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Partial column-averaged carbon dioxide (CO2) mixing ratio in three tropospheric layers
has been retrieved from Total Carbon Column Observing Network (TCCON) spectra in
the 1.6 mm CO2 absorption band. Information analysis suggests that a measurement
with  60 absorption lines provides three or more pieces of independent information,
depending on the signal-to-noise ratio and solar zenith angle. This has been conﬁrmed
by retrievals based on synthetic data. Realistic retrievals for both total and partial
column-averaged CO2 over Park Falls, Wisconsin on July 12, 15, and August 14, 2004,
agree with aircraft measurements. Furthermore, the retrieved total column averages are
always underestimated by less than 1%. The results above provide a basis for CO2 proﬁle
retrievals using ground-based observations in the near-infrared region.
& 2012 Elsevier Ltd. All rights reserved.
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1. Introduction
Remote sensing observations improve our understanding of the spatial and temporal distributions of carbon
dioxide (CO2) in the atmosphere. The Total Carbon
Column Observing Network (TCCON) is a network of
ground-based Fourier transform spectrometers (FTS). An
automated solar observatory measures high-quality
incoming solar absorption spectra in the near-infrared
region
(4000  9000 cm  1)
(www.tccon.caltech.edu,
[1,2]). Each TCCON instrument has a precise solar tracking
system that allows the FTS to record direct sunlight. The
absorption spectra are measured under clear skies and
can be corrected by the recorded DC-signal for partly
cloudy skies [3]. There are 20 sites located worldwide,
including both operational and future sites. Although
unevenly distributed over the world, the TCCON has good
latitudinal coverage and the ensemble of sites retrieve the
long-term column-averaged abundance of greenhouse
gases, such as carbon dioxide (CO2), methane (CH4),
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nitrous oxide (N2O), and other trace gases (e.g. CO) with
high accuracy and high precision [2,4–6].
The difference between column-averaged CO2 (X CO2 )
and surface CO2 can vary from 2 to 10 ppm or even larger
depending on the location and the time of the year [7,8].
Higher surface concentrations usually occur at nighttime
or in winter due to CO2 build-up in a shallow planetary
boundary layer (PBL), while surface uptake due to plant
growth occurs during daytime or in summer. On both
diurnal and seasonal time scales, the variations in X CO2 are
smaller than surface CO2 because they are remotely
forced by local ﬂuxes through advection. Compared to
surface values, the seasonal variation of X CO2 generally has
a time lag in phase with less variability due to the time
delay caused by vertical mixing. The variations in X CO2 are
only partly driven by the local ﬂux. Synoptic-scale activity
has a large impact on the variations in X CO2 due to largerscale eddy ﬂuxes and the meridional gradient in X CO2 . The
simulations by Keppel-Aleks et al. [9] illustrate that the
sources of X CO2 variations are related to the north-south
gradients of X CO2 and the ﬂux on continental scales [9]. In
contrast, the variations in PBL CO2 are directly inﬂuenced
by local ﬂux [10]. They show that the PBL CO2 variability
is explained by regional surface ﬂuxes related to land
