating them back to surface fluxes. For
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example, surface CO, fluxes are typically calculated using surface or near surface
CO, measurements along with aircraft data (Baker et al., 2010; Bousquet et al., 2000;
Chevallier et al., 2010, 2011; Gurney et al., 2002; Keppel-Aleks et al., 2012; Law and
Rayner, 1999; Rayner et al., 2008, 2011; Rayner and O’Brien, 2001). More recently it
has been shown that total column CO, measurements derived from ground-based or
satellite observations can be used to place constraints on continental-scale flux esti-
mates (Chevallier, 2007; Chevallier et al., 2011; Keppel-Aleks et al., 2012; O’Brien and
Rayner, 2002). However, because CO, is a long-lived greenhouse gas, measurements
of the total column CO, is primarily sensitive to synoptic scale fluxes as discussed in
Baker et al. (2010) and Keppel-Aleks et al. (2011); it is shown that variations in the
total column are only partly driven by local surface fluxes because the total column
also varies related to the transport of CO, from remote locations. Furthermore, the
variations caused by the surface source and sinks are largest in the planetary bound-
ary layer (PBL) CO, (Keppel-Aleks et al., 2011, 2012; Sarrat et al., 2007). In addi-
tion, Stephen et al. (2007) concludes that most of the current models overpredicts the
annual-mean midday vertical gradients and consequently lead to an overestimated car-
bon uptake in northern lands and underestimated carbon uptake over tropical forests.
For these reasons we could expect that vertical profile estimates of CO, will improve
constraints on the distributions of carbon flux. Therefore, we are motivated to derive
a method to estimate the PBL CO, from current available column and free tropospheric
observations.

Total column CO, data are calculated from solar near infrared (NIR) measurements
from the Total Carbon Column Observatory Network (TCCON) (Wunch et al., 2010,
2011a), as well as the space-borne instruments, starting from GOSAT (Crisp et al.,
2004; O’Dell et al., 2012; Wunch et al., 2011b; Yokota et al., 2009; Yoshida et al., 2009).
Similar space-borne instruments include OCO-2 which is expected to be launched this
decade (Crisp et al., 2004), Carbonsat (Velazco et al., 2011) and GOSAT-2 (Yokota
et al., 2009; Yoshida et al., 2009), which are also expected to be launched in near fu-
ture. The ground-based measurements have high precision and accuracy but limited
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spatial coverage. Satellite observations have lower precision and accuracy relative to
the ground-based data, but obtain global measurements of atmospheric CO,. In addi-
tion, there are free tropospheric CO, measurements from satellite instruments such as
TES (Kulawik et al., 2010, 2012) and AIRS (Chahine et al., 2005).

In this paper, we present a method to estimate the PBL CO, by combining column
and free tropospheric CO, from two data sources: total column estimates from TC-
CON and free tropospheric estimates from TES data, assimilated into the GEOS-Chem
model. We do not use the direct profiling approach discussed in Christi and Stephens
(2004) because we found that spectroscopic errors and sampling error due to poor
co-location of the NIR and IR data currently result in unphysical retrieved CO, profiles.
Instead we simply subtract free tropospheric column estimates from total column es-
timates in order to quantify lower tropospheric CO, column amounts. As long as the
retrievals converge and the estimated states are close to the true states, the problem
of subtracting free tropospheric column amount from total column amount is a linear
problem with well characterized uncertainties.

2 Measurements
2.1 Ground-based total column CO> measurements from TCCON

The column data used to derive PBL CO, in this study are from TCCON observations.
TCCON is a Fourier Transform Spectrometer instrument, with a precise solar tracking
system. It measures incoming sunlight with high spectral resolution (0.02 cm’1) and
high signal to noise ratio (SNR) between 500 and 885, depending on the spectral re-
gion observed (Washenfelder et al., 2006). The recorded spectral region ranges from
4000 to 15000cm™". It provides a long-term observation of column-averaged abun-
dance of greenhouse gases, such as CO,, CH, N,O and other trace gases (e.g., CO)
over twenty TCCON sites around the world including both operational and future sites
(Deutscher et al., 2010; Messerschmidt et al., 2011; Washenfelder et al., 2006; Wunch
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et al., 2010; Yang et al., 2002). Figure 1 shows a measurement at 1.6 pm CO, absorp-
tion band, which is used for analysis here.

As discussed in Wunch et al. (2010; 2011a), total column-averaged abundances us-
ing TCCON data can be estimated using a non-linear least squares approach that com-
pares a forward model spectrum that depends on CO,, temperature, H,O, and instru-
ment parameters against the observed spectrum. The retrieval approach adjusts atmo-
spheric CO, concentrations by scaling an a priori CO, profile until the observed and
modeled spectra agree within the noise levels. The precision in the column-averaged
CO, dry air mole fraction from the scaling retrievals is better than 0.25 % (Wunch et al.,
2010, 2011a). The absolute accuracy is ~ 1% and after calibration by aircraft data, it
can reach 0.25 % (Wunch et al., 2010, 2011a).

