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Previous studies 
show that there are 
large interhemispheric 
transport differences 
among models (Patra 
et al. (2011)). 
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Fig. 7. Interhemispheric gradients (IHGs) for CH4 CTL, SF6 and
CH3CCl3 concentrations between the NH (BRW, MLO) and SH
(CGO, SPO) sites. The values at CGO (AGAGE) are adjusted to
NOAA scales by adding an offset of 0.02 ppt for SF6, and multi-
plied by 1.0003 and 1.0333 for CH4 and MCF, respectively (see
text in Sect. 2.4 for further details). Please note that adjustment
of the AGAGE data to NOAA scale is made just for convenience.
These 4 sites are chosen here because their data coverage is most
complete during 1990–2007. Haley Bay (75.58� S, 26.5�W, 10m)
site is chosen for PCTM due to no SPO data in all files. Inset shows
expanded y-axis view of MCF for the 2000–2007 period.

protocol (EDGAR4.0/Levin), (2) the EDGAR4.0 emis-
sion distribution corresponding to 2000, but global totals
scaled to Levin et al. (2010) (EDGAR Y2000/Levin), and
(3) constant emissions from EDGAR4.0 for the year 2000
(EDGAR Y2000). Figure 9a shows the trends in SF6 emis-
sions within three broad latitude bands. The emissions in
the NH mid-high latitudes (circles) remained fairly constant

Fig. 8. IH exchange time (⌧ex) estimated using the measured and
simulated time series of average SF6 in NH (BRW, MLO) and SH
(CGO, SPO) by employing Eq. (4).
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Fig. 9. SF6 emissions in three broad latitude bands (a, top panel),
and ⌧ex (b, bottom panel) estimated using ACTM simulated SF6
time series for three different emission scenarios. An offset is ap-
plied to each ⌧ex time series for a common value of 1.39 yr in 1996.

(within 14%) in EDGAR4.0/Levin scenario, while the emis-
sions from the NH tropical latitudes (triangles) increased by
more than 100% during 1996 to 2007. The estimated ⌧ex
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using three emission scenarios are shown in Fig. 9b. These
results clearly suggest that the decrease in ⌧ex is caused by
the trends in the SF6 emission distribution rather than inter-
hemispheric transport. The decrease in ⌧ex becomes an or-
der of magnitude smaller as well as statistically insignificant
(r = �0.34,N = 12) when SF6 emissions were kept constant
(EDGAR Y2000). The decrease in ⌧ex remained significant
for scenario EDGAR Y2000/Levin (red square/line). This is
probably because the SF6 IH gradients do not reach steady
state, since the emissions decreased during 1995–1998 and
increase thereafter till 2008 (Fig. 2c), even though the En

Es
ra-

tio was fixed at 36.9, corresponding to the year 2000. Our
results indicate that the time evolution of the SF6 emissions
should be introduced at a higher spatial resolution (than the
presently used 2-box model), when calculating ⌧ex.
All three long-lived species show a similar relationship for

the IH gradient: the model that produces a larger (smaller)
SF6 IH gradient generally also produces a larger (smaller) IH
gradients for CH3CCl3 and CH4 in comparison with the ob-
servations (Fig. 10). The intriguing exception is MOZART,
which exhibits an excellent match for SF6 IH gradient, but
produces one of the largest CH4 IH gradients (127 ppb com-
pared to an observed value of 101 ppb) and one of the small-
est CH3CCl3 gradients (0.13 ppt) during 2003–2007. Similar
contrasting behaviour is also seen for several other models at
lesser distinction, e.g. GEOS-Chem DOH, NIES-08i lie be-
low the fitted line for CH4, but lie above the fitted line for
CH3CCl3. The CH4 IH gradients are best reproduced using
the CH4 INV emissions: deviations are within 5 ppb for 7
models (Fig. 10). Taking into account the IH gradient of all
three species, TM5/CCAM, ACTM/IMPACT 1⇥1/PCTM
and LMDZ/NIES-08 showed systematically higher, similar
and lower IH gradients, respectively, compared to the obser-
vations.
Two models submitted simulations using different OH,

