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Abstract. Major limitations of our present knowledge of
the global distribution of CO2 in the atmosphere are the uncertainty in atmospheric transport and the sparseness of in
situ concentration measurements. Limb viewing spaceborne
sounders such as the Atmospheric Chemistry Experiment
Fourier transform spectrometer (ACE-FTS) offer a vertical
resolution of a few kilometres for profiles, which is much
better than currently flying or planned nadir sounding instruments can achieve. After having demonstrated the feasibility of obtaining CO2 vertical profiles in the 5–25 km altitude
range with an accuracy of about 2 ppm in a previous study,
we present here the results of five years of ACE-FTS observations in terms of monthly mean profiles of CO2 averaged over
10◦ latitude bands for northern mid-latitudes. These results
are compared with in-situ aircraft measurements and with
simulations from two different air transport models. Key features of the measured altitude distribution of CO2 are shown
to be accurately reproduced by the ACE-FTS retrievals: variation in altitude of the seasonal cycle amplitude and extrema,
seasonal change of the vertical gradient, and mean growth
rate. We show that small but significant differences from
model simulations could result from an over estimation of the
model circulation strength during the northern hemisphere
spring. Coupled with column measurements from a nadir
viewing instrument, it is expected that occultation measurements will bring useful constraints to the surface carbon flux
determination.
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1

Introduction

Determining the spatial and temporal structure of surface carbon fluxes has become a major scientific goal during the last
decade. In the so-called ”inverse” approach, observed atmospheric concentration gradients are used to disentangle surface fluxes, given some description of atmospheric transport.
Major limitations of the inverse approach are the sparseness of atmospheric CO2 concentration measurements, often compensated for by introducing questionable constraining conditions, and, more significantly, the uncertainties in
atmospheric transport. Since CO2 is inert in the lower atmosphere, its long-term trend and pronounced seasonal cycle
propagate from the surface, and the difference between atmospheric and surface mixing ratios is determined by the processes that transport surface air throughout the atmosphere,
including advection, convection and eddy mixing (Shia et al.,
2006). Because it takes several months to transport surface
air to the lower stratosphere, the CO2 mixing ratio is lower
and the seasonal cycle is different there as compared to the
troposphere (Plumb and Ko, 1992; Plumb, 1996; Shia et al.,
2006). Bönisch et al. (2008) evaluated transport in threedimensional chemical transport models in the upper troposphere and lower stratosphere by using observed distributions of CO2 and SF6 . They show that although all models
are able to capture the general features in tracer distributions
including the vertical and horizontal propagation of the CO2
seasonal cycle, important problems remain such as: (i) a too
strong Brewer-Dobson circulation (with air rising across the
tropical tropopause, moving poleward, and sinking to the extratropical troposphere) causing an overestimate of the tracer
concentration in the lower most stratosphere (LMS) during
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winter and spring and, (ii) a too strong tropical isolation leading to an underestimate of the tracers in the LMS during winter. Moreover, all models tested suffer to some extent from
diffusion and/or too strong mixing across the tropopause. In
addition, the models show too weak vertical upward transport into the upper troposphere during the boreal summer.
In recent years it has become possible to measure atmospheric CO2 from space observations by the nadir-viewing
thermal infrared vertical sounders such as TIROS-N Operational Vertical Sounder (TOVS) (Chédin et al., 2002,
2003a), Atmospheric Infrared Sounder (AIRS), Infrared Atmospheric Sounder Interferometer (IASI) (Chédin et al.,
2003b; Crevoisier et al., 2004, 2009) and Tropospheric Emission Spectrometer (TES) instrument (Kulawik et al., 2010),
or in the near infrared by SCIAMACHY (Buchwitz et al.,
2005) and Greenhouse gases Observing SATellite (GOSAT)
(Kuze et al., 2009). However, the satellite data products are
all vertically integrated concentrations rather than the profile
measurements that are essential for a comprehensive understanding of distribution mechanisms of CO2 . The difference
between the column-averaged CO2 mixing ratio and the surface value varies from 2 to 10 ppm depending on location
and time of year (Olsen and Randerson, 2004). The upper
troposphere can contribute significantly to this difference because this portion of the column constitutes approximately
20% of the column air mass and the CO2 mixing ratios in
this region can differ by 5 ppm or more from the CO2 mixing
ratios at the surface (Anderson et al., 1996; Matsueda et al.,
2002; Shia et al., 2006). With limb sounders that observe the
atmosphere along tangential optical paths, the vertical resolution of the measured vertical profiles is of the order of a
few kilometres, much better than can be achieved with nadir
sounding instruments. The Atmospheric Chemistry Experiment Fourier transform spectrometer (ACE-FTS), launched
in August 2003 on board SCISAT, is a limb sounder that
records solar occultation measurements (up to 30 occultations each day) with coverage between approximately 85◦ N
and 85◦ S (Bernath et al., 2005), with more observations at
high latitudes than over the tropics (Bernath et al., 2006).
The ACE-FTS has high spectral resolution (0.02 cm−1 ) and
the signal-to-noise ratio of ACE-FTS spectra is higher than
300:1 over a large portion (1000–3000 cm−1 ) of the spectral range covered (750–4400 cm−1 ). Recently, Foucher et
al. (2009) and Foucher (2009) have shown that the ACE-FTS
instrument is able to provide CO2 vertical profiles in the 525 km altitude range with an estimated CO2 total error characterized by a bias of about ±1 ppm and a standard deviation
of about 2 ppm after averaging over 20 spatially and temporally consistent retrieved profiles. Rinsland et al. (2010),
using ACE-FTS and a method similar to that of Foucher et
al. (2009), have retrieved average dry air CO2 mole fractions in the layer 7–10 km but did not extend their study to
the retrieval of profiles. Beagley et al. (2010), again using
ACE-FTS, have retrieved CO2 profiles in the mesosphere and
lower thermosphere where the problem of pointing knowlAtmos. Chem. Phys., 11, 2455–2470, 2011

