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Abstract. In this study, we construct a new monthly zonal
mean carbon dioxide (CO») distribution from the upper tro-
posphere to the stratosphere over the 2000-2010 time period.
This reconstructed CO, product is based on a Lagrangian
backward trajectory model driven by ERA-Interim reanalysis
meteorology and tropospheric CO, measurements. Compar-
isons of our CO; product to extratropical in situ measure-
ments from aircraft transects and balloon profiles show re-
markably good agreement. The main features of the CO,
distribution include (1) relatively large mixing ratios in the
tropical stratosphere; (2) seasonal variability in the extra-
tropics, with relatively high mixing ratios in the summer
and autumn hemisphere in the 15-20 km altitude layer; and
(3) decreasing mixing ratios with increasing altitude from
the upper troposphere to the middle stratosphere (~35 km).
These features are consistent with expected variability due
to the transport of long-lived trace gases by the stratospheric
Brewer—Dobson circulation. The method used here to con-
struct this CO; product is unique from other modelling ef-
forts and should be useful for model and satellite validation
in the upper troposphere and stratosphere as a prior for in-
version modelling and to analyse features of stratosphere—
troposphere exchange as well as the stratospheric circulation
and its variability.

1 Introduction

The global stratospheric meridional circulation, also called
the Brewer—Dobson circulation (BDC), was recognized as a
major component of the climate system, which affects ra-
diative forcing (Lacis et al., 1990; Forster and Shine, 1997;
Forster et al., 2007) and atmospheric circulation (Andrews
et al., 1987; Holton et al., 1995; Salby and Callaghan, 2005,
2006). The increase in greenhouse gases, in particular the
carbon dioxide (CO,) concentration, affects the atmospheric
temperature and wave propagation, which increases the trop-
ical upwelling mass flux (Butchart et al., 2010; Garny et al.,
2011; Abalos et al., 2015) and therefore changes the BDC.
Within the context of climate change, the stratospheric cir-
culation variability can also be diagnosed using the trace gas
COs.

CO3, is a useful tracer of atmospheric dynamics and trans-
port because of its long lifetime in the troposphere and strato-
sphere, where it has essentially no sources or sinks since
it is basically chemically inert in the free troposphere. The
only stratospheric source of CO, is a small contribution from
methane oxidation that can reach up to 1 ppmv (i.e. parts
per million per volume) (Boucher et al., 2009). CO; is regu-
larly exchanged between four reservoirs: the biosphere (pho-
tosynthesis and respiration), the lithosphere (soil and fossil
pool), the hydrosphere (surface and deep ocean), and the at-
mosphere, with a much longer residence time in the oceans
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and soil than in the atmosphere. These exchanges are de-
scribed as the carbon cycle. Anthropogenic emissions due
primarily to deforestation and biomass and fossil fuel burn-
ing have systematically increased the mean CO, and modi-
fied its seasonal cycle during these last 2 decades (Tans and
Keeling, 2015). With the influences of steady growth and
seasonal variation, CO, concentrations in the atmosphere
contain both monotonically increasing and periodic signals
that represent stringent tests of stratospheric transport and
stratosphere—troposphere exchange (STE) in models (Waugh
and Hall, 2002; Bonisch et al., 2008, 2009).

Despite its potential to increase global change by cooling
the stratosphere and warming the troposphere via the green-
house effect, information on stratospheric CO; and its vari-
ability was sparse until recently. In recent years, in situ air-
craft and balloon campaigns were implemented in order to
measure a number of chemical tracers, including CO;. The
in situ campaigns included SPURT aircraft measurements
in the upper troposphere and lower stratosphere (UTLS)
(Engel et al., 2006; Gurk et al., 2008), CONTRAIL (Sawa
et al., 2008), and CARIBIC (Schuck et al., 2009; Sprung and
Zahn, 2010). Although sporadic in time and space coverage,
these in situ measurements were used to analyse the BDC
changes (Andrews et al., 2001a; Engel et al., 2009; Ray et al.,
2014), to validate chemistry-transport models (CTMs) (Stra-
han et al., 2007; Waugh, 2009), and to diagnose STE (Stra-
han et al., 1998; Hegglin et al., 2005; Hoor et al., 2005, 2010;
Bonisch et al., 2009, 2011).

The stratospheric overworld circulation changes that af-
fect the extratropical UTLS were recently assessed by Engel
et al. (2009) from balloon-based measurements of SFg (sul-
fur hexafluoride) and CO,. The stratospheric mean age of
the air, which is defined as the residence time of air parcels
in the stratosphere (Li and Waugh, 1999; Waugh and Hall,
2002; Butchart et al., 2010), was calculated by Ray et al.
(2014) from the in situ balloon measurements of trace gases,
with an idealized model to identify the natural variability in
the BDC and its significant linear trends. This study demon-
strated the importance of reconstructed in situ measurements
to validate the stratospheric representation in global CTMs
and chemistry-climate models (CCMs).

In addition to the very localized in situ observations, which
have high spatial resolution, a large spatial and temporal cov-
erage of CO; is obtained from space instruments such as the
vertical nadir sounders TOVS (Chedin et al., 2002, 2003b),
AIRS (Chedin et al., 2003a), SCIAMACHY (Bowman et al.,
2000), IASI (Chedin et al., 2003a), GOSAT (Hammerling
et al., 2012; Liu et al., 2014), and recently OCO-2 (Franken-
berg et al., 2015). These spaceborne instruments essentially
measure total column CO;, weighted more by the lower and
mid-troposphere; hence, they provide limited information on
the upper troposphere and the stratosphere. Foucher et al.
(2009, 2011) obtained 5 years of monthly mean CO, ver-
tical profiles by analysing the ACE-FTS data (Bernath et al.,
2005). The ACE-retrieved CO;, shows qualitatively good
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agreement with in situ observations for the 2004-2008 time
period at the 50-60° N latitude bins. However, the retrieval
sensitivity is limited and averages need to be performed on a
large number of profiles.