which can be used to further investigate the sensitivity of
the simulated CH4 and CH3CCl3 IH gradients to the IH dif-
ference in OH. The NH/SH ratio of hemispheric total tro-
pospheric OH are (1) 1.32 for ACTM OH and (2) 1.11 for
GEOS-Chem DOH, while that (Spivakovsky et al., 2000)
used in ACTM is 0.99. The observed CH4 IH gradient
is 100.97 ppb, while the simulated gradients from ACTM
and ACTM OH are 99.99 and 87.45 ppb, respectively. In
order to simulate the observed CH4 IH gradient precisely,
the NH/SH OH ratio for ACTM would need to be 0.97
[= 0.99+ (1.32�0.99)⇥ (99.99�100.97)

(99.99�87.45) ]. This is close to the
NH/SH OH ratio derived by Spivakovsky et al. (2000). Note
also that the ACTM simulations of both CH3CCl3 and SF6
agree very well with the observations. Similarly, to simu-
late the observed CH4 IH gradient, the NH/SH OH ratio for
GEOS-Chemmodel should be 1.15 [= 0.99+(1.11�0.99)⇥
(107.53�100.97)
(107.53�102.65) ]. Both GEOS-Chem model versions simu-
late greater IH gradients also for CH3CCl3, a species that
has been used for benchmarking tropospheric OH concen-
trations and distributions. However, the GEOS-Chem sim-
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Fig. 10. Correlation between IH gradients of SF6 with that of CH4
and CH3CCl3 are depicted, using average values for the period
2003–2007 and for 4 sites as in Fig. 7. ACTM OH is excluded
from the linear fitting because the SF6 emissions are not as per the
protocol.

ulated SF6 IH gradient agrees very well with the observed
value. Given the small number of alternative OH distribu-
tions in models, and the remaining uncertainties in CH4, SF6
and CH3CCl3 emissions, our best judgement at the moment
is that we cannot falsify the NH/SH gradient (0.99) derived
by Spivakovsky et al. (2000).

3.4 Photochemical removal of CH4 and the role of
transport

The calculated photochemical loss of CH4 varies between
490 and 509TgCH4 yr�1 during the first eight years (1992–
1999), and between 497 and 513 TgCH4 yr�1 during the
last eight years (2000–2007) of the simulation. Figure 11a
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Large interhemispheric transport differences have been linked to large 
differences in composition among models (Patra et al. (2011)). 
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Interhemispheric transport differences among models are poorly understood.  

This is partly due to the use of gross hemispherically integrated transport 
diagnostics like the interhemispheric exchange time (    ), which treat the 
transport circulation like two well-mixed boxes.  

1 MARCH 2004 1145B O W M A N A N D E R U K H I M O V A

FIG. 8. Schematic showing the general pattern of the global-scale
zonal-mean transport circulation during DJF. The contours indicated
the zonal-mean potential temperature for the DJF season from the
long-term (1968–96) NCEP reanalysis climatology. The black arrows
show the main transport paths for air moving between the Tropics
and extratropics and circulating in the Hadley circulation in the Trop-
ics. The perpendicular gray arrows indicate the sense of the dispersion
of air within each of the main atmospheric regions. The darker gray
bands indicate the partial transport barriers between the Tropics and
extratropics in each hemisphere.

from the seasonal cycle. In the extratropics of both
hemispheres air disperses relatively quickly throughout
the region between ;308 latitude and the pole (gray
arrows). Air from the extratropics moves into the Trop-
ics at low levels in the trade wind circulation (long black
arrows). Upon reaching the ITCZ, this air ascends into
the middle and upper tropical troposphere. There is fair-
ly rapid dispersion of air within the Tropics (gray ar-
rows). As air spreads out in the upper branches of the
Hadley cells and descends in the subtropics, some sub-
siding air mixes into the extratropics of both hemi-
spheres (short black arrows). The dark gray bands in-
dicate that there are partial barriers to transport between
the Tropics and extratropics. Although the Hadley cir-
culation varies considerably with the seasonal cycle, the
transport barriers persist in all seasons, including the
equinoctial seasons (not shown).
This picture of the zonal-mean transport of traces

