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Abstract. Major limitations of our present knowledge of 1 Introduction
the global distribution of C@in the atmosphere are the un-

certainty in atmospheric transport and the sparseness of IE)etermining the spatial and temporal structure of surface car-

situ concentration measurements. Limb viewing spaceborn ; T .
sounders such as the Atmospheric Chemistry Ex erimen%on fluxes has become a major scientific goal during the last
P Yy EXp decade. In the so-called "inverse” approach, observed atmo-

Fourier transform spectrometer (ACE-FTS) offer a vertical . ; . .
spheric concentration gradients are used to disentangle sur-

resolution of a few kilometres for profiles, which is much : S .
. . I face fluxes, given some description of atmospheric transport.
better than currently flying or planned nadir sounding instru-,, . . ~.'= .
. : .. Major limitations of the inverse approach are the sparse-
ments can achieve. After having demonstrated the feasibil- . .
ity of obtaining CQ vertical profiles in the 5-25 km altitude ness of atmospheric GXroncentration measurements, of-
y . 9 P . . ten compensated for by introducing questionable constrain-
range with an accuracy of about 2 ppm in a previous study,

we present here the results of five years of ACE-FTS observaj—ng conditions, and, more significantly, the uncertainties in

. . . atmospheric transport. Since €@ inert in the lower at-
tions in terms of monthly mean profiles of @@veraged over mosphere, its long-term trend and pronounced seasonal cycle
1 latitude bands for northern mid-latitudes. These results P ' 9 P Y

are compared with in-situ aircraft measurements and Withpropagate from the surface, and the difference between atmo-
) np . : spheric and surface mixing ratios is determined by the pro-
simulations from two different air transport models. Key fea-

tures of the measured altitude distribution of £0e shown cesses that transport surface air throughout the atmosphere,

to be accurately reproduced by the ACE-FTS retrievals: van-InCIUdlng advecthn, convection and eddy mixing (Shia etal.,
T : . 2006). Because it takes several months to transport surface
ation in altitude of the seasonal cycle amplitude and extrema,_. S o
: . ir to the lower stratosphere, the g@ixing ratio is lower
seasonal change of the vertical gradient, and mean growt o
= ) and the seasonal cycle is different there as compared to the
rate. We show that small but significant differences from

. . S troposphere (Plumb and Ko, 1992; Plumb, 1996; Shia et al.,

model simulations could result from an over estimation of the L .
) . . : 2006). Bonisch et al. (2008) evaluated transport in three-
model circulation strength during the northern hemisphere;. : . .
) . dimensional chemical transport models in the upper tropo-
spring. Coupled with column measurements from a nadir . S
TS o . sphere and lower stratosphere by using observed distribu-
viewing instrument, it is expected that occultation measure-

ments will bring useful constraints to the surface carbon quxtions of CQ and Sk. They show that although all models
determination 9 are able to capture the general features in tracer distributions

including the vertical and horizontal propagation of the,CO
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 ex-