In this paper, we use a profile retrieval algorithm that scales multiple levels of the
CO, profile instead of the whole profile. We find that the precision of retrieved column
averages of the profile using this approach (0.55ppm) is consistent with the scaling
retrievals described by Wunch et al. (2010). The profile retrieval algorithm is described
in Sect. 4.

2.2 Satellite-based free tropospheric CO, measurements from TES

Free tropospheric CO, estimates are derived from thermal IR radiances measured
by the Aura Tropospheric Emission Spectrometer (TES) (Beer et al., 2001). The TES
instrument measures the infrared radiance emitted by Earth’s surface and atmospheric
gases and particles from space. These measurements have peak sensitivity to the mid-
tropospheric CO, at ~ 500hPa (Kulawik et al., 2012). Because the sampling for the
TES CO, measurements is sparse (e.g., 1 measurement every 100 km approximately)
and passing over the Lamont TCCON site ~ every 16 days, we assimilated the CO,
measurements into the GEOS-Chem model, a global 3-D chemical transport model
(CTM) (Beer et al., 2001; Kulawik et al., 2010, 2011; Nassar et al., 2010). We use
the results from the assimilation as our free-tropospheric estimates of CO,. Details
of the assimilation approach are discussed in the Appendix (A5) and uncertainties in
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the assimilation fields are calculated by comparison to aircraft data as discussed in
Sect. 5.2.

2.3 Flight measurements

Aircraft data are used as our standard to assess the quality of the different CO, esti-
mates. The aircraft measure CO, profiles typically up to 6 km and sometimes to 10 km
or higher. For comparison with the TCCON CO, estimates, we collected profile ob-
servations from different aircraft campaigns, such as HIPPO (Wofsy et al., 2011) and
Learjet (Abshire et al., 2010) (http://www.esrl.noaa.gov/gmd/ccgg/aircraft/qc.html), at
the Southern Great Plains (SGP) ARM site (Kulawik et al., 2010, 2012) over the year
2009 (http://www.arm.gov/campaigns/aaf2008acme). These data are compared to the
TCCON CO, observations at the Lamont site, Oklahoma (36.6° N, 97.5° W).

3 Calculation of column and PBL CO,

The approach discussed in this paper is to estimate PBL CO, by subtracting estimates
of free tropospheric CO, partial column amount from the total column amount. The
total column amount is usually obtained by integrating the gas concentration profile
from the surface to the top of atmosphere.

0
Ca= | 750 0(p)-dp (1)
pS

where Cg is total vertical column amount for gas “g” and p(p) represents the number
density vertical profile and fg Y (p) is dry-air gas concentration profile as a function of
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pressure (p).

f4(P)
dry _ g
o )= = Th,0(P) @

The ratio of the total column between gas and air will give the dry-air column-averaged
abundance, e.g., for CO,:

Cco,

XCO2 = 3)
alr
Here we use XCO2 to refer to dry-air column-averaged mole fraction of CO..

Since TCCON also provides precise measurements of O,, dividing by the retrieved
O, using spectral measurements from the same instrument improves the precision
of XCO2 by significantly reducing the effects of instrumental or measurement errors
that are common in both gases (e.g., solar tracker pointing errors, zero level offsets,
instrument line shape errors, etc.) (Wunch et al., 2010). Therefore, we also remove
the water fraction by normalizing simultaneously retrieved O,. Because we retrieve the
CO, profile, we can remove the water component layer by layer.

fco, (P)
dry _ CO,
co, (V)= 5 o, (P)

Then the column amount (C¢o,) and the column average (XCO2) can be computed
using Egs. (1) and (3), respectively.

Consistent with the discussions in Wunch et al. (2010) the precision of column esti-
mates using O, as the dry air standard will be improved but the bias specific from the
use of the O, band will be transferred to XCO2. For example, Fig. 2 shows total column
XCO2 estimates, retrieved from our algorithm, corresponding to aircraft in which data
was taken from the surface past 10 km. The bias is found to negligibly vary over time
and over different sites as discussed in Wunch et al. (2010).

4501
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Because O, normalized estimates of XCO2 have higher precision but about 1%
negative bias, we need to remove the mean bias in TCCON XCO2 when estimating
the total column amount:

XCOZTCCON

where «a is a correction factor to remove the bias in TCCON column retrievals.
The partial vertical column amount of CO, in free troposphere and above (nggp) is

(5)

estimated by integrating TES GEOS-Chem assimilated profile (fCngs) above the bound-
ary layer (600 hPa).
0
cy" = [ 25200 (p) o ©)
600

The partial vertical column amount of CO, in the PBL can then be computed as the dif-
ference between the total column amount (Eq. 5) and partial free tropospheric column
amount (Eq. 6):

0
XCOZTCCON
Cto, = Cair <— —/ feos (0)-0(p)-dp (7

a
600

Applying Eq. (3) within the boundary layer gives the estimate of the PBL CO, mole
fraction (XCOZPB"), the ratio of partial vertical column between CO, (ng';) and air

(CE-=["1-p(p)dp) is

TCCON o 0
XC0Z= 19 1-0(p)-dp — [o0o 7o, (0) £ (p) - dp

[ 1-p(p)-dp

4502

XCO2PBL =

(8)
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where XCO2™®" is defined as the TCCON/TES PBL CO,. These estimates can be
compared to the integrated partial column-averaged CO, measured by aircraft within
the boundary layer (surface to 600 hPa for Lamont).