Because of the limited observations, CTMs and La-
grangian transport models are a complementary and useful
framework for widely diagnosing the BDC and representing
the global transport and distribution of long-lived species,
such as COs,.

Previous studies using the two-dimensional CTM Cal-
tech/JPL (Shia et al., 2006) and the three-dimensional CTM
TMS5 (Transport Model 5) (Bonisch et al., 2008) were unable
to accurately represent the BDC. Bonisch et al. (2008) in-
vestigated the UTLS exchanges in a three-dimensional trans-
port model using the observed CO, and SFg distributions
and concluded that major disagreements between the model
and observations occur in winter, where a too-strong BDC
leads to some overestimates of the CO,, and in boreal sum-
mer, where the vertical transport is too slow in the upper
troposphere. During autumn the models showed an unre-
alistic persistent reverse gradient in the lower stratosphere,
and during spring the transport processes through the trop-
ical tropopause were overestimated, inducing too-high CO,
values in the lower stratosphere. Furthermore, many three-
dimensional models are too diffusive and/or have too-strong
mixing when crossing the tropopause, which leads to an un-
derestimation of the amplitude of the seasonal cycle in the
column of CO;, (Olsen and Randerson, 2004). Shia et al.
(2006) suggested that the lack of a reliable representation of
stratospheric influence on CO», e.g. intrusion and recircula-
tion, could explain part of the discrepancy between a CTM
and observations. The persistence of the inverted CO; gra-
dient noted in these models can result in an underestima-
tion of the exchange of air masses from the stratosphere to
the troposphere in mid-latitudes during autumn. Due to the
short time period of simulations, models also fail to calcu-
late a reliable CO» seasonal cycle as well as STE. Shia et al.
(2006) concluded that at least 3 years are required for the
surface CO» to be transported into the upper troposphere and
lowermost stratosphere (LMS) then moved to the temperate
and polar latitudes. In order to eliminate the spurious diffu-
sivity effect, Lagrangian or quasi-Lagrangian models, such
as TRACZILLA (Legras et al., 2005) and CLaMS (Chemi-
cal Lagrangian Model of the Stratosphere) (Pommrich et al.,
2014), were widely used to investigate transport properties.
The combination of these Lagrangian models with in situ ob-
servations to reconstruct chemical trace gas distributions has
significantly contributed to our understanding of the mixing
effects across the extratropical tropopause (Hoor et al., 2004;
Pan et al., 2006; James and Legras, 2009), the filamentary
structure in long-lived and short-lived species near the edge
of the polar vortex (Konopka et al., 2003), the transport of
long-lived species and CO from the tropical troposphere to
the stratosphere (Pommrich et al., 2014), and the processes
that control UTLS composition (Riese et al., 2012).

www.atmos-chem-phys.net/17/3861/2017/
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The small-scale variability of CO;, its strong gradients
across the tropopause, and the scarcity of suitable observa-
tions for validation purposes lead to a challenging task for
CTMs and CCMs in reconstructing its distribution in the
UTLS (Hegglin et al., 2008).

In this paper, our goal is to build a database of the monthly
zonal mean distribution of CO; on a global scale extending
from the upper troposphere to the stratosphere using back-
ward Lagrangian trajectories. This product can be used to
validate CTMs; CCMs, as a prior for inversion modelling;
and to analyse features of the STE as well as the stratospheric
circulation and its variability.

The trajectory data set on which this work is based was
used by Diallo et al. (2012) to study the age of air and its
variability in the stratosphere. We refer to this previous work
for all related questions. The present study can also be seen
as a further validation of Diallo et al. (2012).

We reconstruct a global distribution of CO; calculated
over the time period 2000-2010 from a Lagrangian transport
model driven by horizontal winds and diabatic heating rates,
representing the vertical velocity in the isentropic coordinate,
from the ERA-Interim reanalysis provided by the European
Centre for Medium Range Weather Forecast (ECMWF) (Dee
et al., 2011). We describe the data and method used in this
study in Sects. 2 and 3, respectively. The reconstructed CO;
is compared with observations in Sect. 4. The global monthly
distribution of the zonal mean CO; and its variability are dis-
cussed in Sect. 5. Finally, Sect. 6 provides further discussions
and conclusions.

2 Data

The reconstruction of the global distribution of CO; from
the upper troposphere to the stratosphere through the use of
back trajectories requires the value of the CO, mixing ratio
to be assigned at the lower tropospheric boundary. This is
achieved by using two different types of CO, data: ground
stations (Worden et al., 2015) and CarbonTracker (Peters
et al., 2007). In addition, in situ measurements of CO; from
balloons and aircraft were used to validate the reliability of
the model reconstructions (Daube et al., 2002; Engel et al.,
2009; Sawa et al., 2008).

2.1 Lower boundary condition of the backward
trajectories

Two different observation-based data sets are used to assign
CO;, to air parcels transported along the backward trajecto-
ries. During the 1989—-1999 time period, data from ground
stations of the World Data Centre for Greenhouse Gases
(WDCGG, http://ds.data.jma.go.jp/gmd/wdcgg/) are applied.
The WDCGG is an international data centre participating
in the WMO Global Atmosphere Watch. It provides exten-
sive data from ground stations and aircraft measurements
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across the Earth that are non-homogeneously distributed. The
monthly CO; data from ground stations (e.g. Mauna Loa,
South Pole, and others) located at different latitudes were
used to overcome the daily fluctuations of CO; in the atmo-
spheric boundary layer. The criterion for selecting the ground
stations is that they are remotely located with respect to local-
ized anthropogenic sources. In highly industrialized regions,
this criteria is performed by retaining only high-altitude sta-
tions to neglect the variability from localized sources at
ground level. The CO; data are averaged from pole to pole in
latitude increments of 30° and over all longitudes to represent
the global, free tropospheric CO, field. To better model the
latitude dependence of the seasonal cycle and to overcome
discontinuities, the averaged CO, data obtained are then in-
terpolated linearly in latitude. Since the ground station loca-
tions are inadequate to define longitudinal variability, we use
a constant CO, value at all longitudes for each latitude bin.
According to CarbonTracker residuals against the NOAA
North American aircraft network data at altitudes above
the planetary boundary layer (PBL) (http://www.esrl.noaa.
gov/gmd/ccgg/carbontracker/profiles.php), the mean error of
CarbonTracker is less than 1.25 ppmv at 500 hPa. This error
should be added, in mean square, to the error determined in
this study as a result of model dispersion (Sect. 5.3).