Correspondence to: P. Y. Foucher tratropical troposphere) causing an overestimate of the tracer
BY (pierre-yves.foucher@Imd.polytechnique.fr) concentration in the lower most stratosphere (LMS) during
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winter and spring and, (ii) a too strong tropical isolation lead- edge uncertainties is not a concern. Our analysis is organ-
ing to an underestimate of the tracers in the LMS during win-ised as follows. We first summarize the main features of the
ter. Moreover, all models tested suffer to some extent frommethod developed to retrieve G@rofiles and describe how
diffusion and/or too strong mixing across the tropopause. INACE-FTS occultations are selected (Sect. 2) and the limits of
addition, the models show too weak vertical upward trans-their spatial and temporal coverage. ACE-retrieved monthly
port into the upper troposphere during the boreal summer. mean CQ vertical profiles averaged over the latitude bands
In recent years it has become possible to measure atmat0° N-60° N and 50 N-0° N and covering the 2004-2008
spheric CQ from space observations by the nadir-viewing time period are then presented and compared (vertical gradi-
thermal infrared vertical sounders such as TIROS-N Op-ents, seasonal cycles at various altitudes, growth rates) with
erational Vertical Sounder (TOVS) (€Hin et al.,, 2002, aircraft in-situ measurements (Sect. 3) and with simulations
2003a), Atmospheric Infrared Sounder (AIRS), Infrared At- from two different air transport models (Sect. 4). Section 5
mospheric Sounder Interferometer (IASI) @fin et al., presents our conclusions.
2003b; Crevaoisier et al., 2004, 2009) and Tropospheric Emis-
sion Spectrometer (TES) instrument (Kulawik et al., 2010),
or in the near infrared by SCIAMACHY (Buchwitz et al., 2 Method and ACE-FTS data
2005) and Greenhouse gases Observing SATellite (GOSAT)
(Kuze et al., 2009). However, the satellite data products arérhe methodology used to determine £@ofiles from ACE-
all vertically integrated concentrations rather than the profileFTS observations has been described in detail in Foucher
measurements that are essential for a comprehensive undest al. (2009), hereafter referred to as Fal2009, and Foucher
standing of distribution mechanisms of @Crhe difference  (2009). The retrieval process has two main steps: pointing
between the column-averaged £Mixing ratio and the sur-  parameter estimation (tangent heights, pressure and temper-
face value varies from 2 to 10 ppm depending on locationature profiles) and Cfvertical profile estimation. Both steps
and time of year (Olsen and Randerson, 2004). The uppeuse a similar constrained least-squares retrieval method. The
troposphere can contribute significantly to this difference be-target variable is a vector containing tangent heights and a
cause this portion of the column constitutes approximatelytemperature profile in the first step or a £€bncentration
20% of the column air mass and the £@ixing ratios in  vertical profile in the second step.
this region can differ by 5 ppm or more from the €@ixing
ratios at the surface (Anderson et al., 1996; Matsueda et al2.1 ACE-FTS pointing knowledge
2002; Shia et al., 2006). With limb sounders that observe the
atmosphere along tangential optical paths, the vertical resolinterpreting limb viewing observations in terms of at-
lution of the measured vertical profiles is of the order of amospheric variables requires accurate knowledge of in-
few kilometres, much better than can be achieved with nadistrument pointing parameters (tangent heights) and pres-
sounding instruments. The Atmospheric Chemistry Experi-sure/temperature ("pT”) vertical profiles. Reactive trace
ment Fourier transform spectrometer (ACE-FTS), launchedgases are the usual target species of limb-viewing instru-
in August 2003 on board SCISAT, is a limb sounder that ments, so pointing parameters are simultaneously retrieved
records solar occultation measurements (up to 30 occultawith pT by the analysis of properly selected £lihes un-
tions each day) with coverage between approximatety\B5 der the assumption (questionable, in certain cases) of a weak
and 83 S (Bernath et al., 2005), with more observations atvariation of its atmospheric concentration around a given a
high latitudes than over the tropics (Bernath et al., 2006).priori value. As carbon dioxide is here the target species,
The ACE-FTS has high spectral resolution (0.02¢jrand  a critical step in this research has therefore been to develop
the signal-to-noise ratio of ACE-FTS spectra is higher thana method of obtaining pT profiles and tangent heights inde-
300:1 over a large portion (1000-3000ch) of the spec-  pendent of any a priori COknowledge. A new approach
tral range covered (750-4400ch). Recently, Foucher et based on the Ncollision-induced continuum absorption near
al. (2009) and Foucher (2009) have shown that the ACE-FTS1.3 um was presented in Fal2009 together with a new para-
instrument is able to provide CQrertical profiles in the 5- metric Nb continuum absorption model derived frobaf-
25 km altitude range with an estimated £©tal error char-  ferty et al. (1996) laboratory measurements. The high sen-
acterized by a bias of abotitl ppm and a standard deviation sitivity of N2 continuum absorption to tangent height affords
of about 2 ppm after averaging over 20 spatially and tem-a precision of better than 50 m in the tangent height retrieval.
porally consistent retrieved profiles. Rinsland et al. (2010),Figure 1 shows B continuum transmittance sensitivity to
using ACE-FTS and a method similar to that of Foucher ettangent height in the 2400-2600 tispectral range. As
al. (2009), have retrieved average dry air £@ole frac-  explained in Fal2009, five optimized micro-windows were
tions in the layer 7-10 km but did not extend their study to selected in the 2400 to 2500 cthwave number range in
the retrieval of profiles. Beagley et al. (2010), again usingorder to cover the 5-25km altitude range. Here, a new
ACE-FTS, have retrieved CQrofiles in the mesosphere and micro-window near 2430 cmt has been added to increase
lower thermosphere where the problem of pointing knowl- sensitivity to highest altitudes. In an iterative process using
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Fig. 1. Transmittance sensitivity to tangent height in the N Occultations monthly latitudinal distribution (2005)

collision-induced absorption (2370-2640¢th spectral range. go K Hrrrrrrr
The color bar values represent the transmission variation due to a | 3
100 m tangent height change.

hydrostatic equilibrium we obtain ACE-FTS tangent heights
independent of a priori C&data with a high precision (50 m
standard deviation). Finally, empirical corrections are added
to these tangent heights to account for problems in the trans-
mission model which does not include effects of-N,O JFMAMJ JASOND

collisions, which are still not accurately known. In addi- Number of occultations by month

tion, although we included the latest developments in the N 2 V—

modelling of line wings based oNiro et al. (2004), there

might still be uncertainties near 2400 th These empirical ~ Fig. 2. Locations of ACE-FTS occultations available in 2005 per
corrections have been estimated based on the analysis of threonth (color scale) (top); monthly distribution of the number of
mean difference between ACE v2.2 tangent heights (Booneccultations per 10 latitude band (bottom).

et al., 2005) and tangent heights retrieved from thedhtin-

uum, based on averages over the entire 2004-2008 time pe-

riod. This mean bias depends on the altitude and varies from First, the occultation must be declared “clear” after hav-
—2.5% at lowest altitude to +2% at 20 km. This correction ing passed a series of tests aimed at detecting the pres-
is applied to all occultations and is described in more detailence of clouds along the optical path. These tests are
in Foucher et al. (2009). Using a method similar to that de-based on comparisons between clear-sky simulated and mea-
scribed in Foucher (2009), Rinsland et al. (2010) find ACE- sured transmittances. Using a quasi transparent window near
retrieved CQ mean tropospheric concentration for the layer 970cnT%(10.3 um), an occultation is rejected if the mea-
7-10km around 405-420 ppm, too high by about 30 ppm.sured transmittance is lower than a fixed value correspond-
This large bias is likely due to the use of an uncorrected N ing to the occultation tangent height, these threshold values