edge uncertainties is not a concern. Our analysis is organised as follows. We first summarize the main features of the
method developed to retrieve CO2 profiles and describe how
ACE-FTS occultations are selected (Sect. 2) and the limits of
their spatial and temporal coverage. ACE-retrieved monthly
mean CO2 vertical profiles averaged over the latitude bands
40◦ N–60◦ N and 50◦ N–0◦ N and covering the 2004–2008
time period are then presented and compared (vertical gradients, seasonal cycles at various altitudes, growth rates) with
aircraft in-situ measurements (Sect. 3) and with simulations
from two different air transport models (Sect. 4). Section 5
presents our conclusions.

2

Method and ACE-FTS data

The methodology used to determine CO2 profiles from ACEFTS observations has been described in detail in Foucher
et al. (2009), hereafter referred to as Fal2009, and Foucher
(2009). The retrieval process has two main steps: pointing
parameter estimation (tangent heights, pressure and temperature profiles) and CO2 vertical profile estimation. Both steps
use a similar constrained least-squares retrieval method. The
target variable is a vector containing tangent heights and a
temperature profile in the first step or a CO2 concentration
vertical profile in the second step.
2.1

ACE-FTS pointing knowledge

Interpreting limb viewing observations in terms of atmospheric variables requires accurate knowledge of instrument pointing parameters (tangent heights) and pressure/temperature (”pT”) vertical profiles. Reactive trace
gases are the usual target species of limb-viewing instruments, so pointing parameters are simultaneously retrieved
with pT by the analysis of properly selected CO2 lines under the assumption (questionable, in certain cases) of a weak
variation of its atmospheric concentration around a given a
priori value. As carbon dioxide is here the target species,
a critical step in this research has therefore been to develop
a method of obtaining pT profiles and tangent heights independent of any a priori CO2 knowledge. A new approach
based on the N2 collision-induced continuum absorption near
4.3 µm was presented in Fal2009 together with a new parametric N2 continuum absorption model derived from Lafferty et al. (1996) laboratory measurements. The high sensitivity of N2 continuum absorption to tangent height affords
a precision of better than 50 m in the tangent height retrieval.
Figure 1 shows N2 continuum transmittance sensitivity to
tangent height in the 2400–2600 cm−1 spectral range. As
explained in Fal2009, five optimized micro-windows were
selected in the 2400 to 2500 cm−1 wave number range in
order to cover the 5–25 km altitude range. Here, a new
micro-window near 2430 cm−1 has been added to increase
sensitivity to highest altitudes. In an iterative process using
www.atmos-chem-phys.net/11/2455/2011/
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hydrostatic equilibrium we obtain ACE-FTS tangent heights
independent of a priori CO2 data with a high precision (50 m
standard deviation). Finally, empirical corrections are added
to these tangent heights to account for problems in the transmission model which does not include effects of N2 -H2 O
collisions, which are still not accurately known. In addition, although we included the latest developments in the
modelling of line wings based on Niro et al. (2004), there
might still be uncertainties near 2400 cm−1 . These empirical
corrections have been estimated based on the analysis of the
mean difference between ACE v2.2 tangent heights (Boone
et al., 2005) and tangent heights retrieved from the N2 continuum, based on averages over the entire 2004–2008 time period. This mean bias depends on the altitude and varies from
−2.5% at lowest altitude to +2% at 20 km. This correction
is applied to all occultations and is described in more detail
in Foucher et al. (2009). Using a method similar to that described in Foucher (2009), Rinsland et al. (2010) find ACEretrieved CO2 mean tropospheric concentration for the layer
7–10 km around 405–420 ppm, too high by about 30 ppm.
This large bias is likely due to the use of an uncorrected N2
continuum absorption.
2.2

Selection of ACE-FTS occultations

A high inclination (74 ◦ ), circular, low Earth orbit (650 km)
gives ACE coverage of tropical, mid-latitude and polar regions. The ACE orbit was selected so that the coverage repeats annually in latitude (Bernath et al., 2006) and is optimized for high latitude coverage in both hemispheres. Observations are available since early 2004. To be selected for the
CO2 retrieval process, an ACE-FTS occultation must fulfill
two criteria.

www.atmos-chem-phys.net/11/2455/2011/
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Latitude (deg.)

Fig. 1. Transmittance sensitivity to tangent height in the N2
collision-induced absorption (2370–2640 cm−1 ) spectral range.
The color bar values represent the transmission variation due to a
100 m tangent height change.

