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[1] Aircraft observations and numerical simulations using an atmospheric transport model
exhibit large latitudinal gradients in the carbon dioxide (CO2) mixing ratio around the
subtropics and equator throughout the troposphere. The formation mechanisms of the
latitudinal CO2 gradients are investigated at aircraft flight altitudes (350–260 hPa) by
considering the influences of atmospheric transport and carbon fluxes at the earth’s
surface. A meridional transport analysis demonstrates how various transport processes
create the latitudinal CO2 gradients in the upper troposphere. The analysis result shows
that around the northern subtropics, the suppression of meridional mixing sharpens the
CO2 gradient during boreal winter and spring. In other words, extratropical cyclonic
activity effectively flattens the mixing ratio along isentropic surfaces at midlatitudes and
induces gradients around the subtropics. The southern subtropical CO2 gradient is also
induced by the subtropical mixing barrier and convergence of the cross-equatorial eddy
flux. Different from the subtropical gradients, a CO2 gradient in the tropical upper
troposphere is not created by the suppression of meridional transport but is created by the
uplifting of low-level air during boreal winter and spring. The latitudinal CO2 gradient in
the tropical upper troposphere decreases due to interhemispheric transport. The seasonal
migration of the mean Hadley circulation yields efficient interhemispheric transport
and reduces the tropical CO2 gradient.
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1. Introduction

[2] Several studies that have employed aircraft measure-
ments and global transport models have revealed global-
scale spatial and temporal variations in the carbon dioxide
(CO2) mixing ratio in the troposphere [e.g., Nakazawa et
al., 1991; Matsueda et al., 2002, 2008; Kawa et al., 2004;
Miyazaki et al., 2008, hereafter referred to as M08]. An
interesting finding obtained from recent observations using
commercial aircrafts is that there are large latitudinal gra-
dients in the CO2 mixing ratio over the subtropics and
equator observed during northern hemisphere (NH) winter
and spring in the upper troposphere [Matsueda et al., 2002,
2008; Sawa et al., 2008]. Latitudinal CO2 variations have
been well investigated near the earth’s surface, which are

strongly influenced by surface flux variation together with
mixing in the planetary boundary layer (PBL [e.g., Denning
et al., 1995]). However, in the free (middle and upper)
troposphere, atmospheric circulation can significantly de-
form the CO2 distribution, and latitudinal variations in both
atmospheric transport and surface flux would have signif-
icant impact on the latitudinal CO2 gradient. The formation
mechanisms of the latitudinal CO2 gradient in the free
troposphere help in the understanding of the global-scale
carbon cycle, particularly that related to the latitudinal
propagation of CO2 variations. At the same time, distinct
variations in the atmospheric CO2 concentration can pro-
vide useful information about the atmospheric transport
processes [e.g., Lintner et al., 2006], including the occur-
rence of atmospheric transport barriers.
[3] M08 demonstrated the importance of various atmo-

spheric transport processes on the global-scale CO2 variation
by means of a transport analysis based on the mass-weighted
isentropic zonal means. That is, in the NH extratropics,
synoptic-scale disturbances caused by extratropical cyclo-
nic activity produce stirring motion and enhance the eddy
dispersion of CO2 emitted by anthropogenic and biospheric
sources from NH autumn to spring. In particular, the high
CO2 mixing ratios accumulate within the extratropical
‘‘cold pocket’’ (below the approximately isentropic surface
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at 300 K) from NH winter to spring. In contrast, during
summer, biospheric uptake decreases the atmospheric CO2

concentration at NH midlatitudes, where convective trans-
port propagates the low-level CO2 into the free tropo-
sphere. CO2 transported from the NH extratropics via a
low-level mean equatorward flow is uplifted in the tropics
during NH winter and spring. In the southern hemisphere
(SH), an upward CO2 gradient is mainly produced by
upper tropospheric mean poleward flow in the upper
troposphere from SH autumn to spring. These explanations
give a comprehensive insight into global-scale CO2 varia-
tions; however, the formation and decay mechanisms of
latitudinal CO2 gradients in the upper troposphere remain
uninvestigated.
[4] The suppression of meridional transport may signif-

icantly affect latitudinal CO2 gradients in the free tropo-
sphere. In particular, the occurrence of mixing barriers
effectively suppresses the meridional transport, particularly
where atmospheric waves are difficult to break [e.g., Polvani
et al., 1995; Bowman, 1996]. Haynes and Shuckburgh
[2000] investigated the strong transport barrier around
the subtropical upper troposphere approximately from
330 to 390 K using the effective diffusivity proposed by
Nakamura [1996] with the analyzed wind. They confirmed
that the transport barrier is generally collocated with the
subtropical westerly jet stream. On the basis of the estima-
tions of equivalent lengths, Scott et al. [2003] reported the
seasonality of the mixing barrier with weak mixing around
the subtropical troposphere from autumn to spring and
relatively rapid mixing within the extratropics and tropics
in the free troposphere. Bowman and Carrie [2002] also
indicated the existence of a subtropical mixing barrier, but
suggested a barrier-free region around the equator. Conse-
quently, the subtropical transport barrier divides the global
troposphere into three parts, namely, the tropics, NH extra-
tropics, and SH extratropics, distinctly affecting the latitu-
dinal tracer variations [e.g., Plumb and Mahlman, 1987;
Erukhimova and Bowman, 2006].
[5] In the tropical troposphere, latitudinal tracer varia-