4 CO; profile retrieval approach

In this section, we describe a profile retrieval algorithm that is based on the scaling re-
trieval discussed in Wunch et al. (2011a; 2010). Characterization of the errors, based
on this retrieval approach, is discussed in the Appendix. The profile of atmospheric
CO, is obtained by optimal estimation (Rodgers, 2000) using the same line-by-line
radiative transfer model discussed in Wunch et al. (2010) (or GFIT). It computes sim-
ulated spectra using 71 vertical levels with 1km intervals for the input atmospheric
state (e.g., CO,, H,0O, HDO, CH,, O,, P, T and etc.). The details about the TCCON
instrument setup and GFIT are also described in Deutscher et al. (2010); Geibel et al.
(2010); Washenfelder et al., (2006); Wunch et al. (2011a; 2010); Yang et al. (2002). The
retrievals in this study use one of TCCON-measured CO, absorption bands, centered
at 6220.00cm™" with a window width of 80.00cm™" (Fig. 1). Note that ultimately we
do not use the full profiles for this study as we find that spectroscopic or other errors
introduce jack-knifing into the estimated profiles with a variability that is larger than ex-
pected from comparison to aircraft data. Instead the profiles are mapped into column
amounts and are shown to be consistent with the results of Wunch et al. (2011a). We
use the profile retrieval instead of the Wunch et al. (2010) column scaling retrieval in
order to understand the error characteristics of the CO, retrieval.

In the scaling retrieval discussed by Wunch et al. (2011a; 2010), the retrieved state
vector (y) includes the eight constant scaling factors for four absorption gases (CO,,
H,O, HDO, and CH,) and four instrument parameters (continuum level: “cl”, continuum
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tilt: “ct”, frequency shift: “fs”, and zero level offset: “z0”).

[ Vico,1 ]
ViH,0]
YHDO]
= | Yiery

Y Ve (9)

Vct
st

- VZO -

Each element of y is a ratio between the state vector (x) and its a priori (x,). In the
profile retrieval, for the target gas CO,, we estimate the altitude dependent scaling
factors instead. For other interfering gases, a single scaling factor is retrieved. Ten
levels are chosen for CO, (see Fig. 3a) to capture its vertical variation:

[ V1ico,] |

Y10[c0,]
ViH,01

y = | YHpo (10)
YicH,]
Vel

yct

Yis

L Vo

To obtain a concentration profile, the retrieved scaling factors need to be mapped from
retrieval grids (i.e., 10 levels for CO, and 1 level for other three gases) to the 71 forward
model levels.

B =My (11)
4504
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where M = % is a linear mapping matrix relating retrieval level to the forward model

altitude grid. Multiplying the scaling factor (8) on the forward model level to M, = g—l’;,

a diagonal matrix of the concentration a priori (x,) gives the true state of gas profile:
x=M,p (12)

According to the above definition, the a priori profile is x, = M, 8, and estimated state
is X =M, .

The non-linear least square retrieval also depends on a constraint matrix to regu-
larize choices for the retrieval solution (Bowman et al., 2006). The non-diagonal CO,
covariance matrix used to generate the constraint matrix has larger variance in the
boundary layer and decreases with altitude. This covariance 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. The square root
of the diagonal of this covariance is approximately 2 % in the boundary layer, 1% in
the free troposphere, and less than 1 % in the stratosphere (Fig. 3a). The off-diagonal
correlations are shown in Fig. 3b.

The measurement noise, or signal-to-noise (SNR) is used to weight the measure-
ment relative to the a priori in the non-linear least squares retrieval. Although the SNR
of the TCCON instrument is better than 500, we use a SNR of approximately 200 be-
cause spectroscopic uncertainties degrade the comparison (O’Dell et al., 2011; Wunch
et al., 2011a); use of this SNR results in a chi-square in our retrievals of about 1.

To obtain the best estimate of the state vector that minimize the difference between
the observed spectral radiances (y,) and the forward model spectral radiances (y,,)
we perform Bayesian optimization by minimizing the cost function, y(y):

XYW = Vn=Yo) S Vm=Yo) + (¥=Y2) S3' (¥=Va) (13)

where S, is chosen to be the covariance shown in Fig. 3 and S, is the measurement
noise covariance, a diagonal matrix with values of noise squared
4505
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5 Results
5.1 Quality of the column-averaged CO, estimates

To characterize the quality of the CO, estimates, we compare the TCCON column-
averaged estimates with the aircraft column-integrated data. Calculated errors (as de-
rived in the Appendix) are compared to actual errors as derived empirically from com-
parison of the estimates to the aircraft data and are shown to be consistent.

There are forty-one SGP aircraft measured CO, profiles in 2009 (Fig. 4). Most air-
craft measurements are from the surface to 6 km; however, three profiles have mea-
surements from the surface to 10 km or higher (31 July, 2 and 3 August). To estimate
the total column (or), the CO, values for altitudes above the top of the aircraft measure-
ments are replaced by the TCCON CO, a priori, shifted to match the value at the top of
the aircraft measurements. As discussed in the Appendix (A1.2.1), this approximation
to the upper tropospheric CO, values negligibly contributes to uncertainty in the com-
parison between TCCON XCO2 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. 5 and Table 1.