substances is quite different from either the conventional
zonal-mean Eulerian-mean circulation (Peixoto and
Oort 1992, Fig. 7.19) or the zonal-mean Lagrangian-
mean circulation, whether calculated using isentropic
coordinates or the residual-mean formalism (Townsend
and Johnson 1985; Stone and Randel 1999; Held and
Schneider 1999). Air parcels cannot be thought of as
primarily circulating around either the single hemi-
spheric cells of the Lagrangian-mean flow or the three
cells per hemisphere of the Eulerian-mean flow. Instead,
there is relatively rapid dispersion of air with the three
atmospheric ‘‘boxes’’ (SH extratropics, Tropics, and NH
extratropics) and slower transport around a single ther-
mally direct zonal-mean cell in each hemisphere. In the
process there is a slow exchange of air between the three
boxes through the subtropics. An understanding of the
precise processes that transport air between the three
boxes cannot be obtained from the zonal-mean statistics

presented here, but will require detailed study of indi-
vidual parcel trajectories.
CCM3 generally does a good job of simulating the

large-scale transport circulation, both qualitatively and
quantitatively. The most notable differences between
CCM3 and NCEP are the following. Climatologically,
particles spread out more rapidly with the NCEP winds
than with CCM3. This may indicate that CCM3 is not
representing the full range of variability of atmospheric
motion seen in NCEP or that the motion is slightly
weaker than NCEP indicates. The Hadley circulation is
slightly more vigorous in NCEP than CCM3. Thus
transport in the Hadley cells is somewhat quicker in
NCEP. In the Tropics there is a noticeable bias between
the two results in the ITCZ, with CCM3 having a pro-
nounced tendency for subsidence in the ascending
branch of the Hadley circulation. Air does ascend in the
ITCZ in CCM3, but there is a separate population of
particles that descend. That population is distinctly larg-
er than in NCEP.
It is, of course, very difficult to say which wind data

are ‘‘better.’’ Although the NCEP reanalysis is tied to
global observations through the assimilation process,
the direct effects of convective transport have not been
included in this study, and the indirect effects on the
large-scale circulation may be sensitive to the choice of
convective schemes, boundary layer parameterizations,
etc. The results do indicate that the two-box (hemi-
spheric) models of global tracers (e.g., Levin and Hes-
shaimer 1996; Bowman and Cohen 1997) do not provide
a good representation of the transport characteristics of
the troposphere. The bulk behavior of trace substances
can, however, be represented reasonably well by a sim-
ple three-box model. It is encouraging that the extra-
tropical exchange times of the two datasets agree with
each other, and with the ALE/GAGE data, to within
about 10%. Future studies will compare the transport
properties computed using Lagrangian methods with ex-
plicit calculations of trace substance dispersion calcu-
lated with Eulerian scheme built-in to CCM3.
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We know, however, that the large-scale transport circulation reflects 
transport both within the deep tropics and transport across 
tropical-extratropical mixing barriers.1 MARCH 2004 1145B O W M A N A N D E R U K H I M O V A

FIG. 8. Schematic showing the general pattern of the global-scale
zonal-mean transport circulation during DJF. The contours indicated
the zonal-mean potential temperature for the DJF season from the
long-term (1968–96) NCEP reanalysis climatology. The black arrows
show the main transport paths for air moving between the Tropics
and extratropics and circulating in the Hadley circulation in the Trop-
ics. The perpendicular gray arrows indicate the sense of the dispersion
of air within each of the main atmospheric regions. The darker gray
bands indicate the partial transport barriers between the Tropics and
extratropics in each hemisphere.

from the seasonal cycle. In the extratropics of both
hemispheres air disperses relatively quickly throughout
the region between ;308 latitude and the pole (gray
arrows). Air from the extratropics moves into the Trop-
ics at low levels in the trade wind circulation (long black
arrows). Upon reaching the ITCZ, this air ascends into
the middle and upper tropical troposphere. There is fair-
ly rapid dispersion of air within the Tropics (gray ar-
rows). As air spreads out in the upper branches of the
Hadley cells and descends in the subtropics, some sub-
siding air mixes into the extratropics of both hemi-
spheres (short black arrows). The dark gray bands in-
dicate that there are partial barriers to transport between
the Tropics and extratropics. Although the Hadley cir-
culation varies considerably with the seasonal cycle, the
transport barriers persist in all seasons, including the
equinoctial seasons (not shown).
This picture of the zonal-mean transport of traces

