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Global-scale transport of carbon dioxide in the troposphere
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[1] An atmospheric transport model was used to examine the roles of variously scaled
atmospheric transport processes (Lagrangian mean motions, large-scale eddies, and
parameterized vertical diffusion and convective transport) in the spatiotemporal
distributions of tropospheric carbon dioxide (CO2). The mean and eddy transports were
analyzed using the mass-weighted isentropic zonal mean. We found several differences
in the dominant transport processes for tropospheric CO2 distributions between the
extratropics of both hemispheres and the tropics. (1) In the northern extratropics in boreal
autumn to spring, CO2 emitted by anthropogenic and biospheric sources is uplifted

and dispersed through quasi-isentropic eddy mixing associated with baroclinic waves and
accumulates in the extratropical low-isentropic troposphere (in “cold pocket” below
300K). (2) High-CO2 air is transported from the northern extratropics into the tropics
through low-level mean meridional flow. It is uplifted together with CO2 emitted by
tropical vegetation through deep convection and diabatic eddies in the tropics during
boreal winter to spring. (3) During summer at the northern midlatitudes, the low mixing
ratio of CO2 produced by biospheric uptake is uplifted into the upper troposphere by
convection and is strongly isolated from the lower latitudes. (4) The CO2 emitted in the
Northern Hemisphere and the tropics is transported into the Southern Hemisphere via the
tropical upper troposphere due to eddy mixing during boreal winter to spring and mean

divergent flow of Hadley circulation during boreal summer. (5) In the Southern
Hemisphere, an upward gradient of CO2 forms by upper tropospheric southward

advection during boreal spring-autumn.
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1. Introduction

[2] Observational studies have investigated long-term
temporal and spatial variation in atmospheric CO2 near
the Earth’s surface, with a main focus on the carbon cycle
[e.g., Conway et al., 1994; Francey et al., 1995; Keeling et
al., 1995]. Aircraft measurements and balloon observations
have shown distinct variation in the upper air CO2 [e.g.,
Nakazawa et al., 1991; Hoor et al., 2004; Engel et al.,
2006]. The tropospheric CO2 concentration exhibits large
seasonal variation in the Northern Hemisphere (NH) extra-
tropics, mainly because of net carbon release in winter and
strong uptake in summer by land vegetation. This seasonal
variation weakens toward the tropics and is largely absent in
the Southern Hemisphere (SH). The amplitude of the
seasonal variation in CO2 concentration generally decreases
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with height throughout the troposphere, with a phase lag in
the upper troposphere compared to the lower troposphere; in
the NH extratropics, this phase lag is about 1—-2 months
[Nakazawa et al., 1991]. Because CO2 is chemically inert in
the troposphere, an understanding of variation in upper air
CO2 can help in understanding not only the carbon cycle,
but also atmospheric transport processes.

[3] Atmospheric transport processes at various scales
influence the variation in chemical tracer distributions in
the troposphere. Global-scale tropospheric transport pro-
cesses have been investigated using Lagrangian analyses
[Kida, 1983; Stone et al., 1999; Bratseth, 2003], which have
suggested that the global troposphere can be divided into
three parts: the tropics, NH extratropics, and SH extratropics
[Plumb and Mahlman, 1987; Erukhimova and Bowman,
2006]. Transport within each region is rapid, whereas
transport across the boundary around the subtropics is
relatively slow. Plumb and Mahlman [1987] described the
following routes for transport from the midlatitudes of one
hemisphere to the other: lower tropospheric advection into
the intertropical convergence zone, upward advection and
diffusion in the tropics, and poleward advection into the
upper troposphere of both hemispheres. They also indicated
that the timescale for exchange between the high latitudes of
the two hemispheres is limited by the timescale of the
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transport into the tropics across the subtropics, rather than
by the transport across the tropics.

[4] The stirring mechanisms differ in the tropics and
extratropics. In the extratropical troposphere of both hemi-
spheres, air parcels disperse relatively rapidly because of
large-scale eddy motions that force the vertical and hori-
zontal extents of the tracer motion [Stone et al., 1999; Wang
and Shallcross, 2000; Bowman and Erukhimova, 2004]. In
particular, during a baroclinic-wave life cycle, tracers re-
leased in the boundary layer are transported into the free
troposphere, upward and poleward along the warm conveyor
belt (arising stream of wet and warm air located in warm side
of the cold front). Within the tropics, the overturning Hadley
circulation disperses air. Even though the Hadley circulation
varies considerably with the seasonal cycle, the transport
barriers in the subtropics persist during all seasons [Bowman
and Erukhimova, 2004].