For the 2000-2010 time period, we use CO; output from
the coupled data assimilation system CarbonTracker with
the TMS transport model for the lower boundary condition
(Huijnen et al., 2010). CarbonTracker produces full 3-D di-
mensional output so that the backward trajectories are as-
signed to daily CO, mole fractions based on the latitude
and longitude (3° x 2° resolution) of the trajectory at the
Skm (500hPa) level. The 5km level was chosen to repre-
sent the well-mixed free troposphere. The CarbonTracker
system assimilates CO; observations from atmospheric sta-
tions and optimizes underlying CO, mixing ratio from the
fluxes of the ocean, biosphere, biomass burning and fos-
sil fuel usage. These data are meant to achieve a com-
plete and realistic diagnostic of the lower-atmospheric CO»
and fluxes (CarbonTracker-2013B, www.esrl.noaa.gov/gmd/
ccgg/carbontracker/). The version used in this study corrects
an error in vertical mixing in the previous versions.

Admittedly, the reduced sampling of the pre-2000 period
and the lack of zonal variability induces an increased uncer-
tainty in our calculation. However, the zonal variability is
largely filtered out in the upper troposphere and lower strato-
sphere, especially during winter. Moreover, we only provide
CO; reconstructions for 2000-2010. During this period, the
tropospheric conditions are mostly determined by Carbon-
Tracker output due to the fast transport time in the tropo-
sphere, and the zonal fluctuations are mostly washed out in
the stratosphere. The influence of pre-2000 data then decays
exponentially and almost vanishes after 2005.
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2.2 In situ aircraft and balloon measurements

In the UTLS, there are strong horizontal and vertical gradi-
ents. These gradients may occur on a small scale and exhibit
high temporal and spatial variability. In this study, we are
interested in airborne measurements in order to validate our
model as well as to characterize the stratospheric variability
and mixing process. Aircraft observations have a vertical res-
olution of a few metres (during ascents and descents) and a
horizontal resolution of a few hundred metres, resulting from
the high sampling frequency of these instruments (0.5-2 Hz).
Therefore, the aircraft observations are able to sample the
small-scale variability of the tracers.

The SAGE III Ozone Loss and Validation Experiment
(SOLVE) sought to establish a comprehensive data set of
UTLS trace gases and meteorological data in the northern
polar regions, including latitudinal gradients across the polar
vortex. Measurements were made in the Arctic high-latitude
region during winter 1999-2000 using the NASA DC-8 and
ER-2 aircraft, as well as balloon platforms and ground-based
instruments. CO,, CHy4, and N>O were measured by several
instruments and used to calculate a composite mean age (as
in Andrews et al., 2001b, using earlier measurements).

In situ balloon-based CO; profile measurements are also
used as a basis for comparisons with the reconstructed CO»
from the Lagrangian transport model. The data sets used in
this study are high-quality observations with sufficient alti-
tude coverage. They are measurements of whole air samples
collected cryogenically from balloons or in situ measure-
ments on-board a balloon gondola (Engel et al., 2009; Ray
et al., 2014). Four balloon flights were selected for which a
full CO, profile is available (1) at Fort Sumner, New Mex-
ico, USA (34.5° N), on 17 September 2004; (2) at Sanriku,
Japan (39.33° N), on 30 May 2001; (3 and 4) and at Aire-sur-
I’ Adour, France (43.75° N), on 24 September 2002 and 9 Oc-
tober 2001, respectively. Note that most profile observations
are from the May—October period, when stratospheric vari-
ability in the Northern Hemisphere is expected to be lower
than during the winter period. The combined measurements
of CO;, and SF¢ were used by Engel et al. (2009) to derive
the mean age of the air, but here we focus on CO;.

A further data set, based on the CONTRAIL experiment
(Machida et al., 2008) was used in the validation process of
the reconstructed CO; in the whole troposphere (6—13 km)
from 20° S to 60° N during November 2005-2009. CO, mix-
ing ratios were measured during regular flights by Japan Air-
lines from Japan to Australia, Europe, North America, and
Asia with continuous measuring equipment (CME) for in situ
CO, observations, as well as improved automatic air sam-
pling equipment (ASE) for flask sampling (for more details
about the instrument see Machida et al. (2002)). This data
set provides significant spatial coverage, particularly in the
Northern Hemisphere (Sawa et al., 2008).
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3 Method of global CO; reconstruction

To calculate the global CO; distribution, air parcels are dis-
tributed from the upper troposphere to the stratosphere and
integrated backward in time.

3.1 Global backward trajectory

Backward deterministic trajectories were calculated using
the Lagrangian transport model, TRACZILLA (Legras et al.,
2005), which is a modified version of FLEXPART (Stohl
et al., 2005). TRACZILLA uses analysed winds to move air
parcels in the horizontal direction and performs direct inter-
polation from data on hybrid levels. In the vertical direction,
we used potential temperature coordinates and total heating
rates. We denote the trajectories as diabatic following a con-
vention established by Eluszkiewicz et al. (2000). At each
level in the vertical, trajectories are initially distributed over
a longitude-latitude grid with 2° resolution in latitude and
an almost uniform spacing in longitude of 2°/cos(¢), where
¢ is the latitude, generating 10255 air parcels on each level
from pole to pole. For the sake of simplicity, the vertical lev-
els of the initial grid are chosen to be the hybrid levels of
the ECMWF model. In order to encompass the whole strato-
sphere at any latitude and longitude, 30 levels from about
400 hPa (varying according to the surface pressure) to 2 hPa
were selected. Above 56 hPa, the hybrid levels are reduced
to pure pressure levels. Trajectories ending below the tro-
pospheric boundary condition at 500 hPa, at which we as-
sign the free tropospheric CO; to each trajectory, were dis-
carded during the initialization. Trajectories ending above
this boundary are integrated backward in time up to 10 years
or until they cross the boundary condition. In practice, strato-
spheric trajectories reach this boundary shortly (less than
2 months) after crossing the tropopause. Ensembles of tra-
jectories were launched at the end of every month over the
period 2000-2010 (Diallo et al., 2012).