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cover and mesoscale circulation across the PBL. In another
study, Stephens et al. [11] concludes that most of current
models overpredict the annual-mean midday vertical
gradients and consequently lead to an overestimated
carbon uptake in the northern lands and an underestimated carbon uptake over tropical forests [11]. Isolating
the CO2 dry air mole fraction in the PBL provides higher
sensitivity to the surface-atmosphere ﬂuxes since this is
the portion of the atmosphere which is most strongly
inﬂuenced by surface sources and sinks, and this is the
layer which will have the largest changes in CO2 concentrations from surface effects. The surface ﬂux has a direct
inﬂuence on the diurnal variations of the PBL CO2. The
mesoscale transport would also cause a horizontal difference in the PBL CO2 concentration. Therefore, the estimates of the PBL CO2 could provide regional scale
constraints on the surface ﬂux [10]. Additionally, multiple
pieces of vertical CO2 concentration information provide
important constraints on atmospheric transport uncertainties when inverting these data for ﬂux estimates.
In this paper, we show that high-resolution spectra of
atmospheric absorption can provide information about
the vertical distribution of CO2 in addition to the total
column abundance. Three scaling factors deﬁned in three
bulk atmospheric layers are retrieved to estimate the CO2
vertical distribution. Other than the accurately retrieved
total column abundance, the vertical variation is represented by the partial column averages in the three bulk
atmospheric layers.
Major sources of uncertainty in the TCCON retrievals
include those from spectroscopic data, measurement
noise, instrument line shape function (ILS), temperature,
surface pressure and zero-level offset. Signiﬁcant effort
has been undertaken to reduce the instrumental uncertainties of a TCCON experiment [3,12–15]. An overview of
these uncertainties for TCCON measurements is discussed
in [2,5]. The column measurements are calibrated and
their precision is quantiﬁed using in situ aircraft proﬁles
[5,16].
This study demonstrates the feasibility of retrieving
multiple pieces of CO2 vertical proﬁle information from
the high SNR, high spectral resolution atmospheric spectra obtained from TCCON. To ensure an accurate evaluation of the performance of our proﬁle retrieval algorithm,
we have limited our analysis to TCCON spectra acquired
from the Park Falls, Wisconsin site, which coincides with
in situ vertical proﬁles measured from aircraft. This
comparison of ground-based and in situ data provides
critical validation standards for retrievals of CO2 proﬁle
and total column CO2. This also enables an accurate error
assessment. Our study provides a baseline to guide the
next generation of remote sensing measurements for
proﬁling the atmospheric CO2. A more comprehensive
evaluation of vertical proﬁle retrievals from multiple
TCCON sites for observing dates spanning nearly a decade
and sampling a wider range of atmospheric conditions,
seasons, and solar zenith angles is under way.
In the followings TCCON and aircraft data, information
analysis, and the setup of the vertically constrained
retrieval are described in the next section. An illustration
of the proﬁle retrievals using both synthetic and real