[5] Convection also plays an important role in transport-
ing atmospheric compositions in the troposphere. Moist
convection moves polluted air from near the surface to the
upper troposphere. Hess [2005] reported that lower tropo-
spheric tracers are lofted to the middle and upper tropo-
sphere by convective and nonconvective processes. The
interplay between moist convective and nonconvective
transport (by large-scale circulation) explains the general
aspects of the global tropospheric distribution of trace
species. There is a barrier to the mixing of convectively
processed air between the tropics and extratropics, and there
is fairly rapid dispersion of air within the tropics. The mixing
barrier between the tropics and extratropics extends approx-
imately parallel to the 310 K isentropic surface [Bowman
and Carrie, 2002]. In addition, small-scale transport via
vertical diffusion acts to propagate variation in CO2 to the
upper levels within the planetary boundary layer (PBL).

[6] Atmospheric transport models have been used to
investigate the relative importance of transport processes
at various scales to the CO2 distribution, such as by
Lagrangian mean motions, large-scale eddies, and small-
scale transport processes via convection and vertical diffu-
sion [e.g., Strahan et al., 1998; Kawa et al., 2004; Tiwari et
al., 2006]. Small-scale (or subgrid-scale) processes are
generally parameterized in global transport models because
of the insufficient resolution of current models. Understand-
ing the atmospheric transport processes will provide impor-
tant information to improve transport models, and realistic
model transport would allow for unbiased estimation of
surface CO2 fluxes using inversion or assimilation techni-
ques. However, in previous work, the relative contributions
of various transport processes to the global tropospheric
CO2 distribution have not been well quantified. Major
problems that preclude better understanding include the
complicated estimation of meridional transport via large-
scale eddy motions. Most analyses have also had difficulty
in expressing CO2 transport near the Earth’s surface because
of incomplete representation of the lower boundary condi-
tion, which hinders accurate budget analysis of tropospheric
CO2.

[7] Here, in order to help understanding of atmospheric
CO2 variation, we quantitatively describe the global-scale
transport processes of tropospheric CO2 based on detailed
transport analysis in models. The transport analysis is based
on the mass-weighted isentropic zonal means, allowing the
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accurate analysis of Lagrangian mean motions and large-
scale eddies [Miyazaki and Iwasaki, 2005]. In section 2, we
briefly describe the global transport model and compare
some representative modeled and observed CO2 distribu-
tions. In section 3, we introduce the analysis method for
global-scale CO2 transport processes and discuss the zonal
mean CO?2 distribution in different coordinates. In section 4,
we show the seasonal variation in the tropospheric CO2
distribution and present the results of the transport analysis.
We conclude by summarizing the implications of the results.
In a companion study (K. Miyazaki et al., Formation
mechanisms of the latitudinal CO2 gradients in the upper
troposphere over the subtropics and tropics, submitted to
Journal of Geophysical Research, 2008), we examine the
evolution mechanisms of the latitudinal CO2 gradient
around the Equator and NH subtropics [Miyazaki et al.,
submitted manuscript, 2008].

2. Materials and Methods

2.1. CCSR/NIES/FRCGC Atmospheric Transport
Model

[8] Global CO2 distributions were simulated using a
three-dimensional atmospheric transport model based on
the Center for Climate System Research/National Institute
for Environmental Studies/Frontier Research Center for
Global Change (CCSR/NIES/FRCGC) atmospheric general
circulation model (AGCM) version 5.7b [Numaguti, 1993;
Nakajima et al., 1995; Numaguti et al., 1995]. The model
has T42 truncation in the horizontal and 32 levels (from the
surface to 7 hPa) in the vertical. Advective transport of CO2
is calculated based on a fourth-order flux-form advection
scheme that uses the monotonic piecewise parabolic method
[Colella and Woodward, 1984] and a flux-form semi-
Lagrangian scheme [Lin and Rood, 1996]. Grid-scale trans-
port is calculated explicitly using the model wind field and
transport scheme at each model grid point. The subgrid-
scale processes for CO2 include a parameterized convective
transport that represents the updraft and downdraft of CO2
via cumulus convection. The convective transport is diag-
nosed using the mass flux due to cumulus convection based
on the method of Arakawa and Schubert [1974] with
several simplifications by Numaguti et al. [1997]. The
vertical diffusion coefficient estimated using the turbulent
closer level-2 scheme of Mellor and Yamada [1974] is
applied to subgrid transport of CO2 due to turbulent mixing.
A nonlocal turbulence closure scheme based on that by
Holtslag and Boville [1993] has also been used in conjunc-
tion with the Mellor-Yamada level-2 scheme. The closure
assumption was changed from the diagnostic closure
[Numaguti et al., 1997] to a prognostic closure based on
the study of Pan and Randall [1998] by treating the cloud
base mass flux as a prognostic variable.