3.2 Calculation of global CO,

Once a parcel has reached the tropospheric boundary condi-
tion at 500 hPa at a given time and a given location, its CO»
mixing ratio is assigned according to the mixing ratio at that
time and that location calculated from CarbonTracker and
WDCGG. CarbonTracker was chosen when a back trajectory
reached the tropospheric boundary after 1 January 2000 and
WDCGG was chosen when it was impacted before this date.
Since WDCGG provides surface data only, it was assumed
that the vertical transport was fast in the lower troposphere
and induced only a negligible bias at 500 hPa in the CO mix-
ing ratio, which was well verified (not shown) in the inner
tropical region where most parcels reach the boundary. The
assigned value was then used to reconstruct the CO, mixing
ratio at the location and time of the trajectory initialization.
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Figure 1. A schematic representation of the backward Lagrangian trajectories of air parcels starting in a (latitude x longitude x altitude) grid
box. Here the longitudinal extend of the box should be seen as the whole latitudinal circle.

The monthly zonal mean CO, for a given bin in latitude
and altitude was calculated as the average over all longitudes
of the trajectories initialized within this bin (Fig. 1). The lat-
itudinal resolution of the bins is centred 2° equatorward of
68° and decreases near the poles (69-73°, 73-77°, 77-81°,
81-90°). For each date, the average is made over 180 air
parcels at the equator and 67 air parcels at 68° N or S. Near
the poles, towards which the number of trajectories launched
per degree of latitude decreased to zero, larger intervals were
chosen to maintain a sufficiently large number of trajecto-
ries in the bins. This calculation uses the same approach as
Sect. 2.3 of Diallo et al. (2012). Further averaging over time
is performed to improve statistics and to reduce noise. These
averaging procedures are a simple way to account for mix-
ing in the stratosphere and gather a distribution of air parcels
with different histories within each bin.

As observed by Scheele et al. (2005), the number of back-
ward trajectories launched on a given date and remaining
within the stratosphere after some residence time, 7, de-
creases exponentially with t. Diallo et al. (2012) showed
that this relationship held for 7 > 3 year with an exponen-
tial decay parameter (b) equal to 0.2038yr~! using ERA-
Interim winds and heating rates. The standard deviation of
the mean (where each month was considered separately) de-
cayed at the same rate. After 10 years, 88 % of the particles
initialized in the stratosphere reached the troposphere. We
followed Scheele et al. (2005) in using this property to cor-
rect the estimated CO; for the truncation of trajectory lengths
at 10 years. If we define G(J|¢, 7) as the probability density
of the residence time t at time ¢ for parcels launched in the
bin J, the monthly mean stratospheric CO» mixing ratio is

COy(J, 1) = /COZT(t —10)G(J|t, 7)dr, (1)
0

where CO»7 is the tropospheric mixing ratio of CO,, which
is assumed here to be uniform for simplicity. The truncated

www.atmos-chem-phys.net/17/3861/2017/

version of this integral, up to ty = 10yr, can be calculated
explicitly from the backward trajectories as a mean for all
parcels from bin J, which hit the 500 hPa surface weighted
by their proportion among all launched parcels in bin J. As-
suming that G(J|t,t) = G(J|t, 1) exp (—b(r —tf)) fort >
ty, with CO,T governed by an annual modulation added to a
linear growth, CO»” (v) = po+p1 x T+agxcos (2 (t —¢)),
the monthly mean CO; mixing ratio can be estimated as

ty
CO2(J,1) :/CO2T(t_t)G(J|t,f)dt+ M
0
1
[(P0+P1(I—tf—z)) +
b
m%[b cos (2m(t —ty —¢)) +27
sin (27—t =) ]}, @

where all times are in years. The contribution of the re-
maining air parcels after 10 years of backward motion was
thus accounted for by the integrated term in Eq. (2), where
G(J|t,tf)/b is the proportion of parcels in the bin that
have not hit the 500 hPa surface at time 7. The coefficients
p0, pl,ap, and ¢ are estimated by fitting the Mauna Loa
CO, data. The correction can also be applied below the
tropopause since the only tropospheric parcels that live for
10 yr without hitting the 500 hPa surface are among those that
have been entrained in the stratosphere.

3.3 Validations of the global reconstruction method

The reconstruction during SOLVE and in situ balloon cam-
paigns are used to validate the global reconstruction of CO,
and the ability of TRACZILLA to reproduce the small-scale
CO,, variations along the flight tracks.

Atmos. Chem. Phys., 17, 3861-3878, 2017



3866 M. Diallo et al.: Global distribution of CO; in the upper troposphere—stratosphere

3.3.1 Reconstruction of CO; along aircraft flight track
and balloon profiles

The procedure used here differs from that of the global re-
construction described above in three main respects. First,
the parcels were initialized at locations distributed along the
flight track or the balloon profile. In the case of the ER-2
flights, parcels were released with the frequency of the mea-
surement, at 0.25 Hz (Daube et al., 2002), amounting to 900
locations per flight hour. In the case of the balloon flight (En-
gel et al., 2009), the air parcels were distributed along the
balloon profile with a frequency higher than the tracer mea-
surements. Namely, they were released at 200 locations in
the vertical, regularly distributed in log pressure between 500
and 1 hPa at the same latitude—longitude position as the bal-
loon.