spectra is discussed in Section 3, in which we use three of
aircraft proﬁles, measured at Park Falls [4] on July 12, July
15, and August 14 in 2004, to evaluate the partial column
retrievals from coincident TCCON spectra. The conclusions and discussions follow in Section 4.
2. Data and methodology
2.1. TCCON data
The TCCON X CO2 measurements are precise to better
than 0.25% [2,5]. With this precision, the monthly averaged column-integrated data are sufﬁcient to reduce the
uncertainties in the global surface carbon sources and
sinks [17]. The absolute accuracy of the uncalibrated X CO2
measurements from TCCON is  1% [5]. These measurements have been calibrated to 0.25% accuracy using aircraft proﬁle data that are themselves calibrated to the
World Metrological Organization (WMO) scale over nine
TCCON sites (Park Falls, Lamont, Darwin, Lauder, Tsukuba,
Karlsruhe, Bremen, Bialystok, Orleans) [5,18]. Consequently, they can be used in combination with in situ
measurements to provide constraints on continental-scale
ﬂux estimates [9,19–22].
The TCCON X CO2 measurements are an important
validation source for satellite observations, including
those from the Orbiting Carbon Observatory (OCO-2)
[23], SCanning Imaging Absorption SpectroMeter for
Atmospheric CartograpHY (SCIAMACHY) [24], and Greenhouse Gases Observing Satellite (GOSAT) [25–27].
In contrast to these space-based instruments, which
measure reﬂected sunlight in the near infrared region by
looking down from space, the retrievals using TCCON
spectra have minimal inﬂuences from aerosol, uncertainty
in airmass, or variation in land surface properties [2]
because the TCCON instruments measure direct incoming
sunlight from the ground. Thus, TCCON data serve as a
transfer standard between satellite observations and
in situ networks [1,2,5,6,28]. Because of their high quality,
TCCON spectra are some of the best data to attempt the
challenging proﬁle retrieval.
2.2. Aircraft in situ proﬁles
The aircraft in situ measurements of CO2 proﬁles
have higher precision ( 0.2 ppm) and higher accuracy
( 0.2 ppm) [5] than the TCCON and spacecraft observations. We consider these measurements to be the best
observations of the true state of the atmospheric CO2
proﬁle. In this study, the remote sensing measurements of
CO2 over Park Falls, Wisconsin on July 12, 15 and August 14,
2004 [4] are compared with the coincident in situ measurements during the Intercontinental Chemical Transport
Experiment—North America campaign (INTEX—NA) [29].
Highly precise (70.25 ppm) CO2 proﬁles were obtained
from 0.2 to 11.5 km in about a 20 km radius. Due to the
altitude ﬂoor and ceiling limitations of the aircraft measurements, additional information for surface and stratospheric values of CO2 are required. The lowest measured
value is at  200 m above the surface, and it is assumed to
be the surface value. The proﬁle above the aircraft ceiling
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was derived from age of air calculations and in situ measurements on high-altitude balloons [5]. An excellent
correlation between the integrated aircraft proﬁles and
the FTS retrieved X CO2 was found [4,5,18,29,30]. Calibration
using aircraft data reduced the uncertainty in the retrieved
X CO2 by TCCON to 0.25% [2,4,5,18,29].
In this work, we also use aircraft measured CO2
proﬁles as our standard. In addition to the comparison
of X CO2 , we further look at the difference in the partial
columns for three scaling layers. The knowledge of the
partial columns can improve our understanding of the
vertical distribution of total columns in the atmosphere.
2.3. Information analysis
TCCON measurements of direct incoming solar spectra
have a high signal-to-noise ratio (SNR) of  885 on the
InGaAs detector and  500 on the Si diode detector [4]. This
is signiﬁcantly larger than the GOSAT and OCO-2 measurements of the same spectral region (SNR 300). We use the
1.6 mm CO2 absorption band, which is measured using the
InGaAs detector by TCCON with a spectral resolution of
0.02 cm  1 (Fig. 1a). This band is also measured by GOSAT
and OCO-2 from space. However, the TCCON spectra have a
resolution that is  10 times ﬁner than those of the spacecraft instruments (e.g. OCO-2 Fig. 1b).
We applied information analysis to understand how
much information can be gained from a retrieval using
TCCON-like measurements [31]. The results of the analysis
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include degrees of freedom (dS) and information content
(HS). dS describes how many (which can be fractional)
variables can be independently retrieved from the measurements. In our case, for example, dS is 3. This means that
we can estimate the CO2 concentrations for at most 3 layers.
Even if our forward model has 71 layers, these 71 layers can
be roughly divided into 3 groups, and within each group the
CO2 concentrations are highly correlated while the correlation among groups are minimal. HS is the ratio of the a
posteriori uncertainty to the a priori uncertainty, taken by
the logarithm of 2. It thus describes how our knowledge
about the measured quantity is improved after making the
measurement.
The analysis shows that dS for signal of the CO2 from
TCCON retrieval is 3.6, 3.8 and 4.3 for solar zenith angle
(SZA) 22.51, 581 and 801, respectively, assuming that SNR
is 885 for TCCON measurements and the a priori covariance matrix is diagonal, whose diagonal values is taken
(3%)2 (Table 1). HS is also listed in Table 1. The instrument
noise level has been a key parameter in most retrievals
[32]. In our case using TCCON measurements, however, dS
can be as high as 2.7 and 2.8 for SZA equal to 22.51 and
581, respectively, even for SNR to be as low as 300. A
similar calculation for OCO-2 only gives 1.5 dS because
this measurement has lower resolution and lower SNR
than TCCON.
Proﬁle information is believed to be imprinted in the
absorption line shape through, e.g., pressure broadening.
The Jacobian of the absorption spectra of CO2 (JCO2 )