Number of occultations by month

Fig. 2. Locations of ACE-FTS occultations available in 2005 per
month (color scale) (top); monthly distribution of the number of
occultations per 10 ◦ latitude band (bottom).

First, the occultation must be declared “clear” after having passed a series of tests aimed at detecting the presence of clouds along the optical path. These tests are
based on comparisons between clear-sky simulated and measured transmittances. Using a quasi transparent window near
970 cm−1 (10.3 µm), an occultation is rejected if the measured transmittance is lower than a fixed value corresponding to the occultation tangent height, these threshold values
being determined from simulations. Similar “static” tests are
carried out for N2 micro-windows. Then, “dynamic” tests are
carried out consisting of comparing changes in transmittance
from one measurement to the next. If the difference is larger
than what can be expected from simulations, the occultation
is rejected. These dynamic tests use the N2 micro-windows.
Second, the lowest measured tangent height must be less
than 12 km as ACE occultations beginning at tangent altitudes higher than 12 km are often characterized by a high
probability of instrumental or meteorological anomalies such
as clouds. Figure 2 (top) shows the locations of the occultations finally selected for each month of the year 2005 and the
monthly distribution of the number of occultations available
for 10 ◦ latitude bands from 60◦ N to 60◦ S for the year 2005.
Atmos. Chem. Phys., 11, 2455–2470, 2011
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available for a relatively large number of altitudes (about 6
months); 2006 and 2007 only show 4 such months.

Nb of occ
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Fig. 3. Number of ACE-FTS occultations (y-axis) available for the
50◦ N–60◦ N latitude band for nine months of the years 2005 to
2007 (April, August and September are not covered for this latitude
band) and for each altitude (x-axis, unit: km).

The prevalence of high latitudes is clearly seen in Fig. 2 although some lower latitudes also have a considerable number of occultations as shown in Fig. 2 (bottom). The present
analysis of the first ACE-retrieved CO2 profiles focuses on
the 50◦ N–60◦ N latitude band which is seen to be the richest band for occultations over non polar regions. Figure 3
shows the number of occultations available per month (yaxis), for each altitude in the range 6–22 km (x-axis), in the
50◦ N–60◦ N latitude band and for each year from 2005 to
2007. Available occultations presented in Fig. 2 correspond
to about 50% of the total number of ACE occultations. This
figure shows a substantial variability in altitude and month
as well as in time. As already seen in Fig. 2 for this latitude
band, some months are not covered at all (April, August,
and October). However, for the nine other months, results
must be interpreted carefully when the number of occultations available is significantly less than 20. This is the case
below 8 km most of the time. This is also the case for February, June and September in 2007 at all altitudes for this latitude band and for other year/months. The year 2005 shows
the largest number of months with more than 20 occultations
Atmos. Chem. Phys., 11, 2455–2470, 2011