TCOON XCO2 estimates are calculated within a 4-h time window, centered about
the time corresponding to each aircraft profile. A 4-h time window is chosen to ensure
that comparisons are statistically meaningful and also to ensure that variations in CO,
and temperature are small relative to calculated uncertainties. Comparisons between
TCCON and aircraft XCO2 are shown in Table 1. Results listed in Table 1 are only
for clear-sky scenes because it is difficult to quantify the effect of clouds on the TC-
CON retrievals and errors. We find that the calculated precision for the collection of
measurements within each 4-h time window encompassing the aircraft is, on average,
approximately 0.32 ppm. This precision is, on average, consistent with the variability
of the TCCON XCO2 estimates within this 4-h time window of 0.35 ppm. The error on
the mean will be arbitrarily small because of the large number of measurements within
this 4-h time window. Consequently, we expect that the XCO2 variability within each
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4-h time window is driven by noise but not by variations in temperature and CO,. How-
ever, we calculate that errors in temperature lead to an error in XCO2 of approximately
0.69 ppm on average (last column, Table 1). We find that the TCCON XCO2 estimates
are biased on average by —5.66 £ 0.55ppm. The magnitude of this bias estimate is
consistent with that described in Wunch et al. (2010) and is attributed to errors in the
O, spectroscopy. The error in the bias (0.55 ppm) is consistent with the calculated er-
ror due to temperature (0.69 ppm) and is a result of temperature variations between
aircraft measurements.

5.2 Quality of the PBL CO; estimates

In this section we examine the robustness of estimates of XCO2 in the PBL (surface
to 600 hPa) by comparison of the TCCON/TES XCO2 estimates to aircraft data. We
separate the boundary layer from the free-troposphere at the 600 hPa pressure level
because the aircraft profiles indicate that the variability in the free troposphere becomes
“small” above this pressure (Fig. 4). However, knowledge of the boundary layer height
will affect use of these PBL estimates for quantifying surface fluxes because boundary
layer heights are typically at higher pressures than 600 hPa (von Engeln et al., 2005)
Figure 6a shows comparisons of the PBL XCO2 as calculated from integrating a priori
profiles used with GFIT from surface to 600 hPa. Figure 6b shows comparisons of
the PBL XCO2 as calculated from TCCON and TES data. The -5.66 ppm bias (or
factor @ in Eq. 9) is removed from the TCCON total column before computing XCO2
in the PBL using TCCON data and TES data. As shown in Table 2, the averaged
difference between aircraft and TCCON/TES PBL XCO2 values is 0.26+1.02 ppm. The
averaged difference between TES (assimilated into GEOS-Chem) free tropospheric
CO, (above 600 hPa) and aircraft free tropospheric CO, is 0.38 £ 0.71 ppm. According
to Appendix A2 (Eqg. A28), the estimated uncertainty in PBL XCO2 by TCCON/TES
is 0.90 ppm, consistent with actually uncertainty of 1.02 ppm. The improvement in this
lower tropospheric XCO2 comparison, relative to the a priori, is mainly during summer
time when surface CO, is low, relative to wintertime, because the biosphere is more
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active in the summer (Fig. 6). With these uncertainties, the PBL XCO2 estimates are
able to capture the seasonal variability of the lower troposphere as discussed next.

5.3 Seasonal variability of PBL CO, compared to column CO>

The aircraft, TCCON, and TES assimilated estimates of atmospheric CO, have suffi-
cient temporal density to provide an estimate of CO, variability over most of the year.
In Figure 7 we show the monthly averaged total column averages and the partial col-
umn averages (surface to 600hPa) calculated from the aircraft data and the same
quantities derived from the TCCON data and the TCCON minus TES assimilated data,
respectively. The TCCON column averages (black dots) and TCCON/TES derived PBL
data (red dots) are consistent with the aircraft measurement (black diamonds and red
diamonds) within the expected uncertainties indicating that the estimates are robust.
Based on these forty-one flight profiles, there are about 3 to 5 days to be averaged in
each month of the year except September and October, both of which only have one
available aircraft profile and are happen to under unclear sky scenes. Therefore, the
comparisons for these two months are not shown. Both TCCON column averages and
TCCON/TES PBL CO, capture the seasonal variability.