2.2. Nudging Technique

[9] The meteorological data used in the transport model
were obtained from the nudged AGCM, into which hori-
zontal wind and temperature fields from National Centers
for Environmental Protection/National Center for Atmo-
spheric Research (NCEP/NCAR) reanalysis data [Kalnay
et al., 1996] were assimilated using a nudging technique
based on simple Newton relaxation [Hoke and Anthes,
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(a) CTL (fossil fuel+terrestrial+ocean) flux
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(b) CYC (inversion) flux
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Figure 1. Latitudinal distribution of zonal mean surface CO2 fluxes (in 10~° kg-CO, m 2 s~ ') obtained

in the (a) CTL simulation and (b) CYC simulation
October (blue).

1976; Miyazaki et al., 2005]. The nudged AGCM allowed
the reproduction of past meteorological fields and the
performance of transport calculations realistically at short
time steps. The time step for integrating the transport
calculation was 10 min. The nudging relaxation time was
optimized and set to 1 d for wind and 5 d for temperature to
reproduce the mean-meridional circulation for the objective
analysis with reduced temperature bias in the nudged GCM
[Miyazaki et al., 2005].

2.3. Simulation Description

[10] A 4-year simulation of 2000—2003 was performed
for two sets of surface fluxes to confirm the dependence of
surface flux data on the simulated atmospheric CO2 varia-
tion. The control (CTL) simulation used surface fluxes due
to anthropogenic emissions (annual mean [Brenket, 1998])
and seasonally varying atmosphere-biosphere fluxes calcu-
lated using an ecosystem model based on the Carnegie-
Ames-Stanford approach (CASA [Randerson et al., 1997])
and atmosphere-ocean fluxes obtained from Takahashi et al.
[2002]. The second set of surface fluxes (CYC simulation)
was obtained from an atmospheric inversion model setup
[Gurney et al., 2004] that uses a network of 87 stations
[Patra et al., 2005]. Figure 1 shows the latitudinal distri-
bution of total surface CO2 fluxes (zonal means). The
northern middle and high latitudes, approximately 45°—
70°N, exhibit large seasonal variation in surface CO2
fluxes, with a strong source during autumn to spring and
a strong sink during summer. Distinct seasonal variation in
surface CO2 fluxes is also present at low latitudes, roughly
25°S—25°N, with net emission during winter to spring and
net uptake during summer to autumn. Biospheric compo-
nents dominate the seasonal variation in CO2 flux at low
latitudes. At southern midlatitudes, surface fluxes are neg-
ative throughout the year because of uptake by the Southern
Ocean. The surface fluxes in the CTL and CYC simulations
are generally in good agreement, except for stronger sinks at
the midlatitudes of the NH (SH) in July (January) in the
CYC simulation.

[11] The initial distribution of the CO2 mixing ratio was
set to be globally constant and a 5-year spin-up run was

in January (black), April (red), July (green), and

performed prior to the simulation of the 2000—2003 anal-
ysis period. A 5-year spin-up period was thought to be
sufficient to simulate the CO2 distribution realistically in
the troposphere and lower stratosphere, considering that the
age of air in the lower stratosphere (about 4—5 years [e.g.,
Bischof et al., 1985; Boering et al., 1996]) is less than the
spin-up period (the age of air is defined as the transport time
of lower tropospheric air to the upper layers). Our transport
analysis used 3-hourly data to include the influence of short-
term atmospheric transient disturbances.

2.4. Validation

[12] Simulations of CO2 using the CCSR/NIES/FRCGC
transport model have been analyzed under a multimodel
intercomparison program called the TransCom continuous
experiment. As described by (P. K. Patra et al., TransCom
model simulations of hourly atmospheric CO2: Analysis of
synoptic scale variations for the period 2002—2003, submit-
ted to Global Biogeochemical Cycles, 2007), the CCSR/
NIES/FRCGC transport model is capable of representing
synoptic-scale variation in the surface CO2 mixing ratio
fairly realistically. The comparison here was to validate
seasonal and latitudinal variation in simulated CO2 near the
Earth’s surface and in the upper troposphere. The CO2
distributions obtained by the CTL and CYC simulations
were compared with aircraft observations over the western
Pacific in the upper troposphere (Figures 2c, 2e, and 2g).
Observational data were obtained from flask samples taken
during Japan Airlines (JAL) commercial flights between
Narita, Japan (35.46°N, 140.23°E), and Sydney, Australia
(33.58°S, 151.11°E), with an interval of 2 weeks [Matsueda
etal.,2002]. Air samples were collected at cruising altitudes
of 8—13 km above the ground surface. Modeled and
observed surface CO2 mixing ratios were also compared at
a Pacific site (Figures 2b, 2d, and 2f). The surface observa-
tional data were obtained from ship- and ground-based
measurements [GLOBALVIEW-CO2, 2007]. Figure 2a
shows the observational site locations. The mid-Pacific
Ocean is located far from strong source and sink areas of
the continental regions and is considered to be favorable for
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