CO2 profile retrieval

The method used to determine CO2 profiles from ACE-FTS
observations has been described in Fal2009. The CO2 microwindow optimized selection is composed of two sets, one
dedicated to the 5–15 km altitude range using the 18 OC16 O
isotopologue and the other dedicated to the 10–25 km altitude range using the main isotopologue 12 C16 O2 . In each
case, about 15 microwindows with a spectral width of 0.2
to 0.5 cm−1 (located around 1900, 2600 and 3000 cm−1 )
have been selected from a larger set of more than 80 microwindows given in Foucher (2009). As shown in this reference, increasing the number of microwindows used for the
retrieval decreases the instrumental noise error but, at the
same time, may increase errors due to uncertainties in temperature and other interfering species. We have shown that
the mean error due to all sources of uncertainties decreases
from 10 ppm using only one micro-window to 3 ppm using
15 micro-windows. An altitude dependent regularization matrix has been used based on a 1st order Tikhonov regularization matrix (Tikhonov, 1963) weighted by a priori knowledge
of CO2 variance from the MOZART chemistry and transport model (Horowitz et al., 2003). The forward solution
of the radiative transfer equation is provided by the 4A/OPlimb Radiative Transfer Model. 4A (for Automatized Atmospheric Absorption Atlas) is a fast and accurate line-by-line
radiative transfer model (Scott and Chédin, 1981) developed
and maintained at Laboratoire de Météorologie Dynamique
(LMD; see http://ara.lmd.polytechnique.fr) and was made
operational (OP) in cooperation with the French company
Noveltis (see http://www.noveltis.fr/4AOP/ for a description
of the 4A/OP version).
Figure 4a shows results from realistic simulations of retrieved CO2 mixing ratio profiles averaged over 20 occultations. In the first case (blue curves), all uncertainties (temperature, instrument, interfering species, etc.) are considered as spectrally independent and translated into an equivalent Gaussian random noise. This equivalent noise corresponds to around 4 times the signal to noise ratio in the analyzed transmittance spectra, that is to say 1%. In the second case (red curves), uncertainties are introduced directly
in the description of the atmosphere of each retrieval, temperature (2 K standard deviation) and interfering species concentration (10% standard deviation), prior to simulating “observed” transmittances. In the second case, more realistic,
the mean retrieval bias after averaging over 20 occultations
is around 1 ppm with a standard deviation of about 3–4 ppm,
and decreases for increasing altitudes (see Fal2009). Results
from a detailed analysis of the retrieval process presented
in Fal2009 have demonstrated a mean vertical resolution of
about 2.5 km. This is summarized on Fig. 4b which shows
examples of averaging kernels for levels at 6, 8, 10, 12, and
www.atmos-chem-phys.net/11/2455/2011/
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Fig. 4a. Results of synthetic retrievals of the CO2 mixing ratio difference (in ppm) between the true profile and the retrieved profile
(average over 20 occultations). Blue curve: all the uncertainties are
considered as Gaussian random noise added to the “observations”;
red curve: realistic temperature and species (N2 O, O3 , etc.) uncertainties are introduced in the atmospheric model; horizontal bars are
one standard deviation.
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on a near global scale. Here, we focus on the time period
2004–2008 and the latitude bands 40◦ N–60◦ N and 50◦ N–
60◦ N that are well covered by ACE and for which in situ
aircraft measurements of CO2 are available. For each month
we obtain a mean profile covering the 10–25 km range using
lines from the main CO2 isotopologue, as well as a mean profile covering the 5-15 km range using lines from the 18 OC16 O
isotopologue: the 18 OC16 O isotopologue lines are employed
because the main isotopologue lines become saturated at low
altitude. As shown by Boone et al. (2005), we can expect an
overestimation of 3.5% of the CO2 concentration retrieved
from the 18 OC16 O isotopologue due to either errors in the
strengths of the 18 OC16 O lines in the line list (here ”GEISA”,
Jacquinet-Husson et al. (2008)) and/or to a difference in the
mixing ratios from the expected 18 OC16 O/12 C16 O2 isotopic
ratio. For each occultation, we estimate the ratio between
CO2 concentrations retrieved from the 18 OC16 O isotopologue lines and 12 C16 O2 main isotopologue lines in the overlap region, between 10 and 15 km. This ratio is then applied
to the entire 18 OC16 O isotopologue profile to build a unique
profile from 5 to 25 km. The mean ratio measured is about
2.5% in the 40–60◦ N latitude band, a value close to the 3.5%
global mean value estimated by Boone et al. (2005). Finally,
we apply a linear filter (Eq. 1) where x is the CO2 concentration value and z is the 1 km grid level, to smooth the final
retrieved profile on the 1 km grid with a minor impact on the
2.5 km mean vertical resolution.
xf (z) = 0.25x(z + 1) + 0.5x(z) + 0.25x(z − 1)

(1)

0.7

Averaging kernel (ppm/ppm)

Fig. 4b. Averaging kernels for levels at 6, 8, 10, 12, and 14 km for
one occultation. The red curve corresponds to a first order Tikhonov
regularisation and the blue curve to an altitude dependent regularisation based on a Tikhonov first order operator.

14 km for one occultation. Each averaging kernel represents
the sensitivity of the CO2 value retrieved at this level with
respect to a change in the true profile, its full width at half
maximum corresponds to the vertical resolution. The blue
curves correspond to the altitude dependent regularisation
used here. In this case, we can estimate that the vertical
resolution is around 2 km for the lowest altitudes and about
2.5 km at 15 km. The estimated CO2 total error is characterized by a bias of about ±1 ppm and a standard deviation of
about 2 ppm after averaging over 20 spatially and temporally
consistent profiles (Fal2009). Averaging over fewer occultations may increase the total error, and is the reason why the
minimum number of occultations has been set to 5, corresponding to a mean standard deviation of about 5 ppm.
Five years (2004–2008) of ACE-FTS observations have
been processed using the method briefly described above.
Thoroughly validated, they will provide CO2 vertical profiles
www.atmos-chem-phys.net/11/2455/2011/
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Averaged over the 2004-2006 time period, separately for
each isotopologue, the CO2 profile monthly mean standard
deviations (std), which result from both errors in the method
and variability of the CO2 concentrations over one month in
the latitude band considered (here 50◦ N–60◦ N), vary with
altitude and month. Smallest values, of the order of 2 ppm
or less, are observed between 12–13 km and 24 km in May–
July and, to a lesser extent, September. Above 22 km, std
values may reach 4 ppm in December-February, with a peak
at 5 ppm at 24 km in February. Below 12–13 km, std values,
as expected from the greater natural variability of the CO2
seasonal cycle at lower altitudes, are more variable. For most
of the months, the std fluctuates around 3 ppm (±1 ppm) with
larger values for 18 OC16 O in particular at 10 and/or 11 km.
At these altitudes, the main isotopologue generally shows
lower std values. Below 10 km, where results come exclusively from the 18 OC16 O isotopologue and fewer occultations contribute to the average, std values are below 4 ppm
except for a peak of almost 6 ppm in March.