The response of the seasonal variability in PBL CO, is more than twice that in the
column averages. It is 14 ppm peak-to-peak in PBL CO, and 5ppm in the column-
averaged CO, because there is a rapid drawdown in PBL CO, at the growing season
onset over mid latitude due to the biosphere uptake. The difference between the PBL
CO, and column CO, changes from positive (about 3ppm) to negative (lower than
-4 ppm) over the year (Fig. 7b). It suggests that the processes driving the surface
fluxes at Lamont are different than the processes driving the total column. Conse-
quently, these results empirically indicate that these estimated PBL CO, will provide
improved sensitivity to local fluxes than the total column (Keppel-Aleks et al., 2011).
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6 Summary

Total column estimates of atmospheric CO, and partial column estimates of CO, in
the boundary layer (surface to 600 hPa) are calculated using TCCON and Aura TES
data. In order to determine if the retrieval approach, forward model, and understanding
of uncertainties are robust, it is crucial to determine if the calculated uncertainties are
consistent with the actual uncertainties. In addition, we need to assess any biases in
the estimates and ideally attribute these bias errors in the measurement system. The
bias and its uncertainties in TCCON column-averaged CO, are explained at two differ-
ent time scales: 4-h time windows centered about individual aircraft measurement and
day-to-day time scales from comparison to the collection of forty-one aircraft profiles.
We find that for multiple retrievals of the same air parcel within a 4-h time window,
the mean bias is from the uncertainties of atmospheric states (i.e., temperature or in-
terference gases) or spectroscopy parameters. The variability of the collection of total
column estimates within the 4-h time window of 0.35 ppm is consistent with the calcu-
lated random error of about 0.32 ppm, which is associated with the measurement error.
When comparing the TCCON total column estimates to aircraft data over several days,
we can assume that the daily systematic errors due to temperature or other interference
error is pseudo-random. For example, the estimated mean bias across multiple days is
-5.66 (+0.55) ppm. The standard deviation of the bias error of approximately 0.55 ppm
is consistent with the expected error of 0.69 ppm, which is primarily driven by tempera-
ture error; measurement error for these comparisons is arbitrarily small because of the
large number of measurements used to calculate the mean CO, estimate.
Comparisons of the aircraft data to free tropospheric CO, calculated by assimilating
Aura TES CO, estimates into the GEOS-Chem model (Nassar et al., 2011) suggest
that the TES assimilated data has a bias error of 0.38 (£0.71) ppm in the free tro-
posphere. We calculated a boundary layer estimate (surface to 600 hPa) of the CO,
amount by subtracting the TES assimilated free tropospheric estimate from the TC-
CON total column amount estimates. Comparisons of these boundary layer estimates
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from TCCON/TES data to those from aircraft data are consistent after the bias in the
TCCON is removed. The precision in the derived PBL CO, is 1.02 ppm, which is con- AMTD
sistent with the calculated precision of 0.90 ppm. The dominant sources of the error in

the PBL estimates are due to uncertainties in the free troposphere data from TES as- 5, 4495-4534, 2012

similation and the temperature driven error in column averages from TCCON. We show

that this precision is sufficient to characterize the seasonal boundary layer variability of Profiling

CO, over the TCCON sites. tropospheric CO,
This study highlights the potential of combining simultaneous measurements from

near IR and IR sounding instruments to obtain vertical information of the CO, profile = e eal

(Christi and Stephens, 2004). The present TCCON network is relatively sparse but has
a good latitudinal coverage and long-term accurate observations of column abundance
of CO,. Column estimates of CO, by space measurement are currently available from
GOSAT and SCIAMACHY data (Schneising et al., 2011, 2012) and are expected from Abstract
OCO-2. Column CO, estimates from these satellite data together with the free tropo-
spheric CO, estimates are anticipated to provide complementary constraints to infer
CO, fluxes and advance the ability to study the carbon cycle problem by providing Tables
constraints on near-surface CO, variations and atmospheric mixing.
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As discussed in the text (Sect. 4), the retrieval vector is defined by:

[ V1ico,] |

Y10[c0,]
ViH,01

y = | YHpo (A1)
YicH,]
ycl

yct

Yis

| Vo

Each element of y is a ratio between the state vector (x) and its a priori (x,). For the
target gas CO,, altitude dependent scaling factors are retrieved. For other interferential
gases, a constant scaling factor for the whole profile is retrieved. The last four are for
the instrument parameters (continuum level: “cl”, continuum title: “ct”, frequency shift:
“fs”, and zero level offset: “z0”). To obtain a concentration profile, the retrieved scaling
factors are mapped from the retrieval grid (i.e., 10 levels for CO, and 1 level for other
three gases) to the 71 forward model levels.

B =My (A2)

where M = % is a linear mapping matrix relating retrieval levels to the forward model
altitude grid. Multiplying the scaling factor (8) on the forward model level to the con-
centration a priori (x,) gives the estimates of the gas profile. We define M,, = g—g where
M, is a diagonal matrix filled by the concentration a priori (x,):

X=M,3 (A3)
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From Eq. (A3), it follows that x, = M, 8, and x = M, 8 The Jacobian matrix of retrieved
parameter with respect to the radiance is
oL(M
K, = (My)
oy
Using the chain rule, we can obtain the equation relating the retrieval Jacobians to the
full-state Jacobian

(A4)

oL 0LOoxop

= A5
oy 0x0Baoy (AS)
or

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

If the estimated state is “close” to the true state, then the estimated state for a single
measurement can be expressed as a linear retrieval equation (Rodgers, 2000):

B =B.+Az(B-B,) + MG, £, + > MG, K, Ab’ (A7)
/

where g, is a zero-mean noise vector with covariance S, and the vector Ab' is the error
in true state of parameters (/) that also affect the modeled radiance, e.g., temperature,
interfering gases, spectroscopy. The KL is the Jacobian of parameter (/). In this study,
we found the systematic error is primarily due to the temperature uncertainty (¢;) and
spectroscopic error (g,) G, is the gain matrix, which is defined by
oy -1 —1,-1 1