substances is quite different from either the conventional
zonal-mean Eulerian-mean circulation (Peixoto and
Oort 1992, Fig. 7.19) or the zonal-mean Lagrangian-
mean circulation, whether calculated using isentropic
coordinates or the residual-mean formalism (Townsend
and Johnson 1985; Stone and Randel 1999; Held and
Schneider 1999). Air parcels cannot be thought of as
primarily circulating around either the single hemi-
spheric cells of the Lagrangian-mean flow or the three
cells per hemisphere of the Eulerian-mean flow. Instead,
there is relatively rapid dispersion of air with the three
atmospheric ‘‘boxes’’ (SH extratropics, Tropics, and NH
extratropics) and slower transport around a single ther-
mally direct zonal-mean cell in each hemisphere. In the
process there is a slow exchange of air between the three
boxes through the subtropics. An understanding of the
precise processes that transport air between the three
boxes cannot be obtained from the zonal-mean statistics

presented here, but will require detailed study of indi-
vidual parcel trajectories.
CCM3 generally does a good job of simulating the

large-scale transport circulation, both qualitatively and
quantitatively. The most notable differences between
CCM3 and NCEP are the following. Climatologically,
particles spread out more rapidly with the NCEP winds
than with CCM3. This may indicate that CCM3 is not
representing the full range of variability of atmospheric
motion seen in NCEP or that the motion is slightly
weaker than NCEP indicates. The Hadley circulation is
slightly more vigorous in NCEP than CCM3. Thus
transport in the Hadley cells is somewhat quicker in
NCEP. In the Tropics there is a noticeable bias between
the two results in the ITCZ, with CCM3 having a pro-
nounced tendency for subsidence in the ascending
branch of the Hadley circulation. Air does ascend in the
ITCZ in CCM3, but there is a separate population of
particles that descend. That population is distinctly larg-
er than in NCEP.
It is, of course, very difficult to say which wind data

are ‘‘better.’’ Although the NCEP reanalysis is tied to
global observations through the assimilation process,
the direct effects of convective transport have not been
included in this study, and the indirect effects on the
large-scale circulation may be sensitive to the choice of
convective schemes, boundary layer parameterizations,
etc. The results do indicate that the two-box (hemi-
spheric) models of global tracers (e.g., Levin and Hes-
shaimer 1996; Bowman and Cohen 1997) do not provide
a good representation of the transport characteristics of
the troposphere. The bulk behavior of trace substances
can, however, be represented reasonably well by a sim-
ple three-box model. It is encouraging that the extra-
tropical exchange times of the two datasets agree with
each other, and with the ALE/GAGE data, to within
about 10%. Future studies will compare the transport
properties computed using Lagrangian methods with ex-
plicit calculations of trace substance dispersion calcu-
lated with Eulerian scheme built-in to CCM3.
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Moreover, most anthropogenic emissions of greenhouse gases 
and ozone-depleting substances are located in the NH 
underworld, where they encounter a transport barrier en route 
to the tropics.
1 MARCH 2004 1145B O W M A N A N D E R U K H I M O V A

FIG. 8. Schematic showing the general pattern of the global-scale
zonal-mean transport circulation during DJF. The contours indicated
the zonal-mean potential temperature for the DJF season from the
long-term (1968–96) NCEP reanalysis climatology. The black arrows
show the main transport paths for air moving between the Tropics
and extratropics and circulating in the Hadley circulation in the Trop-
ics. The perpendicular gray arrows indicate the sense of the dispersion
of air within each of the main atmospheric regions. The darker gray
bands indicate the partial transport barriers between the Tropics and
extratropics in each hemisphere.