Atmos. Chem. Phys., 11, 2455–2470, 2011
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Commercial aircraft-based observations using in situ measurement systems have made significant contributions to our
present knowledge of the distribution of CO2 in the atmosphere. Major contributions include measurements of CO2
over Japan and the western Pacific (Nakazawa et al., 1991;
Matsueda et al., 2002; Machida et al., 2008; Matsueda et
al., 2008; Sawa et al., 2008), in particular with the ongoing CONTRAIL program. From Europe to the tropics measurements have been made available from the Civil Aircraft
for the Regular Investigation of the Atmosphere Based on
an Instrument Container (CARIBIC; Brenninkmeijer et al.
(1999, 2007)) program and from the SPURT (Spurenstofftransport in der Tropopausenregion/ trace gas transport in the
tropopause region) campaigns in Europe (Hoor et al., 2004;
Engel et al., 2006; Bönisch et al., 2008; Gurk et al., 2008).
This section presents comparisons between ACE-FTS CO2
profiles and these in situ observations. These comparisons
are not direct because they do not exactly match, in particular spatially. However, they provide important conclusions
on the accuracy with which ACE/FTS may retrieve the CO2
trend and seasonal variations with altitude.
3.1

CO2 in the upper troposphere (9–10 km)

ACE-retrieved upper tropospheric CO2 concentrations are
first compared to results from the CARIBIC experiment as
given in Schuck et al. (2009). These upper troposphere
CO2 monthly mean concentration time series correspond to
flights to Asia covering the latitudes from about 20◦ N to
about 55◦ N and are compared in Fig. 5 to ACE monthly
mean retrieved concentrations for the 40◦ N–60◦ N latitude
band. A relatively good agreement is seen between the
two sets of CO2 concentrations: the mean difference between the two polynomial fits (each fit uses a linear trend
and two harmonics and a non linear iterative LevenbergMarquardt algorithm) to either the measurements or to the
retrievals (Schuck et al., 2009) is less than 2 ppm. However, a temporal shift is observed between the two curves,
with the ACE-FTS peaking about one month earlier than
CARIBIC. We see two possible reasons for this difference:
(i) the fact that CARIBIC covers latitudes that are on average smaller than ACE (the 40◦ N–60◦ N latitude band has
been chosen to obtain as many non-polar occultations as possible) for which the peak is expected earlier, and, (ii) the
difficulty in correctly positioning the minimum month because of the absence of ACE data for the months of August and October. The retrieved annual growth rate is about
1.9 ppm.yr−1 (+/−0.2 ppm) from 2005 to 2008, (slope of the
fit lines) in agreement with the mean annual growth rate observed at the surface for this time period (see, for example,
http://www.esrl.noaa.gov/gmd/ccgg/trends/).

Atmos. Chem. Phys., 11, 2455–2470, 2011

CO2 VMR (ppm)

Comparisons with aircraft in-situ measurements
time-series

ACE 9-10km
(40-60°
latitude
range)

CARIBIC
(20-55°
latitude
range)

11-2004

07-2005

03-2006

11-2006

07-2007

03-2008

Nb of occultations

3

P. Y. Foucher et al.: Carbon dioxide atmospheric vertical profiles retrieved from space observation

Occultations
available
11-2004

07-2005

03-2006

11-2006

07-2007

03-2008

Fig. 5. Top: temporal evolution of CO2 concentration (y-axis
in ppm) in the upper troposphere (9–10 km). Blue boxes: ACE-FTS
results for the 40◦ N–60◦ N latitude band; red boxes: CARIBIC
measurements for the 20–55◦ N latitude band. The blue and red
lines result from a curve fit using a harmonic polynomial (two harmonics). The slope of the best fit line corresponds to the mean
growth rate during this time period: 1.9 ppm.yr−1 . Bottom: number of ACE-FTS occultations used in the 9–10 km altitude range.

3.2

CO2 below, around, and above the tropopause:
from 8-9 km to 16-18 km

Figure 6 (top), which is similar to Fig. 5 but for the 50◦ N–
60◦ N latitude band and the 2004–2008 time period, displays
time series of ACE-retrieved monthly mean CO2 concentrations for six atmospheric layers: 8–9 km, 9–10 km, 10–
12 km, 11–13 km, 12–14 km, and 16–18 km, spanning the
upper troposphere to the lower stratosphere. Monthly mean
retrieved concentrations are represented by crosses and the
curves result from the harmonic polynomial fit (two harmonics for the first two layers, one harmonic for the remaining
four) to the retrievals at different altitudes. Figure 6 (bottom), from Sawa et al. (2008), also displays CONTRAIL
CO2 time series measurements above Eurasia in a similar altitude range from November 2005 to September 2007. Figure 6 (top) can also be compared to results from SPURT (see
Fig. 9 of Hoor et al. (2004) and Fig. 5 of Gurk et al. (2008))
www.atmos-chem-phys.net/11/2455/2011/
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Fig. 6. Top: Temporal evolution of CO2 concentration retrieved from ACE-FTS measurements for six atmospheric layers from 8 to 18 km
(see color legend). Crosses show the retrievals (monthly mean) and the curves result from the harmonic polynomial fit (two harmonics for
the first two layers, one for the remaining four) to the retrievals at different altitudes. Bottom: Temporal evolution of CO2 concentration from
CONTRAIL measurements (Sawa et al., 2008) above Eurasia from November 2005 to September 2007. Each curve represents CO2 time
series observed at 10 K potential temperature bins from the local tropopause. An approximate relationship between θ (potential temperature)
and altitude is given at the bottom left of the figure. Blue curves correspond to the lower stratosphere and orange curves to the higher
troposphere.