G, = FTi (K}S; 'K, +S;") KIS (A8)
The averaging kernel for B in forward model dimension is
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We can define A, = M,(A[,M,‘(1 as the averaging kernel for x. In order to convert Eq.
(A7) to the state vector of concentration (x) we apply Eq. (A7) into Eq. (A3) and obtain:

X =Xy + Ay (X=X5) + M,MG, &, + M\,MG, K; &7 + M,MG K, &, (A10)
The temperature uncertainty (&) and spectroscopic error (g, ) represent the system-
atic errors (Ab’ )-

A2 Total error budget

The error for a single retrieval is

6x = X=x = (I-A,) (xo—x) + M\,MG, £,,+M,MG K &; + M,MG K, &, (A11)
The second order statistics for the error is

S5z = ésm +S.+5,+§, (A12)
where the smoothing error covariance is

Sm=(1-A,)S,(1-A,)" (A13)
a measurement error covariance is

S,,= M, MGS (M, MG)" (A14)
and two systematic error covariance matrices are

S; = M, MGK;S; (M,MGK;)" (A15)
S, =M,MGK; S, (M,MGK, )’ (A16)

S, is the a priori covariance for CO,, S, is the covariance describing the TCCON
measurement noise, Sy is the a priori covariance for temperature and is based on
the a priori covariance used for the Aura TES temperature retrievals (Worden et al.,
2004); this temperature covariance is based on the expected uncertainty in the re-
analysis fields that are inputs to the TES retrievals. S, is the covariance associated
with spectroscopic error.
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A3 Individual error budget terms

For comparisons of TCCON retrievals to each aircraft profile we choose the TCCON
measurements taken within a 4-h time window centered about the aircraft measure-
ment. This time window is short enough so that we can assume the atmospheric state
has not changed but it is also long enough that there are enough samples of retrievals
for good statistics (e.g., ~ 100 samples).

There are forty-one aircraft measurements that measured CO,, profiles over Lamont
in 2009. On any given day (or /th day), we have n; TCCON retrievals within a 4-h time
window around aircraft measurement where n; varies by day (or by aircraft profile com-
parison). The difference of the mean of these retrievals to the aircraft measurement is
the error on that day. The average of the errors from these forty-one comparison esti-
mates the mean bias error. Which term contributes to the uncertainties will be discuss
in follow.

A3.1 Error due to extrapolation of CO, above aircraft profile

In reality, the true state (x) is unknown and can only be estimated by our best measure-
ments, such as by aircraft, which have a precision of 0.02 ppm. With the validation stan-
dard, the error in the retrieval (6 X) can be estimated by the comparison of the retrieved
state vector (X) to the validation standard (Xg). In order to do an inter-comparison of
the measurements from two different instruments, we apply a smoothing operator de-
scribed in Rodgers and Connor (2003) to the complete profile (xg 1) based on aircraft
measurement so that it is smoothed by the averaging kernel and a priori constraint
from the TCCON profile retrieval:

Xstd = Xa + Ay (Xpi1—X3) (A17)

Xq IS the profile that would be retrieved from TCCON measurements for the same air
sampled by the aircraft without the presence of other errors. xg 7 is the complete CO,
profile based on aircraft measurement.
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Several aircraft only measure CO, up to approximately 6 km, but three of them go up
to 10 km or higher. Therefore, the lower part of xg 1 is from the direct aircraft measure-
ments. Above that, the TCCON a priori is scaled to the CO, values at the top of the
aircraft measurement so that the profile is continuously extended up to 71 km. We use
this approximation because the free tropospheric CO, is well mixed (vertical variations
in free troposphere is less than 1 ppm) (Wofsy et al., 2011). Then the complete profile
based on the aircraft measurement is

meas meas
XFLr OXp
Xpir = ! fo|=Xx-0xpr=x—| (A18)
AXy X —Ax,

where er"fTaS is the direct aircraft measurements in the lower atmosphere, which has

been mapped to forward model grid. 5xp 5 is its unknown error relative to the “truth”
and is order of 0.02 ppm. 1 is the ratio between the CO, at the top of aircraft measure-
ment to the a priori CO, on that level. xg and x’ represent the a priori and “true” state
above direct aircraft measurement in the free troposphere and above. Ax; is the shifted
a priori to smoothly extend the profile up to stratosphere. xg 1 represents the complete
profile based combining a priori.

Subtracting Eq. (A17) from Eq. (A10) results in the following expression:
5/\’; = )?_)?std = AX6XFLT + MXMGVSH+MXMGYKT8T + MXMGYKL‘C"L (A1 9)

The second order statistics for the error in the complete aircraft based profile, 6 xg 7,
is:

meas
Ser 9 ] (A20)

S‘SXFLTzE[(SXFLT_E(axFLT)] [6XFLT_E(6XFLT)]T = [ 0 S;

SET° is the error covariance for direct aircraft measurements, which is a diagonal

matrix with a constant value of the square of 0.02 ppm (the accuracy of aircraft instru-
ments). Sg is the sub matrix of TCCON a priori covariance matrix above the aircraft
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measurements. Since we scale the a priori to the aircraft data, the actual error covari-
ance in the upper atmosphere should be much smaller than S;.

