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Interhemispheric Transport from the 
Northern Hemisphere Midlatitude Surface



What are the transport pathways and timescales that connect the Northern 
Hemisphere (NH) midlatitude surface (i.e. emissions region for various greenhouse 
gases (GHGs) and ozone-depleting subtances (ODSs)) to the Southern 
Hemisphere?
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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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With the exception of a few transport studies (e.g. Bowman and Erukhimova 
(2004), Holzer et al. (2009 a,b)), there is a poor current understanding of the 
tropospheric transport pathways between the hemispheres and their 
relationship to large-scale atmospheric dynamics.



Most of what we do know quantitatively is limited to gross hemispherically integrated 
timescales, like the interhemispheric exchange time (    ) (e.g., Geller et al. (1997), 
Gloor et al. (2007)).
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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.
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However, because of mixing, there is no single timescale that controls transport 
from a source region (e.g. planetary boundary layer) to the free troposphere, 
but rather a distribution of transit times.  

A natural way to quantify transport for advective-diffusive flows, therefore, is in 
terms of transit time distributions (TTD). 

TTDs have been used to study ocean surface ventilation [Wunsch (2002); Haine 
and Hall (2002)], the oceanic burden of anthropogenic carbon [Hall et al. 
(2004)] and have been used generally as a measure of stratospheric transport 
[e.g. Hall and Plumb (1994)].
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The Transit-Time Distribution (TTD) G(⌧)

The TTD (     ) captures the broad range of timescales that connect the origin 
region    (e.g. NH midlatitude surface) to the rest of the atmosphere.  
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All of the air at      had to have last 
contacted    sometime in its history:

[Holzer and Hall (2000)]

    IC:  
      
   Zero flux BC conditions elsewhere.
   The transport operator,   , is  
   defined as: 

In practice the TTD corresponds to a slice at fixed time   of the Green’s 
function boundary propagator, which can be calculated in models as the 
solution to:             

   



Eulerian Approach:

Model: NASA GMI-CTM (Strahan et al. 
(2007)) driven with MERRA reanalysis fields 
(2000-2010).

TTD: Approximate the TTD (  ) as the 
average of an ensemble of four Boundary 
Impulse Response (i.e. “pulse”) passive 
tracers (e.g. Haine et al. (2008), Li et al. 
(2012)) that are released at the NH 
midlatitude surface at times   = January 1, 
April 1, July 1 and October 1 in year 
2000. 

In practice the TTD corresponds to a slice at fixed time   of the Green’s 
function boundary propagator, which can be calculated in models as the 
solution to:             

   

G
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    IC:  
      
   Zero flux BC conditions elsewhere.
   The transport operator,   , is  
   defined as: 



From Haine et al. (2008)

Quick Note on BIR-based Approximation of the TTD

For non-stationary flow the 
BIR (boundary impulse 
response) does not equal 
the TTD
However, the statistics of the 
BIR and the TTD (i.e. 
temporal moments) are the 
same (Haine et al. (2008)).

The fidelity of other 
properties of the TTD (i.e. 
modal transit times) are 
assessed used idealized loss 
tracers.

t0 ¼ t " s. The quantity Gð~r; t; t " sÞds is hence the volume
fraction of the parcel at ð~r; tÞ that originated from the sur-
face X at a time between s and sþ ds ago.

Fig. 1 illustrates this idea in a schematic way by showing
the boundary propagator for a particular field point as a
function over source time and field time (see also Fig. 2
of Holzer et al. (2003)). The TTD corresponds to a cut
through the boundary propagator in a specific direction
(horizontal and to the left in Fig. 1). That is the TTD,
Gð~r; t; t " sÞ, is a traverse through G at constant field time
t, as a function of transit-time s (and hence, source time
t " s). A related, but distinct, quantity is a cut through
the boundary propagator in the perpendicular direction
(vertical upwards in the schematic). The vertical cut phys-
ically corresponds to the evolution with t ¼ t0 þ s of the
response at interior location ~r to a pulse in concentration
at vX that occurred during ðt0; t0 þ dt0Þ. This quantity,
Gð~r; t0 þ s; t0Þ, does not have an interpretation as a tran-
sit-time distribution in general: that is, it cannot be used
in a formula like (2) or (4) to compose the tracer concentra-
tion by integrating over s at fixed t0. There is no obvious
name for this quantity, but we refer to it here as the bound-
ary impulse response (BIR) because it is discussed exten-
sively in what follows.