Latitude (deg.)

continuum absorption. being determined from simulations. Similar “static” tests are
carried out for N micro-windows. Then, “dynamic” tests are
2.2 Selection of ACE-FTS occultations carried out consisting of comparing changes in transmittance

from one measurement to the next. If the difference is larger
A high inclination (7#), circular, low Earth orbit (650km)  than what can be expected from simulations, the occultation
gives ACE coverage of tropical, mid-latitude and polar re- js rejected. These dynamic tests use thamicro-windows.
gions. The ACE orbit was selected so that the coverage re- gecond, the lowest measured tangent height must be less
peats annually in latitude (Bernath et al., 2006) and is opti-than 12 km as ACE occultations beginning at tangent alti-
miz_ed for high Iz_ititude poveragein both hemispheres. Obsery,ges higher than 12km are often characterized by a high
vations are available since early 2004. To be selected for thgopapility of instrumental or meteorological anomalies such
CO;, retrieval process, an ACE-FTS occultation must fulfill 55 clouds. Figure 2 (top) shows the locations of the occulta-
two criteria. tions finally selected for each month of the year 2005 and the

monthly distribution of the number of occultations available

for 10° latitude bands from 60N to 60° S for the year 2005.
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- available for a relatively large number of altitudes (about 6
e A months); 2006 and 2007 only show 4 such months.
R )
. . . 2.3 CO, profile retrieval
e i tiarimririn: T A S st e QT 3 LR R The method used to determine g€profiles from ACE-FTS
R FEmm L e Femen e ®®  observations has been described in Fal2009. Ther@icro-
T window optimized selection is composed of two sets, one
I i S dedicated to the 5-15 km altitude range using ff@C'°0
° Bronzieteasze 2 ° B ronEne ta R0z ° B ronznaenszoz: isotopologue and the other dedicated to the 10-25 km alti-
e s Trrry o= tude range using the main isotopologtf€'%0,. In each
2 EHAHEE REEHHHEHE B case, about 15 microwindows with a spectral width of 0.2
Peenorziaisiezz e eeziiorezz  Ceereniiewxz 49 ) 5cnr! (located around 1900, 2600 and 3000¢h
have been selected from a larger set of more than 80 mi-
Bl B B BAHHY  crowindows given in Foucher (2009). As shown in this refer-
- - - ence, increasing the number of microwindows used for the
T R retrieval decreases the instrumental noise error but, at the
°c o ioraistorosona  Co o ioraisisiesons  °o e 0ta1aieis a0 ne same time, may increase errors due to uncertainties in tem-
B 012007 B . perature and other interfering species. We have shown that
SErSs the mean error due to all sources of uncertainties decreases
eI e lsswss. from 10 ppm using only one micro-window to 3 ppm using
50 it s 50 g 15 micro-windows. An altitude dependent regularization ma-
] e e e e trix has been used based on a 1st order Tikhonov regulariza-
o S eermaieieiona feleorzisieieoz  TeTeioizisore 0 tion matrix (Tikhonov, 1963) weighted by a priori knowledge
813 of CO, variance from the MOZART chemistry and trans-
S|l Rboommnnn SpfANl ) port model (Horowitz et al., 2003). The forward solution

— of the radiative transfer equation is provided by the 4A/OP-
limb Radiative Transfer Model. 4A (for Automatized Atmo-
Fig. 3. Number of ACE-FTS occultations (y-axis) available for the spher!c Absorption Atlas) is a fast "f‘”‘?' accurate line-by-line
50° N-6C° N latitude band for nine months of the years 2005 to radiative transfer model (Scott and &tin, 1981) developed

2007 (April, August and September are not covered for this latitude@Nd Maintained at Laboratoire deéidorologie Dynamique
band) and for each altitude (x-axis, unit: km). (LMD; see http://ara.Imd.polytechnique.fr) and was made
operational (OP) in cooperation with the French company
Noveltis (see http://www.noveltis.fr/4AAOP/ for a description
The prevalence of high latitudes is clearly seen in Fig. 2 al-of the 4A/OP version).
though some lower latitudes also have a considerable num- Figure 4a shows results from realistic simulations of re-
ber of occultations as shown in Fig. 2 (bottom). The presentrieved CGQ mixing ratio profiles averaged over 20 occulta-
analysis of the first ACE-retrieved G(profiles focuses on tions. In the first case (blue curves), all uncertainties (tem-
the 50 N-6C° N latitude band which is seen to be the rich- perature, instrument, interfering species, etc.) are consid-
est band for occultations over non polar regions. Figure 3ered as spectrally independent and translated into an equiv-
shows the number of occultations available per month (y-alent Gaussian random noise. This equivalent noise corre-
axis), for each altitude in the range 6-22 km (x-axis), in thesponds to around 4 times the signal to noise ratio in the an-
50° N-6C° N latitude band and for each year from 2005 to alyzed transmittance spectra, that is to say 1%. In the sec-
2007. Available occultations presented in Fig. 2 corresponcond case (red curves), uncertainties are introduced directly
to about 50% of the total number of ACE occultations. This in the description of the atmosphere of each retrieval, tem-
figure shows a substantial variability in altitude and month perature (2 K standard deviation) and interfering species con-
as well as in time. As already seen in Fig. 2 for this latitude centration (10% standard deviation), prior to simulating “ob-
band, some months are not covered at all (April, August,served” transmittances. In the second case, more realistic,
and October). However, for the nine other months, resultgshe mean retrieval bias after averaging over 20 occultations
must be interpreted carefully when the number of occulta-is around 1 ppm with a standard deviation of about 3—4 ppm,
tions available is significantly less than 20. This is the caseand decreases for increasing altitudes (see Fal2009). Results
below 8 km most of the time. This is also the case for Febru-from a detailed analysis of the retrieval process presented
ary, June and September in 2007 at all altitudes for this latin Fal2009 have demonstrated a mean vertical resolution of
itude band and for other year/months. The year 2005 showsbout 2.5km. This is summarized on Fig. 4b which shows
the largest number of months with more than 20 occultationsexamples of averaging kernels for levels at 6, 8, 10, 12, and