The uncertainty in retrieved column averages driven by the smoothing error can be
estimated by

0o (6XCO2) = \/hTAXS,SXFLTA,T(h (A21)

The upper limit of this uncertainty is approximately 0.5 ppm when using the a priori
covariance in the upper atmosphere where the aircraft measurement is missing (e.g.,
above 6 km). Since the free troposphere is well mixed and the upper atmosphere is
constrained by the aircraft measurement, the actual uncertainty for the validation stan-
dard should be much smaller than above estimates. For example, if we assume con-
servatively that the term, S;,__, is half the size of the S, used to describe our CO,
covariance, then this term becomes negligible relative to the temperature error.

A3.2 Measurement error

The measurement noise vector g, is a zero-mean random variable. In a 4-h time win-
dow, the measurement error covariance will drive the variability of the retrieved column
averages. The uncertainty in retrieved column averages driven by the measurement
error can be estimated by

0.,(6XCO2) =\/hTS h (A22)

~

S, is defined in Eqg. (A14). We calculate that this term is approximately 0.32 ppm. The
error on the mean is related to the number of samples in 4-h time window:

h'S. h
0., (6XCO2) =

(A23)
i

where n; is number of retrieval samples within 4-h on /th day (listed in Table 1).
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A3.3 Temperature error

Within a 4-h time window, we assume that variations in temperature do not result in
variations in the CO, estimate; however, the uncertainty in the temperature profiles will
result in a bias:

(6XCO2);. = h" M, MG, Kr &7, (A24)

However, g7, varies from day to day. The mean bias error from temperature uncertain-
ties over days becomes

1 m
(6XCO2); = h" M,MG, K <E 21 £r > (A25)
1=

with a covariance of

o7 (6XCO2) =\/h S;h (A26)

where .§T is from Eq. (A15). The estimate of this term is, on average, approximately
0.69 ppm.

A3.4 Spectroscopic error

The spectroscopic error is another significant source of systematic error. Different from
temperature error, it does not vary significantly on any time scales and even over differ-
ent sites (Wunch et al., 2010). Therefore, its covariance is always negligible. However,
it is found to be the primary source of the bias error.

(6XC02), = "M,MG, K, &, (A27)

The estimate of this term is about —5ppm. It is mainly due to the error in O, cross
section.
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A4 Errors in PBL column-averaged CO>

We estimate the PBL CO, by subtracting the TES assimilated free tropospheric CO,
from the TCCON total column CO,. The TCCON dry-air total column estimated by
weighted to the retrieved O, column has a bias of approximately —5.66 ppm. There-
fore, we remove the bias using Eq. (5) before subtracting the free tropospheric partial
column amount. Because the TCCON estimates and TES/GEOS-Chem estimates are
independent estimates of CO,, the uncertainties in the boundary layer estimates are
simply the uncertainties summed in quadrature:

o (6X25) = \/ 02 (6X T2 ) + 02 (X TN) (A28)

The estimate of this term is 0.90 ppm. The TES assimilated free tropospheric bias
error and uncertainty is estimated by the comparison to the free tropospheric estimates
from the aircraft-based profile (xg 7). The TCCON total column mean bias error and
uncertainty has been discussed in previous section Egs. (A27) and (A26).

A5 Estimating the free tropospheric CO, column using TES and GEOS-Chem

To estimate the free tropospheric CO,, retrieved TES CO, fields are assimilated into
the GEOS-Chem model. GEOS-Chem is a global 3-D chemical transport model (CTM)
for atmospheric composition, with sources and additional modifications specific to the
carbon cycle as described in (Nassar et al., 2010) and (Kulawik et al., 2011). TES at
all pressure levels between 40° S and 40° N, along with the predicted sensitivity and er-
rors, was assimilated for the year 2009 using 3d-var assimilation. We compare model
output with and without assimilation to surface based in situ aircraft measurements
from the US DOE Atmospheric Radiation Measurement (ARM) Southern Great Plains
site during the ARM-ACME (www.arm.gov/campaigns/aaf2008acme) and HIPPO-2
(hippo.ucar.edu/) mission (Kulawik et al., 2012). We find improvement in the seasonal
cycle amplitude in the mid-troposphere at the SGP site, but also discrepancies with
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HIPPO at remote oceanic sites, particularly outside of the latitude range of assimilation
(Kulawik et al., 2012).