Second, we take into account that a single sample can be
understood as a mixture of sub-parcels arising from a large
number of origins. The simplest representation of this mixing
is by a constant diffusion, which mainly acts in the vertical
direction, and it is well known that such a process can be rep-
resented by a Wiener process. Therefore, following Legras
et al. (2005), we released a large number of air parcels (200
for the ER-2 flights, 5000 for the balloon profiles) from each
measurement location. The Lagrangian advection was modi-
fied such that on a time step &7 the motion of a given parcel
located in X is

§X = u(X,1)8t + Snk, 3

where u is the wind fields, k is the vertical unit vector,
and 8n = w(t)dt is the product of the time step 67 and a
Wiener process w approximated by 50 iterations of the white
noise during a time step. In the small §¢ limit, this is equiv-
alent to a diffusion D = % < w? > 8. The well-posedness
in the backward time direction arises from the adjoint equa-
tion of the Green function of advection—diffusion (for more
details see Legras et al., 2005). The value D in the lower
stratosphere was estimated (Legras et al., 2005; Pisso and
Legras, 2008) by comparing the observed small-scale tracer
fluctuations and their reconstructions. The resulting value is
D ~0.1m?s~!, which is applied to the whole atmosphere in
the present study. Physically, this turbulent diffusion, which
is about 4 orders of magnitude larger than the molecular dif-
fusion of CO; in the air (1.6 105 m2s~! Haynes and Lide,
2012), accounts for the small-scale motion missing in the
ERA-Interim reanalysis winds. It is noticeable that the dif-
fusion is effective at dispersing the clouds of parcels emitted
from a single location only for a few days, after which dis-
persion by the resolved wind strain dominates.

Third, the trajectories were integrated backward for
6 months, after which the CO; mixing ratio was assigned
according to the zonal mean CO, value calculated from the
global reconstruction at that time and at the locations of the
parcels. The mean value and confidence interval were cal-
culated over all the initialized particles. The air parcels that
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reached the 500 hPa level were assigned the CO, mixing ra-
tio on that surface.

4 Comparison of observations and model
reconstructions

In this section, we test the realism of CO; reconstructions
against several observation data sets that span a large range
of scales, geographical locations, and altitudes.

4.1 SOLVE campaign

Figure 2 shows observed and reconstructed CO, mixing ra-
tio time series from 16 flights during the SOLVE campaign.
Figure 3 compares the observed versus reconstructed CO»
mixing ratios for each flight along with correlation coeffi-
cients and mean distances (A in ppmv), defined as the sum
of the absolute difference between the observed and the re-
constructed values divided by the number of recorded val-
ues. The flight patterns include test flights at subtropical (11
and 16 December 1999, 6 January 2000) and mid-latitudes
(11 January 2000), transit flights between mid- and high lati-
tudes (14 January, 16 March 2000), and flights inside the po-
lar vortex or across its edge (all other dates). In nearly all of
the flights, the observed CO» falls within the 95 % confidence
interval of the reconstruction. It can be seen from Fig. 3 that
the correlation is not a good indicator of the similarity be-
tween the observed and the reconstructed curves because it
can be high due to trends, even for cases that exhibit large
differences, such as 3 February 2000. The A value is a much
better metric of the agreement between the observed and re-
constructed CO;. In 6 cases out of 16 the agreement is ex-
cellent, with A < 0.36 ppmv, and the two curves agree fairly
well even for the magnitude of small-scale fluctuations. In
four other cases with 0.49 < A < 0.61 ppmyv, the two curves
stay very close, with only a few features missed by the recon-
struction. In two other cases with 0.66 < A < (0.67 ppmyv, the
reconstruction shows some larger deviations from the obser-
vations. On 11 December 1999, the reconstruction missed
the decrease in CO; as the plane ascended at the beginning
of the flight and then stayed slightly too high for the sub-
sequent horizontal lag. The 27 January 2000 case is a flight
from the inside of the polar vortex to the outside, which was
poorly reconstructed for the outside part between 10:30 UTC
and 13:00 UTC. Using similar methods, Legras et al. (2005)
showed that the stratospheric tracers O3 and N>O could be
reconstructed for this flight, but they also found a large stan-
dard deviation for the outside section where filaments of po-
lar and extratropical air were interleaved. The flights with
the largest discrepancies (A > 0.74 ppmv) on 14 January,
3 February, and 7 and 16 March 2000 can be explained by
flight tracks that followed the edge of the polar vortex. In
these flights, the reconstruction is very sensitive to any mis-
placement of the vortex edge in the reanalysis and thus not
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Figure 2. Comparison of the reconstructed monthly mean CO, from backward trajectories with aircraft measurements from the SOLVE
campaign (Daube et al., 2002). Black shows reconstructed mean CO, along the ER-2 flight track using the TRACZILLA Lagrangian transport
model. Red shows observed mean CO;. Green shows potential temperature of the ER-2 flight track. The grey shaded area indicates the 95 %

confidence interval calculated from the reconstruction.

useful as an evaluation of the reconstructed CO». In addition,
it is important to emphasize that the value of the applied dif-
fusion (D ~ 0.1 m2s~ 1) allows the reconstruction to fit the
observed small-scale variability (~ 1 km). See Legras et al.
(2005) for a complete discussion on this matter.

4.2 Balloon vertical profiles

In order to test the reconstruction over a larger vertical range
of altitude, Fig. 4 shows a comparison of the vertical pro-
files of the reconstructed mean CO, by TRACZILLA with
the observations of four mid-latitude stratospheric balloon
flights (Engel et al., 2009; Ray et al., 2014). For three of
the cases, most of the measurements fall within the 95 %
confidence interval of the reconstructed profiles and the lo-
cal maxima at 23 and 18 km in Fig. 4c, d, respectively, are
well reproduced. These three profiles have relatively large
CO; mixing ratios in the troposphere in common, which de-
crease with altitude. However, the reconstructed profile in
Fig. 4b is 1 ppmv smaller on average than the observed pro-
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file and misses the large fluctuations above 20 km. This flight
was performed from Aire-sur-1’Adour (France) when a cold
front crossed the region, with strong local tracer gradients
in the lower stratosphere, as seen in the potential vorticity
map shown in the panel. In order to test the spread induced
by this meteorological structure, we have reconstructed eight
vertical profiles at 1° distance around the initial profile. How-
ever, the observed spread among this ensemble of profiles is
too small to explain the discrepancy in Fig. 4b. Notice that
SFg-derived mean ages are in good agreement with the re-
constructed mean age of Diallo et al. (2012). Therefore, we
are left without any satisfactory explanation for this case but
to assume some undocumented instrument malfunction.