_—
Altitude (km)
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1026 km 5-15km on a near global scale. Here, we focus on the time period
2004-2008 and the latitude bands’ #43-60° N and 50 N—

60° N that are well covered by ACE and for which in situ
aircraft measurements of G@re available. For each month
we obtain a mean profile covering the 10-25 km range using
lines from the main C@isotopologue, as well as a mean pro-
file covering the 5-15 km range using lines from i@ C%0
isotopologue: thé80C®0 isotopologue lines are employed

Altitude (km)
A i S :

\ because the main isotopologue lines become saturated at low
- "SEE T\ altitude. As shown by Boone et al. (2005), we can expect an
€O, error (ppm) €0, error (ppm) overestimation of 3.5% of the CQconcentration retrieved

from the 180C®0 isotopologue due to either errors in the
Fig. 4a. Results of synthetic retrievals of the G@ixing ratio dif- strengths of th&80CL80 lines in the line list (here "GEISA”,
ference (inppm) between the true profile and the retrieved profilejacquinet-Husson et al. (2008)) and/or to a difference in the
(average over 20 occultations). Blue curve: all the uncertainties aremixing ratios from the expecte%?OClGO/mClSOz isotopic
considered as Gaussian random noise added to the “observations;’étio_ For each occultation. we estimate the ratio between
red curve: realistic temperature and speciesdNOgz, etc.) uncer- CO, concentrations retrievéd from tH€oCL60 isotopo-

?ogue lines and?C80, main isotopologue lines in the over-
lap region, between 10 and 15 km. This ratio is then applied
to the entire'®0C80 isotopologue profile to build a unique
P \ } profile from 5 to 25 km. The mean ratio measured is about
i e 2.5% in the 40-6ON latitude band, a value close to the 3.5%
i A global mean value estimated by Boone et al. (2005). Finally,
we apply a linear filter (Eq. 1) whereis the CQ concen-
tration value and is the 1 km grid level, to smooth the final
» retrieved profile on the 1 km grid with a minor impact on the
we " 2.5km mean vertical resolution.

Regularisation

©

Altitude (km)

Altitude
dependent ~ erre

. 4 . e e Regularisation xf (Z) — 025)((2 —I— 1) + 0‘5)( (Z) + 0.25x(z - 1) (1)
0 0.1 0.2 0.3 0.4 05 0.6 0.7
Averaging kernel (ppm/ppm)

Averaged over the 2004-2006 time period, separately for

Fig. 4b. Averaging kernels for levels at 6, 8, 10, 12, and 14 km for eac_h '_SOtOpOIOgue'_the CQ@rofile monthly me"_’m standard
one occultation. The red curve corresponds to a first order TikhonO\pe\”at'O_nS _(_Std)' which result from b_Oth errors in the method
regularisation and the blue curve to an altitude dependent regulari@nd variability of the C@ concentrations over one month in
sation based on a Tikhonov first order operator. the latitude band considered (here? 86-60° 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—

14 km for one occultation. Each averaging kernel representduly and, to a lesser extent, September. Above 22km, std
the sensitivity of the C@value retrieved at this level with values may reach 4 ppm in December-February, with a peak
respect to a change in the true profile, its full width at half at 5ppm at 24 km in February. Below 12-13km, std values,
maximum corresponds to the vertical resolution. The blueas expected from the greater natural variability of the,CO
curves correspond to the altitude dependent regularisatioﬁeasona| cycle at lower altitudes, are more variable. For most
used here. In this case, we can estimate that the vertic#f the months, the std fluctuates around 3 pgrt ppm) with
resolution is around 2 km for the lowest altitudes and aboutarger values for0C!®0 in particular at 10 and/or 11 km.
2.5km at 15km. The estimated G@tal error is character- At these altitudes, the main isotopologue generally shows
ized by a bias of about1 ppm and a standard deviation of lower std values. Below 10 km, where results come exclu-
about 2 ppm after averaging over 20 spatially and temporallysively from the80C'®0 isotopologue and fewer occulta-
consistent profiles (Fal2009). Averaging over fewer occulta-tions contribute to the average, std values are below 4 ppm
tions may increase the total error, and is the reason why th&xcept for a peak of almost 6 ppm in March.
minimum number of occultations has been set to 5, corre-
sponding 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 CQvertical profiles

www.atmos-chem-phys.net/11/2455/2011/ Atmos. Chem. Phys., 11, 2455-2470, 2011
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3 Comparisons with aircraft in-situ measurements e I T
time-series