Fig. 1. Simulation of the same absorption line centered at 6243.9 cm  1 by (a) TCCON, SZA¼ 22.51 and (b) OCO-2, SZA ¼171. The colored dots indicate the
channel centers. Their corresponding unitless Jacobian (JCO2 ¼d½Transmittance=d½lnðCO2 Þ) proﬁles are plotted in the two bottom panels for (c) TCCON
and (d) OCO-2. The weak absorption channels are in red; the intermediate absorption channels are in green; the strong absorption channels are in blue.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article).
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Table 1
Information analysis for CO2 retrievals from TCCON and OCO-2 spectra.

TCCON
TCCON
TCCON
TCCON
TCCON
OCO-2

Number of SNR
channels

SZA (1)

Information
content: HS
(Bits)

Degree of
freedom:
dS

10620
10620
10620
10620
10620
1016

80
58
58
22.5
22.5
17

14.4
12.5
7.4
11.6
6.8
4.23

4.3
3.8
2.8
3.6
2.7
1.5

885
885
300
885
300
300

concentrations describes the spectral sensitivity to CO2
changes at different atmospheric levels. The vertical
proﬁles of JCO2 for TCCON measurements have peaks
located at different levels at different frequencies. Fig. 1
shows the CO2 Jacobian proﬁles for the frequencies at the
same absorption lines but measured by two instruments
with different spectral resolutions (TCCON and OCO-2).
With its high spectral resolution, the TCCON instrument is
able to capture channels with strong absorption that are
very close to an absorption line center. Its JCO2 proﬁles
have broader peaks in the middle and upper troposphere
(blue in Fig. 1a and c). Some of the intermediate absorption channels (green) can have stronger peaks than both
weak and strong absorption channels which are located in
the lower troposphere. The weak absorption channels
have the highest sensitivity near the surface. In contrast,
the JCO2 for OCO-2 are all maximized near the surface
because its spectral resolution is not sufﬁcient to capture
the channels close enough to the line center that could
provide complementary information higher up (Fig. 1b
and d).
We decide to develop a retrieval algorithm for estimating
three partial column averages. The atmosphere will be
divided into three bulk layers according to three principles.
First, these three layers should represent PBL, lower troposphere and middle-to-upper troposphere. Second, individual
dS for each layer should be approximately equal [33]. Lastly,
the pressure weightings (i.e. partial air column) contributing
to the total air column for these three layers should not differ
too much. We arrived at the layer selection by simply
determining the lowest layer to be below  2.5 km for a
representation of the PBL (Layer 1). It has 0.8 dS and
accounts for  25% of the total air column. Another layer is
from 2.5 to 5.5 km (Layer 2), which covers the lower troposphere with 0.6 dS; this layer contributes  25% to the total
air column. The third layer is for altitudes above 5.5 km
(Layer 3). It has  1.3 dS and has the remaining 50% of the
total air column. Note that the total air column contribution
above the tropopause ( 12 km) is negligible. Therefore,
Layer 3 can effectively be regarded as a middle-to-upper
tropospheric layer. Fig. 2 shows how the three partial
columns are distributed.
2.4. Retrievals
The slant column of each absorber is obtained by a
nonlinear least-squares spectral ﬁtting routine that uses
line-by-line spectroscopic calculations (GFIT, developed at

Fig. 2. Comparisons of partial column-averaged CO2 (pX CO2 ) between
the synthetic (true) values and the mean (red dot) of pX CO2 from 100 test
retrievals. The error bar (units of ppm) is one standard deviation (1  s)
of the 100 retrieved pX CO2 . Signal-to-noise ratio is 885. Dot lines indicate
the top of the three bulk layers deﬁned in the text for proﬁle retrievals.
(For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article).

Fig. 3. CO2 band at 1.6 mm observed on June 17, 2008 by TCCON at Park
Falls, Wisconsin with solar zenith angle of 22.51.

JPL). The radiative transfer model in GFIT computes
simulated spectra using 71 vertical levels with 1 km
intervals for the input atmospheric state. Details about
GFIT are described in [2,4–6,8,30].
The retrievals in this study ﬁt one of the TCCON-measured
CO2 absorption bands, centered at 6220.00 cm  1 with a
window width of 80.00 cm  1 (Fig. 3), to estimate the atmospheric CO2 proﬁle. A systematic error of 5 K in temperature
proﬁle would cause  0.35% or  1 ppm error in X CO2 [6].
This is signiﬁcantly less sensitive to temperature than the
thermal IR band at 15 mm, which has an error of 30 ppm in
retrieved CO2 for an error of 1 K in temperature [34]. To
minimize temperature error for CO2 retrievals, we use
assimilated temperature, pressure, and humidity proﬁle for
local noon of each day of measurements from the National
Centers for Environmental Prediction (NCEP)/ National Center
for Atmospheric Research (NCAR) Re-analysis.
The standard TCCON retrieval algorithm uses a
‘‘scaling’’ approach, in which the optimized retrieval is
determined by multiplying a predeﬁned vertical proﬁle
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with a single scaling factor that is applied to all layers (no
adjustments are made to the shape of the proﬁle) [2,5].
The algorithm used in the present study allows for the
independent scaling of three separate partial columns
while also determining the total column in optimizing
the solution [35]. To distinguish the two retrieval algorithms, we call the standard algorithm a ‘‘scaling retrieval’’ and our algorithm a ‘‘proﬁle retrieval’’.
In the scaling retrieval, the retrieved state vector (c)
includes the eight constant scaling factors for four absorption gases (CO2, H2O, HDO, and CH4) and four instrument
parameters (continuum level: ‘cl’, continuum title: ‘ct’,
frequency shift: ‘fs’, and zero level offset: ‘zo’):
2
3
6
6
6
6
6
6
6
c¼6
6
6
6
6
6
6
6
4