tions are strongly influenced by air exchanges between the
two hemispheres. Hartley and Black [1995] and Mahlman
[1997] indicated that the upper tropospheric processes are
the most responsible for interhemispheric transport in the
troposphere. Various mechanisms that control the interhemi-
spheric tracer transport have been investigated. These
mechanisms include the seasonal migration of Hadley
circulation, upper-level divergence associated with deep
convection, low-latitude intrusions of extratropical cyclonic
disturbances, and monsoon circulation [e.g., Hartley and
Black, 1995]. Bowman and Cohen [1997] showed that the
timescale of interhemispheric exchange primarily depends
on the amplitude of the seasonal cycle of Hadley circulation
and the strength of the time-mean part of the flow. Global
monsoon circulation also occurs throughout the tropical
troposphere with strong divergence in the upper troposphere
[Trenberth et al., 2000]. For better understanding of global-
scale CO2 variations, roles of these interhemispheric trans-
port processes should be investigated.
[6] Here we attempt to elucidate the formation and decay

mechanisms of zonal mean latitudinal CO2 gradients over
the subtropics and equator by investigating the influences of

atmospheric transport and carbon cycle. To provide insight
into the CO2 variation observed by aircraft measurements,
we particularly focus on the upper troposphere (350–
260 hPa). For this purpose, we analyze the CO2 simulation
results obtained from a global atmospheric transport model
and compare the model output with aircraft and ship
measurements. A gradient genesis equation is used to
investigate the roles of various transport processes on the
formation of latitudinal CO2 gradients. Ideal model experi-
ments are also used to demonstrate the roles of convective
transport and seasonal migration of the Hadley circulation
on the CO2 variation. The structure of this paper is as
follows. In section 2, we describe the observation data used
in this study. In section 3, we briefly describe a transport
model and introduce a gradient genesis analysis. Section 4
presents analysis results; we discuss the roles of the each
surface flux category and each transport component in the
evolution of the latitudinal CO2 gradient. Summary and
conclusions are presented in section 5.

2. Data

[7] We use the aircraft CO2 observations over the Pacific
to show the latitudinal CO2 variations and validate the
simulated latitudinal CO2 gradients (Figure 1). Observa-
tional data in the upper troposphere are obtained from flask
samples taken from aircraft measurements at cruising alti-
tudes (8–13 km above the ground surface) between Narita,
Japan (35.8�N, 140.4�E), and Sydney (33.9�S, 151.2�E),
Brisbane (27.4�S, 153.1�E) or Cairns (16.9�S, 145.8�E),
Australia with an interval of 2 weeks [Matsueda et al.,
2002]. The surface observational data obtained from ship-
and ground-based measurements [GLOBALVIEW-CO2,
2007] were also used to investigate the surface CO2

distribution at the Pacific sites. The observational sites
under consideration are plotted in Figure 1a.
[8] The observed vertical CO2 profile is also used to

investigate the simulated latitudinal CO2 gradient and its
vertical extent (Figure 2). Machida et al. [2008] and
Matsueda et al. [2008] recently started a new in situ
observation program using continuous CO2 measuring
equipment (CME) aboard commercial airliners to measure
CO2 variations in a geographically wide area. They mea-
sured the vertical CO2 profiles during ascending/descending
flight with a time interval of 10 s. The observed CO2 mixing
ratios were obtained at 8 observation sites: North Europe
(N.EU, average of London (51.5�N, 0.5�W), Amsterdam
(52.3�N, 4.7�E), and Paris (49.0�N, 2.5�E)), south Europe
(S.EU, average of Milan (45.6�N, 8.8�E) and Rome
(41.8�N, 12.3�E), Incheon (INC, 37.5�N, 126.5�E), Narita
(NRT), Honolulu (HNL, 21.3�N, 157.9�W), Bangkok
(BKK, 13.7�N, 100.7�E), Jakarta (CGK, 6.1�S, 106.7�E),
and Sydney (SYD). Numbers of flight and data sampling
(bracket) for the analysis period during April, 2007 are
6 (633) for N.EU, 4 (356) for S.EU, 2 (209) for ICN,
102 (9824) for NRT, 4 (345) for HNL, 8 (761) for BKK,
and 8 (880) for CGK. The aircraft data are calculated by
the fitting curve with the components of both the increas-
ing trend and the seasonal cycle for each altitude bin. Note
that no observational data is available over Sydney during
April 2007, where the plotted mixing ratio is estimated
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