2.2. Steady flow

Important simplifications are possible in the case of
steady flow (when L has no time-dependence). Then, the
boundary propagator satisfies the time-translation invari-
ance: Gð~r; t; t " sÞ ¼ Gð~r; 0;"sÞ for all t. This property
means that the boundary propagator, and hence the
TTD, only depends on the transit-time s; only the differ-
ence between the field time and the source time (the tran-
sit-time) is relevant. In Fig. 1 this means that G contours

are parallel to lines of constant s and perpendicular to
the s0 ¼ t þ t0 lines. (Note that s0 is orthogonal to s. In
steady flow the TTD is therefore sometimes written using
the shorter notation Gð~r; sÞ for convenience. Strictly, this
usage is inconsistent with the former definition, but context
makes the distinction clear.) Fig. 2a illustrates the bound-
ary propagator for the case of steady flow. On this diagram
the boundary propagator is sketched as a function of
source time and field time for a particular field point. For
steady flow, G is a function of s only, not of t0 and t indi-
vidually: G contours are parallel to lines of s and clearly the
BIR and the TTD coincide (namely, Gð~r; t; t " sÞ ¼
Gð~r; t0 þ s; t0Þ from the time-translation invariance).

Most explicit simulations of TTDs in ocean circulation
models to date have been for the case of steady flow. In
practice, the TTD is found by computing the t-evolution
(using (3)) of a passive tracer with an impulsive boundary
concentration dðt " t0Þ at source time t0 (often taken to be
t0 ¼ 0 for convenience). This amounts to a vertical cut
through the G-map in Figs. 1 and 2. Formally, this
approach yields the boundary impulse response which,
for steady flow, equals the TTD.

2.3. Unsteady flow

In unsteady flow, some complications arise. Most impor-
tant, the time-translation invariance no longer holds, imply-
ing that the TTD, Gð~r; t; t " sÞ, now depends on two
independent time arguments: field time t and source time
t0, not just the transit-time t " t0. This fact means that
G-contours are no longer parallel to lines of constant tran-
sit-time (Fig. 1) and we now speak of a transit-time dis-
tribution for each field time and field point. Fig. 2b–d
shows three distinct examples of G in unsteady flow: peri-
odic flow, where a clear periodicity over field time exists,

Fig. 1. Schematic diagram to explain the boundary propagator, transit-time distribution, and boundary impulse response. For a specific field point~r, the
main panel shows two schematic contours of the boundary propagator Gð~r; t; t0Þ as a function of source time t0 and field time t. The two contours have the
same G value and are marked on the right hand plots with dashed lines. Because of the causality principle, Gð~r; t; t0Þ ¼ 0 for all t0 > t, and so the lower right
half of the G-map has G ¼ 0 and no contours. Transit-times s ¼ t " t0 and ortho-transit-times s0 ¼ t þ t0 are also marked with diagonal lines. The transit-
time distribution as a function of transit-time is Gð~r; t0; t0 " sÞ and corresponds to horizontal cuts through the G-map. The boundary impulse response is
Gð~r; t0 þ s; t0Þ and corresponds to vertical cuts through the G-map. In general, these two functions of transit-time are different as shown for one example in
the right hand panels. For convenience, the~r argument of G has been suppressed in the figure. See Section 2 and Fig. 2 for more details.

T.W.N. Haine et al. / Ocean Modelling 21 (2008) 35–45 37
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Model calculations and observational inferences of the TTD in the stratosphere have 
shown that the TTD,     , is very broad  [Hall and Plumb (1994), Waugh and Hall 
(2002)].
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Modal Age  

G(⌧)The Transit-Time Distribution (TTD)
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The GMI-MERRA TTD approximation shows 
that there is also a broad range of 
transport timescales throughout the 
troposphere.

Here, the source region           
Northern Hemisphere midlatitude surface 
(i.e. first model level between 30 N-50 N)

[Orbe et al. (2015), Submitted]

TTD in GMI-MERRA Simulation
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These results strongly indicate that 
a single interhemispheric exchange 
time (     ) does not capture the 
broad range of transport paths and 
timescales that determine the 
distributions of greenhouse gases 
and ozone-depleting substances.  
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[Orbe et al. (2015), Submitted]
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where     age (     ) is equal to the 
mean age and is defined as:

Modeled interhemispheric transport is 
slightly slow, compared to observations, 
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#1 Mean transit times (i.e. mean ages) are much larger than their 
corresponding modal transit times (i.e. modal ages). 
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#2 The shape of the TTD changes throughout the troposphere.  The TTD is 
broader relative to its mean in the tropical upper troposphere (i.e. more 
skewed/asymmetric).    
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#2 The shape of the TTD changes throughout the troposphere.  The TTD is 
broader relative to its mean in the tropical upper troposphere (i.e. more 
skewed/asymmetric).    
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While the TTD is a fundamental diagnostic of the flow it is ...