g½CO2 
g½H2 O
g½HDO
g½CH4 
gcl
gct
gf s
gzo

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

where f CO2 is dry air CO2 mole fraction. The total columnaveraged CO2 is
R1
f CO ðzÞUnðzÞUdz
C CO2
:
ð6Þ
X CO2 ¼
¼ R01 2
C air
0 f air ðzÞUnðzÞUdz

3. Proﬁle retrievals
3.1. Synthetic retrievals

g1½CO2 

ð2Þ

gzo

To obtain the best estimate of x that minimize the
differences between the observed spectral radiances (yo)
and the forward model spectral radiances ym, we perform
a Bayesian optimization [31] by minimizing the cost
function, wðcÞ:
T 1
wðcÞ ¼ ðym yo ÞT S1
e ðym yo Þ þðcca Þ Sa ðcca Þ

number density vertical proﬁle and fg(z) is dry air gas
mole fraction proﬁle.
The ratio of column amount between the target gas
and the bulk air will give the column-averaged abundance. The partial column-averaged CO2 between z1 and
z2 is simply:
R z2
C CO2
z f CO2 ðzÞUnðzÞUdz
ð5Þ
pX CO2 ¼
¼ R 1z2
C air
z1 f air ðzÞUnðzÞUdz

ð1Þ

Each element of c is a ratio between the state vector
(x) and its a priori (xa). In this work, we improve on the
scaling method by replacing g½CO2  by three values corresponding to the three bulk layers deﬁned in the previous
section. The a priori CO2 proﬁles among the bulk layers
can thus be adjusted. For other interfering gases, only
single scaling factors are retrieved:
2
3
6g
7
6 2½CO2  7
6
7
6 g3½CO  7
2 7
6
6g
7
6 ½H2 O 7
6
7
6 g½HDO 7
6
7
c¼6
7
6 g½CH4  7
6
7
6g
7
6 cl
7
6
7
6 gct
7
6
7
6g
7
4 fs
5
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ð3Þ

By adjusting the a priori proﬁle in the three bulk layers,
we estimate how the total column-averaged CO2 is
vertically distributed in the atmosphere.
The column amount is usually obtained by integrating
the gas concentration proﬁle from z1 to z2 :
Z z2
f g ðzÞUnðzÞUdz
ð4Þ
Cg ¼
z1

where Cg is vertical column amount for a target gas ‘g’
between altitudes z1 and z2. When z1 ¼ 0 and z2 ¼ 1 then
Cg is the total column amount. n(z) represents the air