4.3 Temporal series

To obtain additional details about the upward propagation of
the tropospheric CO, seasonal cycle into the LMS and to
evaluate the model near the lower boundary condition and
the tropical tropopause, we compare the time series of the

Atmos. Chem. Phys., 17, 3861-3878, 2017
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Figure 3. Comparison of the reconstructed monthly mean CO, from the backward trajectories with aircraft measurements from the SOLVE
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reconstructed monthly mean CO; (Sect. 3.2) with the obser-
vations.

Figure 5a compares the time series of modelled monthly
mean CO; with the measurements from CONTRAIL (Sawa
et al., 2008, 2012) in the tropical region 10° S-20° N and in
the vertical range 7-9 km between November 2006 and Jan-
uary 2010. The comparison shows the ability of the model
to capture the tropospheric CO; seasonal variation and vali-
dates the tropospheric boundary condition.

Figure 5b compares the modelled monthly mean CO; time
series in the altitude bin 16—17 km and between 10° S and
20° N just below the tropical tropopause, where the tro-
pospheric air enters the stratosphere, with the average of
ground-based CO; data from Mauna Loa (19 ° N) and Amer-
ican Samoa (14 °S) delayed by 15 days. We find, consis-
tent with Boering et al. (1996) and Andrews et al. (1999,
2001a, b), that the amplitude of the two signals is the same,
and we diagnose a delay of 2 months at a higher altitude in
the layer 18—19 km (not shown) in agreement with Boering
etal. (1996). The shorter timescale below the tropopause is in
agreement with other studies (Bergman et al., 2012; Tissier
and Legras, 2016).
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Figure 5c shows the modelled monthly mean CO; in the
latitude bin 50-60° N at different altitudes in the range 7—
13 km between November 2005 and January 2010. These
curves are compared with CONTRAIL measurements in the
same latitude band (Sawa et al., 2008). The modelled and
measured CO; differ by less than 1 ppmv, except for a few
isolated months such as March 2006 and March 2009 and
outliers such as April at 12-13km. There is a shift on the
order of 4-6 months in the mean CO, seasonal cycle above
11-12km, in the lowermost extratropical stratosphere, with
respect to the tropospheric signal. This is due to the de-
lay induced by the shallow branch of the BDC also found
by Bonisch et al. (2009) and Sawa et al. (2008). The dis-
crepancies are concentrated during the spring season, during
which large gradients of CO, span the region, as discussed
in Sect. 5.

5 Global distribution of zonal mean CO;

The zonal mean distribution of CO, illustrates the main fea-
tures of the BDC, such as mixing and transport variabilities
through temporal and spatial evolution. Figure 6 illustrates
the typical seasonal variation of the monthly mean CO, de-

www.atmos-chem-phys.net/17/3861/2017/



M. Diallo et al.: Global distribution of CO; in the upper troposphere—stratosphere

(a) Balloon:20010530; latitude =39.33°N

3869

(bb)Balloon :20011009; latitude =43.75° N

30 -

30 (02 -Traczilla
(02 -Balloons
—_ 25
£
2
%25
2 20
=
20 15
0“

15 — 10
360 365 370 375 364 366 368 370 372
(c) Balloon :20020924; latitude =43.75°N () Balloon :20050907; latitude =34.5°N

30
30
€ 25
X
5 25
kel
2
< 2 N
2 t. "
15 \ 15
364 366 368 370 372 370 375 380

CO2 [ppmv] CO2 [ppmv]

Figure 4. Reconstructed vertical profiles of the monthly mean CO; compared with each in situ stratospheric balloon observation of CO;
(Engel et al., 2009). Black curves show reconstructed vertical profiles of mean CO,. Green squares show in situ balloon measurements of
mean CO,. Grey shading shows the 95 % confidence interval from the reconstruction. The measurements were taken from Sanriku, Japan
(39.33°N), on 30 May 2001 (a); Aire sur I’Adour, France (43.75°N), on 9 October 2001 (b) and on 24 September 2002 (c); and Fort
Sumner, New Mexico, USA (34.5°N), on 1 September 2005 (d), respectively. The different dashed lines show the other eight reconstructed
profiles surrounding the measurement on 9 October 2001. The insert on the upper right panel shows the potential vorticity (in PVU) on the
70 hPa surface for 9 October 2001 at 12:00 UTC over France from ERA-Interim. The location of Aire sur I’ Adour is indicated by a diamond.

rived from the Lagrangian reconstruction for 2010 as an ex-
ample among the 11 years.