from the seasonal cycle. In the extratropics of both
hemispheres air disperses relatively quickly throughout
the region between ;308 latitude and the pole (gray
arrows). Air from the extratropics moves into the Trop-
ics at low levels in the trade wind circulation (long black
arrows). Upon reaching the ITCZ, this air ascends into
the middle and upper tropical troposphere. There is fair-
ly rapid dispersion of air within the Tropics (gray ar-
rows). As air spreads out in the upper branches of the
Hadley cells and descends in the subtropics, some sub-
siding air mixes into the extratropics of both hemi-
spheres (short black arrows). The dark gray bands in-
dicate that there are partial barriers to transport between
the Tropics and extratropics. Although the Hadley cir-
culation varies considerably with the seasonal cycle, the
transport barriers persist in all seasons, including the
equinoctial seasons (not shown).
This picture of the zonal-mean transport of traces

substances is quite different from either the conventional
zonal-mean Eulerian-mean circulation (Peixoto and
Oort 1992, Fig. 7.19) or the zonal-mean Lagrangian-
mean circulation, whether calculated using isentropic
coordinates or the residual-mean formalism (Townsend
and Johnson 1985; Stone and Randel 1999; Held and
Schneider 1999). Air parcels cannot be thought of as
primarily circulating around either the single hemi-
spheric cells of the Lagrangian-mean flow or the three
cells per hemisphere of the Eulerian-mean flow. Instead,
there is relatively rapid dispersion of air with the three
atmospheric ‘‘boxes’’ (SH extratropics, Tropics, and NH
extratropics) and slower transport around a single ther-
mally direct zonal-mean cell in each hemisphere. In the
process there is a slow exchange of air between the three
boxes through the subtropics. An understanding of the
precise processes that transport air between the three
boxes cannot be obtained from the zonal-mean statistics

presented here, but will require detailed study of indi-
vidual parcel trajectories.
CCM3 generally does a good job of simulating the

large-scale transport circulation, both qualitatively and
quantitatively. The most notable differences between
CCM3 and NCEP are the following. Climatologically,
particles spread out more rapidly with the NCEP winds
than with CCM3. This may indicate that CCM3 is not
representing the full range of variability of atmospheric
motion seen in NCEP or that the motion is slightly
weaker than NCEP indicates. The Hadley circulation is
slightly more vigorous in NCEP than CCM3. Thus
transport in the Hadley cells is somewhat quicker in
NCEP. In the Tropics there is a noticeable bias between
the two results in the ITCZ, with CCM3 having a pro-
nounced tendency for subsidence in the ascending
branch of the Hadley circulation. Air does ascend in the
ITCZ in CCM3, but there is a separate population of
particles that descend. That population is distinctly larg-
er than in NCEP.
It is, of course, very difficult to say which wind data

are ‘‘better.’’ Although the NCEP reanalysis is tied to
global observations through the assimilation process,
the direct effects of convective transport have not been
included in this study, and the indirect effects on the
large-scale circulation may be sensitive to the choice of
convective schemes, boundary layer parameterizations,
etc. The results do indicate that the two-box (hemi-
spheric) models of global tracers (e.g., Levin and Hes-
shaimer 1996; Bowman and Cohen 1997) do not provide
a good representation of the transport characteristics of
the troposphere. The bulk behavior of trace substances
can, however, be represented reasonably well by a sim-
ple three-box model. It is encouraging that the extra-
tropical exchange times of the two datasets agree with
each other, and with the ALE/GAGE data, to within
about 10%. Future studies will compare the transport
properties computed using Lagrangian methods with ex-
plicit calculations of trace substance dispersion calcu-
lated with Eulerian scheme built-in to CCM3.
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Waugh et al. (2013) diagnose interhemispheric transport in terms of the NH 
tropospheric mean age since air was last at the midlatitude surface.  As such 
the “NH midlatitude mean age” is the mean of the Green’s function of the 
transport operator, often called the “transit time distribution” (TTD) or “age 
spectrum” (Hall and Plumb (1994), Holzer and Hall (2000)).   
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Similar to Waugh et al. (2013) we focus on interhemispheric 
transport between the northern and southern midlatitudes with a 
focus on how that transport is affected by circulation changes in 
the tropics.  

We perform numerical experiments using the Goddard Earth 
Observing System, Version 5 GCM (Suarez et al. (2008)), wherein 
the strength of the tropical circulation is changed by altering one 
parameter in the (deep) convective parameterization. 
  