We ﬁrst test the retrieval algorithm using synthetic
data before we move forward to more complicated
measurements. The advantage of a synthetic study is that
we know the ‘‘truth’’ and we can evaluate the precision of
the retrievals with different SNR and different a priori
constraints. The forward model is used both to generate
the synthetic spectra and run the retrieval so that errors
in spectroscopic data and/or instrument line shapes will
not have an effect on the retrieved quantities. This
synthetic study also allows us to estimate the errors
induced by the uncertainties of the other interference
parameters.
A reference transmission spectrum at 6180–6260 cm  1
is simulated using the GFIT forward model. Atmospheric
proﬁles including pressure, temperature and humidity are
based on NCEP/NCAR Re-analysis at Park Falls on July 12,
2004. One hundred synthetic observational spectra are
generated by adding to the reference spectrum some noise
of amplitude e/SNR, where e is a Gaussian pseudorandom
number.
In this paper, we always use one standard deviation
(1  s) to compute error bars. Assuming there are no
uncertainties in the true state of the atmosphere except
for the target gas to be retrieved, and that the forward
model is perfect, the mean errors (the difference between
the retrieved and the true values) in total X CO2 varies from
0.06 to 0.08 ppm, depending on the selection of the layer
depths and SNR (885 to 300). Fig. 2 compares the averages
of the 100 retrievals of three pX CO2 (red dots) corresponding to the three bulk layers for SNR ¼885 to the truth
(black stars). Their residuals are less than 0.5 ppm. The
error bars for the three pX CO2 are no more than 0.7 ppm.
3.2. Realistic retrievals
To compare with the aircraft proﬁle on July 12, 2004,
TCCON spectra were selected within a 2-h window
centered on the time when the aircraft measurements
were taken. The averages of retrievals from these spectra
are used to compare with the aircraft measurements.
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We propose three tests to study the sensitivity of
proﬁle retrieval with respect to a priori proﬁles. In the
ﬁrst test (Test 1), we use an in situ aircraft measurement
shifted by þ1% as the a priori proﬁle. In the second test
(Test 2), because aircraft CO2 proﬁles are not always
available at all TCCON sites and in all seasons due to
temporal and spatial limitations, we use the a priori
proﬁles that have already been used in the scaling
retrieval for TCCON measurements [2,36]. In the troposphere (below 10 km), the a priori proﬁles are derived
from an empirical model based GLOBALVIEW data [37]
while in the stratosphere, an age-dependent CO2 proﬁle is
assumed [38]. In this way, a priori proﬁles for CO2 at all
TCCON sites can be estimated for all seasons. The resultant a posteriori CO2 proﬁles will be compared to the
aircraft measurements. In the third test (Test 3), CO2 is
assumed to be well mixed within each bulk layer deﬁned

above. The a priori proﬁle in this test is a constant CO2 of
375 ppm.
In all three tests, the retrieved CO2 proﬁles (colored
lines in Fig. 4a–c) converged to the aircraft proﬁle (‘ þ’ in
Fig. 4a–c). Compared with the aircraft measurements, the
mean biases in total X CO2 for the three tests are listed
along with their precisions in Table 2. In both proﬁle and
scaling retrievals, the three tests underestimate the total
Table 2
Bias in total column-averaged CO2 (X CO2 ) from realistic proﬁle retrievals.
Type of retrieval