Commercial aircraft-based observations using in situ mea
surement systems have made significant contributions to ou
present knowledge of the distribution of @@ the atmo-

sphere. Major contributions include measurements 0§ CO [

over Japan and the western Pacific (Nakazawa et al., 199:'§ Wt ACE 9-10km
Matsueda et al., 2002; Machida et al., 2008; Matsueda e & I(:t?tffe

al., 2008; Sawa et al., 2008), in particular with the ongo- % I range)

ing CONTRAIL program. From Europe to the tropics mea- =, -l

surements have been made available from the Civil Aircraft3

for the Regular Investigation of the Atmosphere Based on CARIBIC
an Instrument Container (CARIBIC; Brenninkmeijer et al. I(:t(i)t-uSdSe
(1999, 2007)) program and from the SPURT (Spurenstoff- % range)

transport in der Tropopausenregion/ trace gas transport in th
tropopause region) campaigns in Europe (Hoor et al., 2004
Engel et al., 2006; Bnisch et al., 2008; Gurk et al., 2008). ... | | | | | | | | | |
This section presents comparisons between ACE-FTS CO 112004 or2005 032006 112008  07:2007  03-2008

profiles and these in situ observations. These comparison
are not direct because they do not exactly match, in partic:
ular spatially. However, they provide important conclusions
on the accuracy with which ACE/FTS may retrieve the,CO

trend and seasonal variations with altitude.
| —
3.1 CG;inthe upper troposphere (9—10 km) i H‘ﬂ Occultations
g | | | | | | | ol | 1o available

11-2004 07-2005 03-2006 11-2006 07-2007 03-2008

on
=

[
= &= =

Nb of occultations

ACE-retrieved upper tropospheric GQ@oncentrations are
first compared to results from the CARIBIC experiment as Fig. 5. Top: temporal evolution of C@ concentration (y-axis

given in Schuck et al. (2009). These upper tropospherg, pom)in the upper troposphere (9-10 km). Blue boxes: ACE-FTS
CO, monthly mean concentration time series correspond tQesults for the 40N—60° N latitude band; red boxes: CARIBIC
flights to Asia covering the latitudes from about°20t0  measurements for the 20-58 latitude band. The blue and red
about 58N and are compared in Fig. 5 to ACE monthly lines result from a curve fit using a harmonic polynomial (two har-
mean retrieved concentrations for the’ #43-60° N latitude monics). The slope of the best fit line corresponds to the mean
band. A relatively good agreement is seen between th@rowth rate during this time period: 1.9 ppmL. Bottom: num-
two sets of CQ concentrations: the mean difference be- ber of ACE-FTS occultations used in the 9—10 km altitude range.
tween the two polynomial fits (each fit uses a linear trend

and two harmonics and a non linear iterative Levenberg-

Marquardt algorithm) to either the measurements or to the>2 CO2 below, around, and above the tropopause:
retrievals (Schuck et al., 2009) is less than 2ppm. How- (oM 8-9kmto 16-18km

ever, 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 aver- trations for six atmospheric layers: 8-9km, 9-10 km, 10—

age smaller than ACE (the 40l-60° N latitude band has 12km, 11-13km, 12-14km, and 16-18km, spanning the

been chosen to obtain as many non-polar occultations as POS ber troposphere to the lower stratosphere. Monthly mean
sible) for which the peak is expected earlier, and, (ii) the P posp P ' y

difficulty in correctly positioning the minimum month be- retrieved concentrations are represented by crosses and the

cause of the absence of ACE data for the months of Au-CU™VES result from the harmonic polynomial fit (two harmon-

. . ics for the first two layers, one harmonic for the remaining
?ugs:,s,?g,gft(i ?iro EEZSt;Li\ﬁ%ggg Ltjglz%r(%w (hs lr;t)i ':f ?r?:u our) to the retrievals at different altitudes. Figure 6 (bot-

fit lines) in agreement with the mean annual growth rate ob—tom)’ from Sawa et al. (2008), also displays CONTRAIL

L . CO;, time series measurements above Eurasia in a similar al-
served at the surface for this time period (see, for example,; .
hitp:/Awww.esrl.noaa.govigmd/ccgg/trends/) titude range from November 2005 to September 2007. Fig-
P U -govig 9 ‘ ure 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))