The large-scale transport response to tropical circulation changes is 
measured using passive tracers with both subtropical and 
midlatitude surface sources.
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Experiment Perturbation Region Integration Length
+3K South Tropics 10 S - EQ 10 years 

+3K North Tropics EQ - 10 N 10 years
+3K Northern Subtropics 10 N - 30 N 10 years

Tropical circulation anomalies are induced by perturbing one 
parameter in the model’s deep convective parameterization. 
  
Three perturbations are applied over different tropical and 
subtropical bands.  The perturbation amplitude is within the 
range of uncertainty in the convective parameterization.  

Significance of the response is assessed relative to internal 
variability within each ten-year-long simulation. 
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We focus on idealized exponential loss and mean age tracers emitted over 
NH midlatitudes (30 N-50 N) and the subtropics (10 S/N-30 S/N).  These are 
similar to (part of) the tracer suite integrated in the Chemistry Climate 
Modeling Initiative (CCMI) (Eyring et al. (2013), Orbe et al. (2017)). 
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Responses of subtropical tracers are consistent with an enhanced winter Hadley 
Cell and a suppressed summer Hadley Cell. Only responses in the tropics and 
subtropics are significant relative to internal variability (shading).
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Large-Scale Flow and Convection Changes
Perturbed tropical circulation in Experiment 2 features negligible changes in winter 
Hadley Cell and a slightly suppressed summer Hadley Cell.
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Response of subtropical tracers are consistent with a weaker perturbation to the 
boreal winter Hadley circulation and a suppressed summer Hadley Cell (albeit 
weaker).
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Perturbed tropical circulation in Experiment 3 produces negligible changes in 
winter Hadley Cell but a much stronger summer Hadley Cell.
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Transport response of subtropical tracers are consistent with a significantly 
enhanced summer Hadley Cell. 
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By comparison, the transport responses in the midlatitude source tracers are much 
weaker and rarely significant, relative to internal variability.  This is true for all 
perturbation regions (Experiments 1-3).
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Similarly, the mean age since air was last in contact with the NH midlatitude surface 
is relatively unchanged (invariant to where the perturbation is applied).
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NH Midlatitude Age Differences  
Among CCMI Models
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The spread in tracer ages among the CCMI Hindcast “free-running” (   )  and 
“specified-dynamics” (   ) simulations are correlated best with differences in 
northern subtropical lower tropospheric convection, not the mean strength of 
the Hadley Cell (Orbe et al. 2017, Submitted) 
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Projected Changes in NH Midlatitude Ages 
Among CCMI Models
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Furthermore, projected 21  century changes in tracer ages among the CCMI 
simulations are correlated best with changes in northern subtropical lower 
tropospheric convection, not the mean strength of the Hadley Cell (Orbe et al. 
2017, In Prep.). 
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#1 GEOS-5 “perturbed convection” simulations reveal that subtropical 
sourced tracers are very sensitive measures of the tropical mean 
circulation. 

#2 By comparison, tracers emitted over northern midlatitudes are 
much more sensitive to transport between the northern extratropics 
and tropics. Most atmospheric chemistry inversions and diagnostics 
of interhemispheric transport ignore this distinction. 

#3 The strength of the tropical-extratropical transport barrier seems to 
be related to subtropical convection.  Convection differences may be 
related to the spread among the CCMI models and projected trends 
in intermispheric transport.  

Conclusions
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Large-Scale Transport in CCMI Models 

2.7

0

0.9

Mean Age Since Contact  
at NH Midlatitudes 

[⇥
10

�
8
]

[y
ea

rs
]

[d
ay
s]

[k
g/

m
/s
]

[m
/s
]

[p
pb

]

[p
pt
]

1.8

90 N60 N30 N30 S EQ90 S 60 S90S 60S 30S EQ 30N 60N 90N
0

0.9

1.8

2.7

zo
na

l m
ea

n

Latitude

Comparisons of idealized loss and 
age tracers reveal large (~30-40%) 
differences in transport to NH high 
latitudes and interhemispheric 
transport.   

The differences among “specified-
dynamics” simulations are as large 
as differences among “free-running” 
simulations.

(Orbe et al., 2017; Submitted)
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