Proﬁle
Scaling

Bias in total pX CO2 (ppm) (mean 7 s)
Test 1

Test 2

Test 3

–0.67 70.25
–1.54 70.29

–0.857 0.24
–1.64 7 0.35

–0.80 7 0.24
–1.09 7 0.29

Fig. 4. Examples of proﬁle retrievals from the same spectrum but with three different a priori proﬁles. Solid lines with three different colors in (a)–(c) are
retrieved CO2 derived from the proﬁle retrievals. The differences from the aircraft proﬁle for each case are plotted below them in (d)–(f). The diamonds
represent the differences in pX CO2 . This ﬁgure demonstrates that the differences in some sublayers can be as large as 4 ppm but the differences in pX CO2
are smaller (o 3 ppm). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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X CO2 by 0.67–1.64 ppm, but the proﬁle retrievals always
have less bias ( o1 ppm) than the scaling retrievals
( 41 ppm) for all the three tests. In the proﬁle retrievals,
there is a slightly smaller bias in the ﬁrst test (0.67 ppm)
than the other two cases (  0.8 ppm) likely because the a
priori proﬁle has the same shape as that measured by the
aircraft. However, using other reasonable a priori proﬁles
does not lead to a signiﬁcant. The latter suggests that the
retrieval should be robust and is unlikely to be dependent
on the proﬁle shape of a priori. This agrees with what was
found earlier by Wunch et al. [5]. In their scaling retrievals for X CO2 , it is shown that the TCCON a priori proﬁles
do not introduce additional bias compared to the results
obtained by replacing the a priori proﬁle from aircraft
measurements with best estimates of the stratospheric
proﬁles.
The vertical resolution in the GFIT model is 1 km from
the surface to 70 km with 71 grid points in total. The model
layers are divided into three bulk layers mentioned above
(surface—2.5 km, 2.5–5.5 km and above 5.5 km). By construction, the shape of the a priori proﬁle within a bulk layer
remains unchanged during the proﬁle retrieval; it is the
scaling factors among the bulk layers that are changed
relatively. In the ﬁrst test, because the shape of the a priori
proﬁle agrees perfectly with the aircraft proﬁle (Fig. 4a), the
difference between the retrieved proﬁle and aircraft proﬁle
within the same scaling layer do not vary much with
altitude (Fig. 4d colored lines). This is not true in the other
two tests where the a priori proﬁles have different shapes
from the true proﬁles (Fig. 4b and c). Although larger
differences can occur where the shape of the a priori and
true proﬁle differs signiﬁcantly (e.g., Fig. 4e and f), the biases
in their partial column averaged CO2 (diamonds in Fig. 4d, e
and f) are much reduced, likely due to the compensation
between the sub-layers. Biases and their error bars for the
total X CO2 and pX CO2 for multiple retrievals within the 2-h
window are listed in Table 3. The error bars in each pX CO2
are no more than 1 ppm. Since the ﬁrst two layers close to
the surface are thinner and therefore less weighted than the
third layer, the pX CO2 bias in each layer contribute 25% to
total X CO2 bias according to the pressure weighting function.
The third layer accounts for the remaining 50% in the total
X CO2 bias. Large uncertainties in the upper atmosphere
likely result from the lack of information in the stratosphere.
Here we further discuss the results obtained from Test 2.
In particular, the proﬁle retrievals from real measurements
using the TCCON a priori proﬁles at Park Falls are compared
with the aircraft measurements on July 12 and 15 and
August 14 in 2004. The aircraft proﬁles are integrated
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vertically to obtain the aircraft total X CO2 . The total X CO2
derived from TCCON and aircraft measurements are plotted
in Fig. 5 (diamonds). Table 4 lists the biases and error bars in
the retrieved TCCON total X CO2 relative to aircraft total X CO2 .
In the 2-h window of the multiple retrievals for approximately the same air mass, the TCCON total X CO2 has a bias of
less than 1 ppm for the three-day comparisons and has an
average precision of 0.23 ppm. This precision is consistent
with the predicted error due to measurement noise of
0.32 ppm [35]. The multiple-day bias of the total X CO2 is
0.3 ppm and the precision is 0.64 ppm. This uncertainty is
primarily driven by systematic errors, such as temperature
uncertainty, along with the measurement errors. The predicted error from these two terms is 0.78 ppm [35].
Similar error analysis is also applied to the pX CO2 in
each bulk layer. The bias and precision for pX CO2 in 2-h
window and multiple-day time scale are described in
Table 4 and Fig. 5. There are underestimates in the PBL
pX CO2 (green dots) and overestimates in the middle-toupper troposphere (blue dots) and an oscillation in the
retrieved proﬁle, which is likely driven by systematic
errors in the retrieval. Therefore, there is a relatively large
absolute bias in the PBL (Layer 1) and the middle-toupper troposphere (Layer 3) than in lower troposphere
(Layer 2). However, the variability of the bias is larger
(about 1 ppm) for the pX CO2 for Layer 2. The oscillation
does not affect the estimates of the total X CO2 . With these
uncertainties, the estimates of the three pX CO2 are able to
capture the vertical gradient of CO2 in the troposphere.
Further error analysis will be done in the future for a more
comprehensive study when applying the proﬁle retrieval
over multiple sites and over a long-term period.
In the above analysis, we have shown that in addition
to the accurate estimates of the total X CO2 , proﬁle retrievals can also provide some vertical information about the
CO2 distribution in the atmosphere in the form of pX CO2 .