particulary in term of seasonal variations. ACE-retrieved
CO2 vertical profiles, SPURT and CONTRAIL in situ measurements show key features of the CO2 distribution with
altitude. First, the amplitude of the CO2 tropospheric seasonal cycle (detrended) decreases from 7–8 ppm below the
tropopause at 9–10 km to 1–2 ppm at 10–12 km and the amplitude increases again in the stratosphere at 16–18 km, in
agreement with the observations but with an amplitude (2–3
ppm) somewhat too large for the highest layer. As pointed
out by Hoor et al. (2004), the phase of the cycle remains tropospheric with a minimum in summer up to the lowermost
stratosphere at 10–12 km, reflecting the strong coupling between the lowermost stratosphere and the extra-tropical troposphere through troposphere to stratosphere transport of air
that entered the stratosphere at the tropical tropopause. The
dampening of the amplitude of the seasonal cycle reflects the
role of the extratropical tropopause as a barrier to transport
(Hoor et al., 2004). Above, the phase maximum is shifted
by up to three months towards summer as observed in-situ.
Second, a negative vertical gradient is clearly seen in Fig. 6
in August which accurately reproduces the negative gradient
www.atmos-chem-phys.net/11/2455/2011/

seen by SPURT and by CONTRAIL. This leads to a significant vertical gradient during winter and spring, and to a very
weak gradient (sometimes positive) from 9 to 18 km in summer and fall. Third, at all altitudes the CO2 concentration exhibits a mean temporal trend of about 1.9 ppm.yr−1 , again in
good agreement with the mean annual growth rate observed
at the surface for this time period.
These comparisons show that the CO2 concentrations retrieved from ACE-FTS are consistent with aircraft in situ
measurements in the northern hemisphere mid-latitudes. In
particular, the mean growth rate, the seasonal vertical gradient change and phase shift from the mid-troposphere to
the lower stratosphere are well represented by ACE-retrieved
CO2 values. However the stratosphere seasonal cycle amplitude seems to be over-estimated. A possible explanation
could come from the difference in the spatial coverage of the
different data sets. Indeed, ACE-FTS results sum all latitudes
and longitudes in the 50◦ N–60◦ N band, whereas SPURT,
CARIBIC, and CONTRAIL data correspond to observations
above Europe, Eurasia, and Asia, respectively.
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Another way of assessing the quality of the ACE-retrieved
CO2 vertical profiles is to compare them with air transport
model simulations. For that purpose, two well known models have been used. First, we consider the Flexpart Lagrangian particulate dispersion model (Stohl et al., 2005)
driven with meteorological input data (wind, temperature
and humidity fields) from the European Centre for Medium
Range Weather Forecasts (ECMWF). CO2 surface data from
the World Data Centre for Greenhouse Gases (WDCGG,
http://gaw.kishou.go.jp/wdcgg) have been used to create a
source function for the lower most troposphere. CO2 fields
from a six-year analysis have been monthly averaged for 10 ◦
latitude bands to make comparisons with profiles retrieved
from ACE-FTS for the year 2006. The second model considered generates CO2 model simulations from the CarbonTracker (2009, http://carbontracker.noaa.gov) system (Peters
et al., 2007). Carbon Tracker (CT) is based on the TM5
model, which is a global atmospheric chemistry-transport
zoom model (Krol et al., 2005) optimized with highly accurate CO2 measurements at the Earth’s surface from the
NOAA/ESRL network. Results have been averaged monthly
for the 50◦ N–60◦ N latitude band to make comparisons with
retrieved profiles from ACE-FTS for the years 2005 to 2008.
4.1

Monthly averaged CO2 profiles

Figures 7 to 10 show model simulations (either CT alone or
both CT and Flexpart) and ACE- retrieved profiles from 2005
to 2008, respectively, for the two months of May and July for
the 50◦ N–60◦ N latitude band. These two months are well
represented with respect to the number of occultations available and show contrasting properties in terms of atmospheric
transport. Both CT and Flexpart model standard deviations
are around 1 ppm and ACE-retrieved profile standard deviation is about 4 ppm for the lowest altitude and about 2-3 ppm
above. Figure 7 corresponds to 2005; ACE-retrieved profiles
start around 400-500 hPa in the troposphere. Comparisons
with CT profiles show a good overall agreement from 400
hPa to 70 hPa with a mean difference of less than 2 ppm.
ACE values in May from 180 hPa to 70 hPa are smaller than
the model values by about 2 ppm (however, less than 10 occultations on average, are available). The large vertical gradient is seen by both products. In July, the ACE retrieved
profile shows no vertical gradient contrary to CT that shows
a ”peak” of about +3 ppm at about 180 hPa with respect to
the 500 hPa value. Observations from SPURT show almost
no gradient in July 2002 (Hoor et al., 2004) and observations
from CONTRAIL show a gradient of about 4 ppm in July
and of about 3 ppm in July 2007. Both ACE and CT however
agree on a gradient that is much smaller in July than in May.
Figure 8 shows Flexpart, CT and ACE-retrieved CO2 profiles in the 50◦ N–60◦ N latitude band for the months of May
and July 2006. A rather good agreement is found between
Atmos. Chem. Phys., 11, 2455–2470, 2011
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Fig. 7. CO2 concentration (x-axis in ppm) evolution with pressure (y-axis in hPa) for May (left) and July (right) for 2005 for the
50◦ N–60◦ N latitude band. ACE-retrieved profile is in red and CT
profile is in blue. The thin red line indicates that less than 10 occultations were available. ACE CO2 standard deviation at each altitude
(not shown in the picture) fluctuates around 3 ppm (±1 ppm).