5.1 Upper troposphere and lowermost stratosphere

The zonal mean distribution of CO; in the free atmosphere,
especially above 5km, is driven by the large-scale transport
processes. Fast quasi-isentropic mixing is combined with up-
welling in the tropics and downwelling in the extratropical
lowermost stratosphere. Figure 6a shows the meridional and
vertical CO, distribution during 6 different months in 2010.
In the Northern Hemisphere, the tropospheric monthly mean
CO; is dominated by a strong seasonal cycle, reflecting the
biospheric activity. The terrestrial vegetation removes CO>
by photosynthesis during its growth phase and returns CO; to
the atmosphere when it dies and decomposes. CO; concen-
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tration increases during autumn and winter to reach a max-
imum in April-May, followed by a rapid decay due to the
spring biospheric bloom, and reaches a minimum in July—
August. The cycle is much weaker in the Southern Hemi-
sphere and is influenced by transport from the Northern
Hemisphere. The combined effect of fast isentropic mixing
(Haynes and Shuckburgh, 2000a, b) and convection (Sawa
et al., 2008) propagates the cycle towards the tropics, creat-
ing both a horizontal and vertical gradient (Nakamura et al.,
1991; Bonisch et al., 2009; Sawa et al., 2012). From Fig. 6a,
it is clear that during the Northern Hemisphere winter, the
concentration tends to follow the isentropes in the extratrop-
ics for potential temperatures up to about 330 K. The barrier
effect of the subtropical jet (Miyazaki et al., 2009) gener-
ates a strong meridional gradient near 30° N, which reaches

Atmos. Chem. Phys., 17, 3861-3878, 2017
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Figure 5. Temporal evolution of the monthly mean CO, seasonal cycle from TRACZILLA calculations (line) compared with CONTRAIL
and ground measurements (circle). (a) Comparison model with CONTRAIL in the tropospheric region above the tropospheric boundary in
the latitude range 10° S—20° N. (b) In the upper tropospheric region close to the tropical tropopause and the latitude range 10° S-20° N,
comparison with the average of surface station data at Mauna Loa, Hawaii (19° N), and American Samoa (14° S) delayed by 15 days.
(c) Comparison model with CONTRAIL in the upper troposphere near the extratropical tropopause at 50-60° N and at several heights from
7 to 15 km. The error estimated from the reconstruction is indicated as vertical grey bars.

a maximum near 350 K. Once it has reached the tropics, CO, agates into the stratosphere through the BDC. Throughout
is then transported upward by tropical convection and prop- the summer (June, July, and August), while the tropospheric
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Figure 6. (a) Global distribution of the seasonal cycle of the reconstructed monthly mean CO» (in ppmv) in the upper troposphere and the
lower stratosphere from 5 to 25 km for the odd months of 2010. (b) Same as (a) but for the even months of 2010 and the altitude range from
5 to 45km. CO; calculated on model levels is first interpolated to altitude levels using the latitude dependency of the zonally and monthly
averaged geopotential. (¢) The standard error of the mean CO, over the 2000-2010 period. The white contours show the isentropic surfaces.

CO; is removed from the atmosphere due to the biosphere
activity, a layer of high CO; extends from the tropics to the
northern mid-latitudes into the lower stratosphere driven by
the lower branch of the BDC (Bonisch et al., 2008). This
transport is promoted by the Asian monsoon anticyclone,
which traps young continental air lifted from the surface and
induces a flux to the extratropical stratosphere on its west
side as it is eroded across the jet (Dethof et al., 2000; Bannis-
ter et al., 2004; Park et al., 2007b, 2008, 2009, 2010; Randel
et al., 2010; Pan et al., 2016). Due to the turnover time of this
transport, the maximum concentration of CO; in the north-
ern lower stratosphere lags behind that at the surface by 4 to
6 months, and this concentration is essentially reached when
the surface concentration is at its minimum. The result is an
inverted vertical profile, which is at its maximum in July and
persists over the summer. A qualitative comparison between
the reconstructed CO; in Fig. 6a and observations from Sawa
et al. (2008) (see their Fig. 7) exhibits good agreement in the
cycle of the tropospheric and lower stratospheric CO», and
in particular in the cycle of the inversion. There are, how-
ever, differences in the location and intensity of the merid-
ional gradient, which might be due to the specific sampling
by Sawa et al. (2008), and which gives a strong weight to the
most intense region of the Pacific jet stream.
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5.2 Middle and upper stratosphere

Figure 6b shows the CO, global distribution in the middle
and upper stratosphere up to 42 km for even months in 2010.
As the tropospheric seasonal cycle is transported into the
middle and upper stratosphere through the tropical pipe, its
amplitude decreases upward because of the combined effect
of the upwelling branch of the BDC and mixing processes.
The deep branch of the BDC is much slower than the shal-
low branch and old air with low CO;, concentrations in the
middle and upper stratosphere. Younger air with high CO,
is isolated in the tropical area, an effect that is at a maxi-
mum during northern hemispheric winter, in agreement with
the age of the air calculations (Li et al., 2012; Diallo et al.,
2012). The horizontal mixing homogenizes CO; in the mid-
and high latitudes during summer. Because of this prior mix-
ing, the winter containment within the polar vortex generates
only a weak polar minimum (and no localized horizontal gra-
dient averaged over the latitude circle and it does not follow
the CO; or potential vorticity contours).

5.3 Uncertainty about CO; global distribution
Figure 6¢ shows the monthly averaged uncertainties about
the reconstructed monthly zonal mean CO; over the 2000-

2010 period calculated from the trajectories. The uncertainty
is estimated as the standard error of the mean by assum-
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Figure 7. (a) Reconstructed vertical profiles of the mean CO; compared with CONTRAIL measurements for 2007 at 50-60° N. Dotted and
dashed lines show vertical profiles of CO; from TRACZILLA (blue: May, orange: August). Symbols show in situ aircraft measurements
from the CONTRAIL campaign (magenta square: May, black triangle: August). (b) Averaged monthly profiles of the reconstructed CO;
over the period 2000-2010 after removal of the mean CO; trend at each level and centred on 2007. Red is January, black is March, blue is

May, magenta is July, cyan is September, and green is November.

ing that the contributing trajectories are independent sam-
ples. The standard error is performed for each month over
2000-2010. As an illustration, the standard error is then av-
eraged over 11 years (Fig. 6¢). The estimated CO; uncertain-
ties reveal smaller values for the trajectories starting in the
troposphere than the trajectories starting in the stratosphere,
which have a longer transit time of several years to reach the
lower boundary condition where the CO; value is assigned.
As expected, the uncertainty roughly scales with the tran-
sit time of the trajectories from the upper troposphere to the
stratosphere. The maximum uncertainty reaches 1ppmv in
the stratospheric polar regions where the mean age of the air
reaches a maximum during winter and sampling is lowest.
Note that the mean error of CarbonTracker on the initial-
ization values should be added to this uncertainty from the
spread of the trajectories.