Table 3
Same as Table 2, also for partial column-averaged CO2 (pX CO2 ) in the
three bulk layers deﬁned in the text. Note that the second column is the
same as those for the proﬁle retrievals shown in Table 2.
Bias in total X CO2

Bias in pX CO2 (ppm)
Layer 1

Test 1 –0.67 7 0.25
Test 2 –0.85 7 0.24
Test 3 –0.80 7 0.24

Layer 2

Layer 3

–0.13 7 0.76
0.257 0.96 –1.30 70.76
–1.07 7 0.76
0.547 0.96
0.87 70.76
4.75 7 0.76 –3.28 7 0.96 –1.99 70.78

Fig. 5. Calibration curve of total column averages (X CO2 ) and three
partial column averages (pX CO2 ) in the three bulk layers deﬁned in the
text. The error bar is the standard deviation (1  s) of the retrievals
within the 2-h window of aircraft measurements. The pX CO2 in the
planetary boundary layer (Layer 1) is underestimated and the pX CO2 in
middle-to-upper troposphere (Layer 3) is overestimated.
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Table 4
Same as Table 3, for comparisons to the column averaged aircraft data on different dates. TCCON a priori
proﬁles (from Test 2, Table 3) are applied to all proﬁle retrievals.
Date in 2004

07/12
07/15
08/14
Mean bias 7 precision

Bias in total X CO2

–0.85 7 0.24
–0.44 7 0.19
0.407 0.16
–0.307 0.64

4. Conclusions
TCCON provides long-term ground-based observations
to help understand the CO2 variations at different timescales and at different latitudes. In addition to the column
measurements, information on the vertical distribution of
CO2 can be obtained from these observations. Our retrieval simulations have conﬁrmed their potential for retrieving the CO2 proﬁle. The realistic proﬁle retrievals from
TCCON spectra are compared to in situ CO2 proﬁles
measured by aircraft. The comparison between the
retrieved X CO2 and the integration of the aircraft CO2
proﬁles show an underestimate from both scaling and
proﬁle retrievals. This agrees with the conclusion from the
previous work on the calibration of TCCON data against
aircraft measurements. The ratio of the X CO2 determined
from FTS scaling retrievals to that from integrated aircraft
proﬁles gives a correction factor of 0.99170.002
(mean 7standard deviation of the ratios of FTS to aircraft
X CO2 ) at Park Falls [4,5]. However, Wunch et al. [5] also
retrieved CO2 from the another band at 6339 cm  1, and
computed the average of two retrievals before they are
scaled by the retrieved O2 to a mean value of 0.2095 in
order to get the dry air column-averaged mole fractions
[4,5,8,30]. Here the results we presented are the retrievals
from one of two windows mentioned above, which is
centered at 6220 cm  1. The column-averaged dry-air
mole fraction is derived using the pressure weighting
function which was introduced in Connor et al. [39],
instead of being scaled by simultaneously retrieved O2.
The scaling by retrieved O2 reduces systematic errors that
are common to both CO2 and O2 (such as pointing errors
and ILS errors), but does not necessarily reduce the
overall bias.
In this paper, we have expanded the standard scaling
retrieval of X CO2 to three partial columns and demonstrated
that proﬁle retrievals are possible on high-resolution spectra. The proﬁle retrievals generate consistent results with
the scaling retrievals and add extra information about the
vertical CO2 distribution. The retrieved pX CO2 in the free
troposphere can be more readily compared with satellite
retrievals from thermal infrared spectra such as AIRS and
TES that are more sensitive to the mid-troposphere. Longterm proﬁle data can be useful to address variability at
different time scales and at different altitudes. The direct
use of proﬁle data for inverse modeling can provide better
constraints on the CO2 sources and sinks on regional scales
and also on the atmospheric transport uncertainties.

Bias in partial X CO2 (ppm)
Layer 1

Layer 2

Layer 3

–1.07 7 0.76
–1.25 7 0.11
–0.82 7 0.34
–1.05 7 0.22

0.547 0.96
–1.56 7 0.21
0.467 0.45
–0.197 1.19

0.87 70.76
0.42 70.34
1.99 70.21
1.09 70.81

For a future comprehensive study, the following tests
can help us to improve the retrieved results. Using the
synthetic retrieval simulations we can test the sensitivity
of retrieved partial columns to 75 K temperature bias
and 710% speciﬁc humidity bias. We can estimate the
sensitivity to different seasons or latitudes, when the
water column, temperature proﬁle, and solar zenith angle
will all be different.
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