these three sets of profiles. The difference is less than 2 ppm
for most of the altitudes. In May, the Flexpart and CT profiles
are very consistent in the troposphere whereas the difference
reaches 2 ppm above the tropopause. The ACE-retrieved profile shows lower values (1.5 ppm) below 300 hPa and is closer
to the Flexpart profile up to 100 hPa. At higher altitudes, a
significant decrease in the ACE retrieved-profile is observed,
not seen by the models. Between 100 and 200 hPa, ACE is
between the two models. In July, the Flexpart profile is about
1 ppm higher than the CT profile at all the altitudes. ACE is
closer to CT at lower altitudes and closer to Flexpart at higher
altitudes. The vertical gradient is somewhat smaller for ACE
than for the models.
Figure 9 shows results similar to Fig. 7 for the year 2007.
The agreement between ACE-retrieved and CT simulated
profiles is again good with a mean difference less than 1 ppm
and gradients similar in May and slightly smaller for ACE
in July. ACE-retrieved concentrations in the troposphere and
higher in the stratosphere compare well with the model.
Figure 10 shows results similar to Fig. 7 for the year
2008. Here, the agreement is significantly worse with a mean
www.atmos-chem-phys.net/11/2455/2011/

CO2 VMR (ppm)

CO2 VMR (ppm)

CO2 VMR (ppm)
Fig. 8. CO2 concentration (x-axis in ppm) evolution with pressure
(y-axis in hPa) for May (left) and July (right) of 2006 for the 50◦ N–
60◦ N latitude band. ACE-retrieved profile is in red, CT profile is
in blue and Flexpart profile is in purple. ACE thin red line indicates
that less than 10 occultations were available. ACE CO2 standard deviation at each altitude (not shown in the picture) fluctuates around
3 ppm (±1 ppm).

difference of about 2 ppm especially above 250 hPa in May
and 200 hPa in July. The difference is smaller in the troposphere. The tropopause transition is smoother for ACE in
May and steeper in July where a larger ACE gradient is seen.
It must be pointed out that, for all years, the July peak
value seen at about 200 hPa in CT profiles is also seen in
ACE profiles but at significantly higher altitudes (except in
2006, where no peak value is seen in ACE profile).
These comparisons show that the CO2 concentration profiles retrieved from ACE-FTS observations are quite consistent with model simulations in the northern hemisphere midlatitudes for two particular months characterized by either
a strong vertical gradient (May) or a weak (or no) gradient
(July). The largest differences (3 ppm) are observed for the
latter month.
4.2
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Can a temporal shift of the model profiles improve
the agreement with ACE-retrieved profiles?

Current problems with air-transport models have been briefly
summarized in the Introduction. These model deficiencies
can cause over or under estimation of tracer profiles, with the
www.atmos-chem-phys.net/11/2455/2011/

CO2 VMR (ppm)

Fig. 9. Same as Fig. 7 for 2007.

anomalies depending on the time of year and on the altitude
(troposphere or stratosphere). As a consequence, a profile
retrieved at a given month might more favourably be compared with a profile simulated by the model for the month
just before or just after the month considered.
In this section we look for such temporal shifts between
model profile simulations and ACE-retrieved profiles. We
examine two years: 2006 which presents the best general
agreement between ACE and CT, and 2008 which corresponds to the poorest agreement.
Figure 11 shows, for the 50◦ N–60◦ N latitude band, ACEretrieved profiles for May and July 2006 together with Flexpart and CT profiles for the months just after (June and August; top row) and for the months just before (April and June;
bottom row). Although the original comparison showed generally good agreement (see Fig. 8), a slight improvement
is seen when comparing ACE in May to CT in June above
200 hPa and a more significant improvement in the agreement is seen when comparing ACE to both CT and Flexpart
below 200 hPa (top-left). A slight degradation is observed
when comparing ACE in May to both Flexpart and CT in
April (bottom-left). A similar agreement is found when comparing ACE in July to both models in August, except that
ACE agrees better with Flexpart below 200 hPa than with CT
(top-right); a strong degradation is observed when comparing
ACE in July to both Flexpart and CT in June (bottom-right).
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Fig. 12. CT (blue) and ACE (red) CO2 profiles for the 50◦ N–60◦ N
latitude band in 2008. ACE profiles in May (left) and July (right)
are compared to CT profiles of one month before (top), and of one
month after (bottom). ACE thin red line indicates that less than 10
occultations were available.
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Fig. 10. Same as Fig. 7 for the year 2008.
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Fig. 11. Flexpart (purple), CT (blue), and ACE (red) CO2 profiles
for the 50◦ N–60◦ N latitude band in 2006. ACE profiles in May
(left) and July (right) are compared to Flexpart and CT profiles of
one month before (top), and of one month after (bottom). ACE thin
red line indicates that less than 10 occultations were available.