5.4 Spring-summer vertical profiles

In this section, monthly averaged CO, profiles are investi-
gated to better describe the changes in the CO; vertical struc-
ture within the upper troposphere and stratosphere.

The spring—summer reconstructed vertical profiles of CO»
are compared with those from the CONTRAIL aircraft mea-
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surements for the year 2007 in the 50-60° N latitude range
(Fig. 7a). Good agreement is obtained, including for the in-
version of the CO; vertical profile during August in the lower
stratosphere. The monthly mean CO; vertical profiles, cal-
culated by backward trajectories, exhibit a complex vertical
structure with gradient layers interspersed with no gradient
layers.

The annual structure of the profile is made apparent in
Fig. 7b, where we show averaged monthly profiles over the
period 2000-2010 after removing the mean CO; trend at
each level. Starting from January, the increase in CO; in
the troposphere penetrates upward in the stratosphere over
the limited vertical range of the extratropical transition layer
(Hegglin et al., 2010; Gettelman et al., 2011), which is over 2
to 3 km above the tropopause, as is visible in the March pro-
file. Between March and May, another process occurs, which
injects young air rich in CO, above 13 km. This can only
be due to a tropical intrusion promoted by the weakening of
the tropical barrier at the end of the winter. The profile sug-
gests (i) that the intrusion is deep from 13 to about 23 km,
(ii) that the well-mixed layer between 13 and 16km is in-
fluenced by the well-mixed tropical tropospheric profile at
such altitudes, and (iii) that the mixing layer between 16 and
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23 km is also induced by the tropical lower stratosphere ver-
tical gradient. The mixing layer persists with the same slope
during the whole summer, and the bottom of the intrusion
corresponds to the maximum of CO; when the inversion is at
its maximum. During autumn, when the subtropical barrier is
re-established, the gradient weakens, the residual well-mixed
layer disappears, and the profile returns to the fairly uniform
slope of January.

6 Conclusions

Our study provides a monthly zonal mean distribution of
CO, spanning the upper troposphere and the stratosphere
over the time period 2000-2010, established from observa-
tions and the state-of-the-art reanalysis ERA-Interim. The
zonal mean distribution of CO; is a unique data set of a criti-
cal trace gas that has a variety of uses for validating the repre-
sentation of upper tropospheric and stratospheric tracer dis-
tributions in chemical transport models and chemical climate
models, in particular regarding the summer inversion of the
CO; profile in the Northern Hemisphere. This CO; product
is also intended for satellite validation in the upper tropo-
sphere and the stratosphere. It is used as a preliminary pro-
cess before (a prior) for inversion modelling and to analyse
features of the stratospheric—tropospheric exchange as well
as the stratospheric circulation and its variability. The recon-
structed CO, product contains zonal mean, monthly mean
mixing ratios in 77 latitude bins from 90° S to 90 ° N, and 36
vertical levels from 5 to 42 km.This reconstructed monthly
zonal mean CO; exhibits a remarkable agreement with CON-
TRAIL data, SOLVE, and in situ balloon measurements.

The comparison with SOLVE shows that a Lagrangian-
diffusive model is able to reproduce the mean value and the
number of small-scale fluctuations that are recorded by in
situ measurements along flight tracks in the lower strato-
sphere. This reconstruction suggests that the distribution of
long-lived tracers, such as CO;, can be fully explained by the
properties of transport, as resolved by meteorological analy-
sis or reanalysis and a simple representation of sub-grid-scale
effects as a diffusion.

In the northern hemispheric troposphere, the monthly
mean CO; is dominated by biospheric activity and displays
a strong seasonal cycle, which is vertically and horizontally
propagated to the tropopause and above in the lowermost ex-
tratropical stratosphere, on the one hand, and to the tropics,
on the other hand, where it reaches the tropopause and enters
the stratospheric Brewer—Dobson circulation. In regions of
high horizontal mixing such as the mid-latitudes, CO, tends
to be uniformly mixed at isentropic surfaces and its merid-
ional gradients are enhanced near transport barriers such as
the subtropical jet during winter.
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Transport of CO; into the northern extratropical strato-
sphere above the lowermost stratosphere is due to the export
of tropical air. The long circuit of CO, from the extratropics
to the tropics in the troposphere and then back to the extra-
tropics in the stratosphere induces a time lag of 4—6 months
such that the tropospheric and stratospheric variability are
almost opposite at mid-latitudes. The result is the produc-
tion of an inverted vertical CO, profile during summer. In
the mid- and upper stratosphere, we found that as the tro-
pospheric seasonal cycle is transported into the stratosphere
through the tropical pipe, its amplitude is smoothed out be-
cause of the combined effect of the upwelling branch of the
BDC and quasi-horizontal mixing. A more confined tropical
pipe is found in the tropical band during winter and spring
than during summer and autumn.

Data availability. The reconstructed CO, product will be
published online at http://www.earth-system-science-data.net/
and made publicly available. The other data used in the
manuscript are described in the manuscript and here: World
Data Center for Greenhouse gases datasets are available
at http://ds.data.jma.go.jp/gmd/wdcgg/, SOLVE datasets are
from NASA (Daube et al., 2002) and can be download from
http://espoarchive.nasa.gov/archive, CarbonTracker datasets are
available at ftp:/aftp.cmdl.noaa.gov/products/carbontracker/co2/
CT2016/molefractions/co2_components/, and balloon CO; profiles
are from Engel et al. (2009) and Ray et al. (2014). These data are not
publicly available but can be obtained by contacting Andreas Engel
(an.engel @iau.uni-franfurt.de) or Eric Ray (eric.ray@noaa.gov).
CONTRAIL CO; datasets are not publicly available but can be
obtained by contacting Yousuke SAWA (ysawa@mri-jma.go.jp).
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