Figure 6 (top), which is similar to Fig. 5 but for the S8—
60° N latitude band and the 2004—2008 time period, displays
time series of ACE-retrieved monthly mean g£@oncen-
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Fig. 6. Top: Temporal evolution of C®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 evolutiop adt@®ntration from
CONTRAIL measurements (Sawa et al., 2008) above Eurasia from November 2005 to September 2007. Each curve reprdseats CO
series observed at 10 K potential temperature bins from the local tropopause. An approximate relationshiphgitertial 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 seen by SPURT and by CONTRAIL. This leads to a signifi-
CO, vertical profiles, SPURT and CONTRAIL in situ mea- cant vertical gradient during winter and spring, and to a very
surements show key features of the L£@stribution with  weak gradient (sometimes positive) from 9 to 18 km in sum-
altitude. First, the amplitude of the GQropospheric sea- mer and fall. Third, at all altitudes the G@oncentration ex-
sonal cycle (detrended) decreases from 7—-8 ppm below thhibits a mean temporal trend of about 1.9 ppm?, again in
tropopause at 9—10km to 1-2 ppm at 10-12 km and the amgood agreement with the mean annual growth rate observed
plitude increases again in the stratosphere at 16—18 km, iat the surface for this time period.

agreement with the observations but with an amplitude (2-3 These comparisons show that the £€@ncentrations re-
ppm) somewhat too large for the highest layer. As pointedtrieved from ACE-FTS are consistent with aircraft in situ
out by Hoor et al. (2004), the phase of the cycle remains tro-measurements in the northern hemisphere mid-latitudes. In
pospheric with a minimum in summer up to the lowermost particular, the mean growth rate, the seasonal vertical gra-
stratosphere at 10-12 km, reflecting the strong coupling bedient change and phase shift from the mid-troposphere to
tween the lowermost stratosphere and the extra-tropical trothe lower stratosphere are well represented by ACE-retrieved
posphere through troposphere to stratosphere transport of a0, values. However the stratosphere seasonal cycle am-
that entered the stratosphere at the tropical tropopause. Thditude seems to be over-estimated. A possible explanation
dampening of the amplitude of the seasonal cycle reflects theould come from the difference in the spatial coverage of the
role of the extratropical tropopause as a barrier to transportifferent data sets. Indeed, ACE-FTS results sum all latitudes
(Hoor et al., 2004). Above, the phase maximum is shiftedand longitudes in the B0N-60° N band, whereas SPURT,
by up to three months towards summer as observed in-situCARIBIC, and CONTRAIL data correspond to observations
Second, a negative vertical gradient is clearly seen in Fig. Gabove Europe, Eurasia, and Asia, respectively.

in August which accurately reproduces the negative gradient
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4 Comparisons with air-transport model CO, profiles 05 2005 o7 2005

Another way of assessing the quality of the ACE-retrieved
CO, vertical profiles is to compare them with air transport
model simulations. For that purpose, two well known mod-
els have been used. First, we consider the Flexpart La !
grangian 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). £XDirface data from

the World Data Centre for Greenhouse Gases (WDCGG _
http://gaw.kishou.go.jp/wdcgg) have been used to create ;$
source function for the lower most troposphere. ;Gdi@lds
from a six-year analysis have been monthly averaged fér 10
latitude bands to make comparisons with profiles retrieved
from ACE-FTS for the year 2006. The second model con-
sidered generates G@nodel simulations from the Carbon-
Tracker (2009, http://carbontracker.noaa.gov) system (Peter
et al., 2007). Carbon Tracker (CT) is based on the TM5 ™7
model, which is a global atmospheric chemistry-transport
zoom model (Krol et al., 2005) optimized with highly ac-
curate CQ 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 WM W E W woom W ® W
retrieved profiles from ACE-FTS for the years 2005 to 2008. CO, VMR (ppm) CO, VMR (ppm)

wr wr

0

Ui

30 30

Pressure (h
Pressure (hPa)