Figure 12 shows, for the 50◦ N–60◦ N latitude band, ACEretrieved profiles for May and July 2008 together with Flexpart profiles for the months just after (June and August; top
row) and for the months just before (April and June; bottom
row). Compared to Fig. 10, the ACE profile in May agrees
Atmos. Chem. Phys., 11, 2455–2470, 2011

better with the CT profile in June above 300 hPa but the fit is
poorer below (top-left); the agreement is similar when comparing ACE in May to CT in April (bottom-left). Compared
to Fig. 10, the ACE profile in July agrees slightly better with
the CT profile in August (top-right); the agreement is much
poorer when comparing ACE in May to CT in June (bottomright).
A provisional conclusion from this very limited exercise is
that ACE-retrieved profiles agree better with model profiles
for the month just after the ACE month considered. More
comparisons are obviously required before concluding there
is deficiency in the models or possible problems with the retrievals.
A general agreement between model-simulated and ACEretrieved profiles for the 50◦ N–60◦ N latitude band in May
and July is evident from this comparison. However, differences are observed notably above and around the tropopause
region. We also observe that comparing the ACE profile
in May to model profiles in April improves the fit (mean
and standard deviation) for all years considered here. The
improvement is less significant in July. A strong degradation generally occurs when comparing ACE profiles in July
to model profiles in June. This suggests that the model
www.atmos-chem-phys.net/11/2455/2011/
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circulation strength might be over estimated during the northern hemisphere spring. Obviously, this does not exclude errors in the retrieval method and many more comparisons of
retrievals vs. models are required before a convincing conclusion can be drawn.

5

Conclusions

In this paper we have presented, for the first time in the 5–
25 km altitude range, five years of monthly mean CO2 vertical profiles from the ACE-FTS limb-viewing space-borne
instrument (Bernath et al., 2005). After having briefly reviewed the inversion approach described in detail in Fal2009,
results obtained for the 2004–2008 time period and for the
40◦ N–60◦ N and 50◦ N–60◦ N latitude bands have been compared with in situ aircraft measurements from the CONTRAIL (Sawa et al., 2008), CARIBIC (Schuck et al., 2009),
and SPURT (Gurk et al., 2008) in situ aircraft measurements,
as well as with two air transport model CO2 profile simulations: Flexpart (Stohl et al., 2005) and Carbon Tracker
(Peters et al., 2007). These comparisons have shown that
the CO2 concentrations retrieved from ACE-FTS are consistent with aircraft measurements in the northern hemisphere
mid-latitudes. In particular, the mean growth rate, the seasonal vertical gradient change and phase shift from the midtroposphere to the lower stratosphere are well represented by
ACE-retrieved CO2 values. However the stratosphere seasonal cycle amplitude (16–18 km) seems somewhat over estimated. A possible explanation could come from the difference in the spatial coverage of the different data sets. Indeed, ACE-FTS results cover all latitudes and longitudes of
the 40◦ N–60◦ N and 50◦ N–60◦ N bands, whereas SPURT,
CARIBIC, and CONTRAIL data correspond to observation
above Europe, Eurasia, and Asia, respectively. Comparisons
for two particular months, May (characterized by a strong
vertical gradient) and July (characterized by a weak – or no –
gradient) have shown that the CO2 concentration profiles retrieved from ACE-FTS observations are quite consistent with
model simulations in the northern hemisphere mid-latitudes.
However, differences are observed notably above and around
the tropopause region. Current deficiencies in air-transport
models may cause over or under estimates of tracer profiles,
and these anomalies depend on the time of the year and on
the altitude (troposphere or stratosphere). For this reason,
we looked for temporal shifts between model profile simulations and ACE-retrieved profiles and observed that comparing ACE profiles in May to model profiles in April improves
the fit for all the years considered here. The improvement is
less significant in July. A strong degradation generally occurs when comparing ACE profiles in July to model profiles
in June. This suggests that the model circulation strength is
over estimated during the northern hemisphere spring. Obviously, this does not exclude errors in the retrieval method
and more comparisons are required before a firm conclusion
www.atmos-chem-phys.net/11/2455/2011/
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can be drawn. Future developments include: (i) the improvement of the modelling of the N2 continuum absorption; (ii)
the processing of the years 2009 and 2010; (iii) the analysis
of other latitude bands and specific geographic regions with
a better space-time resolution.
This new ACE-FTS CO2 profile database provides information on air transport and data for assimilation into models.
Coupled with column measurements from a nadir viewing
instrument, it may also be expected that occultation measurements will bring useful constraints to the surface carbon flux
determination.
Appendix A
ACE retrieved monthly mean profiles from
2004 to 2008
We present in this appendix (Fig. A1 to A3) monthly averaged ACE-retrieved CO2 profiles for the nine months available in the 50◦ N–60◦ N latitude band.
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Fig. A1. Monthly mean CO2 concentration (x-axis in ppm) evolution with altitude (y-axis in km) for nine months of 2005 for the 50◦ N–
60◦ N latitude band. Horizontal bars correspond to the standard deviation of retrieved CO2 profiles for each altitude. ACE thin red line
indicates that less than 10 occultations were available; in that case, standard deviation is not estimated.

Fig. A2. Same as Fig. A1 for 2006.
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Fig. A3. Same as Fig. A1 for 2007.
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