Supplementary material related to this article is available online at:
http://www.atmos-meas-tech-discuss.net/5/4495/2012/
amtd-5-4495-2012-supplement.pdf.
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Table 1. Lists of bias error and its standard deviation (1 x &) of TCCON profile retrieved col- AMTD

umn 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 the 5, 4495-4534, 2012
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 Profiling
consistency between the imperial error estimates and expected error estimates is improved. tropospheric CO,
The columns for “n” are the total numbers of retrievals within 4-h time window.
L. Kuai et al.
Unit (ppm) With cloud filter Expected
. h day

Day Bias+5.66 (ppm) Actual (1x0) n a(ﬁXCOZ) U(HXCOYQ)

8 January 2009 0.66 0.30 161 0.27 0.74

16 January 2009 0.45 0.30 171 0.33 0.74

29 January 2009 0.36 0.30 169 034 077 Title Page ‘

4 February 2009 0.58 0.26 169 0.33 0.74

11 February 2009 0.69 0.49 90 0.33 0.75

19 February 2009 0.39 0.38 96 0.33 0.76 .

21 February 2009 0.67 0.42 130 034 0.77 Abstract Introduction

8 March 2009 0.25 0.39 132 0.32 0.71 o -

14 March 2009 0.98 0.42 102 0.33 0.73

16 March 2009 0.00 0.27 154 0.32 0.69 q

18 March 2009 0.26 0.44 112 0.32 0.69

29 March 2009 -0.08 0.28 76 0.33 0.72

7 April 2009 0.13 0.26 98 0.33 0.72 )

8 April 2009 -0.03 0.40 121 0.32 0.69

20 April 2009 -0.59 0.44 69 0.32 0.70 S L

21 April 2009 -0.32 0.29 130 0.32 0.70

23 April 2009 -0.21 0.30 122 0.32 0.66

17 May 2009 -0.19 0.32 130 0.32 0.70

18 May 2009 0.82 0.32 131 0.32 0.68

20 May 2009 0.60 0.50 75 0.32 0.67

26 May 2009 -0.12 0.36 86 0.32 0.67

28 May 2009 0.11 0.30 130 0.32 0.68

30 May 2009 0.30 0.34 130 0.32 0.66

4 June 2009 0.01 0.38 128 0.32 0.68

12 June 2009 -0.96 0.35 72 0.32 0.66

21 June 2009 -0.85 0.28 95 0.31 0.63 - -

23 June 2009 -0.56 0.32 129 0.31 0.63

29 June 2009 0.16 0.32 118 0.31 0.64

1 July 2009 -0.24 0.46 119 0.31 0.65 FU” Screen / ESC ‘

6 July 2009 0.85 0.33 43 0.32 0.66 -

31 July 2009 0.31 0.34 125 0.32 0.66

2 August 2009 0.26 0.29 131 0.31 0.65

3 August 2009 -0.37 0.33 130 031 0.63 Printer-friendly Version ‘

23 August 2009 -0.74 0.38 130 0.31 0.65

1 November 2009 -0.47 0.36 130 0.32 0.68

2 November 2009 -0.68 0.33 131 0.32 0.69 0 3 .

3 November 2009 -0.94 0.35 131 032 0.70 Interactive Discussion ‘

22 November 2009 -0.38 0.39 68 0.32 0.71

18 December 2009 -0.23 0.47 127 0.33 0.75

20 December 2009 0.33 0.38 101 0.33 0.72

Mean 0.00 0.35 118 0.32 0.69 @ @

1x0 0.55 =
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Table 2. Bias and precision.

AMTD
5, 4495-4534, 2012

Profiling
tropospheric CO,

L. Kuai et al.

Unit (ppm) Estimated bias Precision

Total column averages TCCON -5.66 0.55
TCCON prior 1.04 1.50

PBL column averages; TCCON — TES/GEOS-Chem 0.26 1.02

Combining two data set;

(total column amount —free  TCCON — TCCON prior -0.96 2.26

troposphere column amount
(above 600 hPa))
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Fig. 1. CO, band at 1.6 um observed on 17 June 2008 by TCCON at Park Falls (Wisconsin)
with solar zenith angle of 22.5°. Printer-friendly Version

Interactive Discussion

©)
do

4528


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/5/4495/2012/amtd-5-4495-2012-print.pdf
http://www.atmos-meas-tech-discuss.net/5/4495/2012/amtd-5-4495-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

395
390

385

380

375

370

TCCON X002 (ppm)

365
360

360 365 370 375 380 385 390 395

Fig. 2. Comparison of column-averaged CO, estimates to derived aircraft column averages.
Red points indicate that H,O is used as dry air standard. Black points indicate that O, is used
as dry air standard. Dots for Parkfalls site and diamonds for Lamont site. Error bars are not

shown in this figure.
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Fig. 3. (a) The square root of the diagonal in CO, covariance matrix. (b) The 2-D plot of the

CO, covariance matrix.
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Fig. 4. Samples of CO, profiles measured by aircraft (black) and TES Geos-Chem assimilation
(red) at SGP.
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Fig. 5. Comparison of total column-averaged CO, from TCCON profile retrievals to that derived
from aircraft. Black dots indicate comparison of TCCON estimates to aircraft that measure up
to 6km. Green dots are comparison of TCCON estimates to the three aircraft profiles that
measure up to 12 km.
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Fig. 7. (a) Monthly mean XCO2 for total column and PBL CO, in 2009 at Lamont. Aircraft
data (FLT) are indicated by diamonds (black for total XCO2; red for PBL XCO2) and TCCON
or TCCON/TES estimates are indicated by black or red dots + error bars. (b) The difference
of PBL CO, and total column-averaged CO, by flight (diamonds) and by TCCON/TES (dots).
Error bars are the standard deviation of the monthly estimates.
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