G0

HE = HE =
W - w0 o ==

4.1 Monthly averaged CG profiles Fig. 7. CO, concentration (x-axis in ppm) evolution with pres-
sure (y-axis in hPa) for May (left) and July (right) for 2005 for the
Figures 7 to 10 show model simulations (either CT alone or50° N-6C° N latitude band. ACE-retrieved profile is in red and CT
both CT and Flexpart) and ACE- retrieved profiles from 2005 profile is in blue. The thin red line indicates that less than 10 occul-
to 2008, respectively, for the two months of May and July for tations were available. ACE CGtandard deviation at each altitude
the 50 N-6C° N latitude band. These two months are well (0t shown in the picture) fluctuates around 3 ppil ppm).
represented with respect to the number of occultations avail-
able and show contrasting properties in terms of atmospheric
transport. Both CT and Flexpart model standard deviationghese three sets of profiles. The difference is less than 2 ppm
are around 1 ppm and ACE-retrieved profile standard deviafor most of the altitudes. In May, the Flexpart and CT profiles
tion is about 4 ppm for the lowest altitude and about 2-3 ppmare very consistent in the troposphere whereas the difference
above. Figure 7 corresponds to 2005; ACE-retrieved profiledeaches 2 ppm above the tropopause. The ACE-retrieved pro-
start around 400-500 hPa in the troposphere. Comparisoni€ shows lower values (1.5 ppm) below 300 hPa and is closer
with CT profiles show a good overall agreement from 40010 the Flexpart profile up to 100 hPa. At higher altitudes, a
hPa to 70 hPa with a mean difference of less than 2 ppmsignificant decrease in the ACE retrieved-profile is observed,
ACE values in May from 180 hPa to 70 hPa are smaller thann0t seen by the models. Between 100 and 200 hPa, ACE is
the model values by about 2 ppm (however, less than 10 ocbetween the two models. In July, the Flexpart profile is about
cultations on average, are available). The large vertical gral PPm higher than the CT profile at all the altitudes. ACE is
dient is seen by both products. In July, the ACE retrievedcloser to CT at lower altitudes and closer to Flexpart at higher
profile shows no vertical gradient contrary to CT that showsaltitudes. The vertical gradient is somewhat smaller for ACE
a "peak” of about +3 ppm at about 180 hPa with respect tothan for the models.
the 500 hPa value. Observations from SPURT show almost Figure 9 shows results similar to Fig. 7 for the year 2007.
no gradient in July 2002 (Hoor et al., 2004) and observationsThe agreement between ACE-retrieved and CT simulated
from CONTRAIL show a gradient of about 4 ppm in July profiles is again good with a mean difference less than 1 ppm
and of about 3 ppm in July 2007. Both ACE and CT howeverand gradients similar in May and slightly smaller for ACE
agree on a gradient that is much smaller in July than in May.in July. ACE-retrieved concentrations in the troposphere and
Figure 8 shows Flexpart, CT and ACE-retrieved Qo- higher in the stratosphere compare well with the model.
files in the 50 N-6C° N latitude band for the months of May Figure 10 shows results similar to Fig. 7 for the year
and July 2006. A rather good agreement is found betweer2008. Here, the agreement is significantly worse with a mean
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Fig. 8. CO, concentration (x-axis in ppm) evolution with pressure )
(y-axis in hPa) for May (left) and July (right) of 2006 for thegg—  Fi9- 9- Same as Fig. 7 for 2007.
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. ACEG@ndard de- ~ @nomalies depending on the time of year and on the altitude
viation at each altitude (not shown in the picture) fluctuates around(troposphere or stratosphere). As a consequence, a profile
3ppm &1 ppm). retrieved at a given month might more favourably be com-
pared with a profile simulated by the model for the month
just before or just after the month considered.
difference of about 2 ppm especially above 250 hPa in May In this section we look for such temporal shifts between
and 200 hPa in July. The difference is smaller in the tropo-model profile simulations and ACE-retrieved profiles. We
sphere. The tropopause transition is smoother for ACE inexamine two years: 2006 which presents the best general
May and steeper in July where a larger ACE gradient is seenagreement between ACE and CT, and 2008 which corre-
It must be pointed out that, for all years, the July peaksponds to the poorest agreement.
value seen at about 200 hPa in CT profiles is also seen in Figure 11 shows, for the BStN—6C N latitude band, ACE-
ACE profiles but at significantly higher altitudes (except in retrieved profiles for May and July 2006 together with Flex-
2006, where no peak value is seen in ACE profile). part and CT profiles for the months just after (June and Au-
These comparisons show that the £€ncentration pro-  gust; top row) and for the months just before (April and June;
files retrieved from ACE-FTS observations are quite consis-bottom row). Although the original comparison showed gen-
tent with model simulations in the northern hemisphere mid-erally good agreement (see Fig. 8), a slight improvement
latitudes for two particular months characterized by eitheris seen when comparing ACE in May to CT in June above
a strong vertical gradient (May) or a weak (or no) gradient200 hPa and a more significant improvement in the agree-
(July). The largest differences (3 ppm) are observed for thement is seen when comparing ACE to both CT and Flexpart
latter month. below 200 hPa (top-left). A slight degradation is observed
when comparing ACE in May to both Flexpart and CT in
4.2 Can a temporal shift of the model profiles improve  April (bottom-left). A similar agreement is found when com-
the agreement with ACE-retrieved profiles? paring ACE in July to both models in August, except that
o _ ACE agrees better with Flexpart below 200 hPa than with CT
Current problems with air-transport models have been br'eﬂy(top-right); a strong degradation is observed when comparing

summarized in the Introduction. These model deficienciespcg in July to both Flexpart and CT in June (bottom-right).
can cause over or under estimation of tracer profiles, with the
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Fig. 12. CT (blue) and ACE (red) C@profiles for the 56 N-60° N
Fig. 10. Same as Fig. 7 for the year 2008. 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

E ol g-? il occultations were available.
L -y
° mt o 1
@ 300 - ALE/GE —— 2 W ALEAT —+
8 o 06— 8 o g == better with the CT profile in June above 300 hPa but the fit is
O g b EWOE _EI_ gl IEREE ) SR, i HFX"‘OB _?_ 1 . —
poorer below (top-left); the agreement is similar when com-
3 it 380 384 fici i i 380 364 it . . . .
CO, VMR (ppm) O, VMR (ppm) paring ACE in May to C_T in April (bottom—lgft). Compare_d
to Fig. 10, the ACE profile in July agrees slightly better with
P — . wF the CT profile in August (top-right); the agreement is much
§ 10 - § Lo poorer when comparing ACE in May to CT in June (bottom-
o mr P right).
2 300 - AEAE —— 2 0 .. . . L . .
B 50| CT704 —=— 2 sl A provisional conclusion from this very limited exercise is
Y s A S Y B that ACE-retrieved profiles agree better with model profiles
om0 W n for the month just after the ACE month considered. More
CO, VMR (ppm) CO, VMR (ppm)

comparisons are obviously required before concluding there
is deficiency in the models or possible problems with the re-

Fig. 11. Flexpart (purple), CT (blue), and ACE (red) G@rofiles trievals.

for the 50 N-60C° N latitude band in 2006. ACE profiles in May | b del-simulated and
(left) and July (right) are compared to Flexpart and CT profiles of A general agreement between model-simulated and ACE-

one month before (top), and of one month after (bottom). ACE thin 'etrieved profiles for the 3IN—-60° N latitude band in May

red line indicates that less than 10 occultations were available. ~ and July is evident from this comparison. However, differ-
ences are observed notably above and around the tropopause
region. We also observe that comparing the ACE profile

Figure 12 shows, for the SIN—6C° N latitude band, ACE- in May to model profiles in April improves the fit (mean

retrieved profiles for May and July 2008 together with Flex- and standard deviation) for all years considered here. The

part profiles for the months just after (June and August; topimprovement is less significant in July. A strong degrada-

row) and for the months just before (April and June; bottomtion generally occurs when comparing ACE profiles in July

row). Compared to Fig. 10, the ACE profile in May agrees to model profiles in June. This suggests that the model
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circulation strength might be over estimated during the north-can be drawn. Future developments include: (i) the improve-
ern hemisphere spring. Obviously, this does not exclude erment of the modelling of the Ncontinuum absorption; (ii)
rors in the retrieval method and many more comparisons othe processing of the years 2009 and 2010; (iii) the analysis
retrievals vs. models are required before a convincing conof other latitude bands and specific geographic regions with
clusion can be drawn. a better space-time resolution.
This new ACE-FTS C@ profile database provides infor-
mation on air transport and data for assimilation into models.
5 Conclusions Coupled with column measurements from a nadir viewing
instrument, it may also be expected that occultation measure-
In this paper we have presented, for the first time in the 5-ments will bring useful constraints to the surface carbon flux
25km altitude range, five years of monthly meanG@r- determination.
tical profiles from the ACE-FTS limb-viewing space-borne
instrument (Bernath et al., 2005). After having briefly re- )
viewed the inversion approach described in detail in Fal2009APPENdiX A
results obtained for the 2004—2008 time period and for the ) )
40° N—60° N and 50 N—6C° N latitude bands have been com- ACE retrieved monthly mean profiles from
pared with in situ aircraft measurements from the CON-2004 to 2008
TRAIL (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 G@rofile sim-
ulations: Flexpart (Stohl et al., 2005) and Carbon Tracker
(Peters et al., 2007). These comparisons have shown thafynoniedgements. The ACE mission is supported primarily
the CQ concentrations retrieved from ACE-FTS are consis- by the Canadian Space Agency (CSA) and some Support was
tent with aircraft measurements in the northern hemisphergrovided by the Natural Environment Research Council (NERC)
mid-latitudes. In particular, the mean growth rate, the sea-of the UK. We gratefully acknowledge J. M. Hartmann for
sonal vertical gradient change and phase shift from the midproviding us with the M continuum CIA laboratory measure-
troposphere to the lower stratosphere are well represented Uyents and for fruitful discussions which led to their integration
ACE-retrieved CQ values. However the stratosphere sea-in our RTM. CarbonTracker 2009 results were provided by

sonal cycle amplitude (16-18 km) seems somewhat over e%‘OA”A EtS)RL’ Blc(’“'der’ Colorado, USA Fhlrloug,h hthe "I‘q’ebiite at
timated. A possible explanation could come from the dif- "tP://carbontracker.noaa.gov. We especially wish to thank A. Ja-

. . . W. P for their help. W hank I
ference in the spatial coverage of the different data sets. Ingobson and eters for their help. Warm thanks are also extended

. . 0 N. A. Scott and to V. Capelle for their important contributions to
deed, ACE-FTS results cover all latitudes and longitudes Otihe development of the Re?diative TransferpModeI used here and to
the 40 N-60° N and 50 N-60° N bands, whereas SPURT, g | egras for his help in the handling of the Flexpart model. We are
CARIBIC, and CONTRAIL data correspond to observation happy to thank the two anonymous reviewers for their constructive
above Europe, Eurasia, and Asia, respectively. Comparisonsnd helpful comments.
for two particular months, May (characterized by a strong
vertical gradient) and July (characterized by a weak — or no —-Edited by: P. O. Wennberg
gradient) have shown that the @@oncentration profiles re-
trieved from ACE-FTS observations are quite consistent with
model simulations in the northern hemisphere mid-latitudes.
However, differences are observed notably above and arou
the tropopause region. Current deficiencies in air-transpor
models may cause over or under estimates of tracer profiles
and these anomalies depend on the time of the year and ¢
the altitude (troposphere or stratosphere). For this reason,
we looked for temporal shifts between model profile simula- The publication of this article is financed by CNRS-INSU.
tions and ACE-retrieved profiles and observed that compar-
ing 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 oc-
curs 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. Ob-
viously, this does not exclude errors in the retrieval method
and more comparisons are required before a firm conclusion

We present in this appendix (Fig. A1 to A3) monthly aver-
aged ACE-retrieved Cfprofiles for the nine months avail-
able in the 50N-6C N latitude band.

INSU

Institut national des sciences de I'Univers
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