1) Not directly observable

2) Cumbersome to calculate properly in GCMS (i.e. non-stationary 
flows), unless an adjoint model is used (Haine et al. (2008)).

3) Approximation with BIRs cannot be used to give rigorous information 
about details of the seasonal and interannual variability of the TTD.
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Z 1
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d⌧ �⌦G(⌧)e�⌧/⌧c

We know, however, the concentrations of chemically decaying species (    ) emitted 
over   reflect the convolution of their loss (e.g.       ) with the underlying TTD,     .  

�⌧c
G(⌧)e�⌧/⌧c⌦

�⌦where    = tracer concentration 
over source region
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This suggests that combinations of tracers with different loss rates,    , 
can be used to infer the TTD in models.

⌧c
-1

It also suggests that real observable tracers (that undergo loss) can be used to 
constrain the TTD from observations.  



A passive tracer (TR) suite has been introduced within the GEOS-5 model framework.

A subset of the TR tracers were also requested in the recent SPARC-IGAC Chemistry 
Climate Modeling Initiative (CCMI), enabling comparison of GEOS-5 atmospheric 
transport with broad range of other climate models.

��/⌧c
⌧c

�Tracer (  )

NH Ideal (Mean) Age

�⌧cNH-Loss (    )

0

1

1 year/year

�⌦MIDBoundary Condition (       ) Source (S)

= 5, 50 days



100

200

300

400

500

600

700

800

900
60 S 30 S EQ 30 N 60 N 90 N90 S 60 S 30 S EQ 30 N 60 N90 S

Annual Mean
= 5 days = 50 days

0
0.

1
0.

2
0.

3
0.

4
0.

5
0.

6
0.

7
0.

8
0.

9
1

0

0.
1

0.
2

0.
3

0.
4

0.
5

0.
6

0.
7

0.
8

0.
91

 

 

100

200

300

400

500

600

700

800

900

0
0.

1
0.

2
0.

3
0.

4
0.

5
0.

6
0.

7
0.

8
0.

9
1

0

0.
1

0.
2

0.
3

0.
4

0.
5

0.
6

0.
7

0.
8

0.
91

 

 

90 N
0

5

10

15

20

0

10

20

30

40

50

60

70

[%] [%]

[y
ea

rs
]

pr
es

su
re
 [
hP

a]

[y
ea

rs
]

pr
es

su
re
 [
hP

a]

6

6

12
182430

330 330 14
28
42

56

70

330 330

* 1980-2010 climatological mean, normalized by the 
tracer surface value (    )

5-Day and 50-Day Tracers in GMI-MERRA Simulation

[Orbe et al. (2015), Submitted]
�⌦

Latitude Latitude



100

200

300

400

500

600

700

800

900
60 S 30 S EQ 30 N 60 N 90 N90 S 60 S 30 S EQ 30 N 60 N90 S

= 5 days = 50 days

60 S 30 S EQ 30 N 60 N 90 N90 S
Latitude Latitude

60 S 30 S EQ 30 N 60 N90 S

Direct Simulation of    (top) vs. Reconstruction from TTD      (bottom)

0
0.

1
0.

2
0.

3
0.

4
0.

5
0.

6
0.

7
0.

8
0.

9
1

0

0.
1

0.
2

0.
3

0.
4

0.
5

0.
6

0.
7

0.
8

0.
91

 

 

0
0.

1
0.

2
0.

3
0.

4
0.

5
0.

6
0.

7
0.

8
0.

9
1

0

0.
1

0.
2

0.
3

0.
4

0.
5

0.
6

0.
7

0.
8

0.
91

 

 

100

200

300

400

500

600

700

800

900

100

200

300

400

500

600

700

800

900

100

200

300

400

500

600

700

800

900

0
0.

1
0.

2
0.

3
0.

4
0.

5
0.

6
0.

7
0.

8
0.

9
1

0

0.
1

0.
2

0.
3

0.
4

0.
5

0.
6

0.
7

0.
8

0.
91

 

 

0
0.

1
0.

2
0.

3
0.

4
0.

5
0.

6
0.

7
0.

8
0.

9
1

0

0.
1

0.
2

0.
3

0.
4

0.
5

0.
6

0.
7

0.
8

0.
91

 

 

90 N

90 N
0

5

10

15

20

0

5

10

15

20

0

10

20

30

40

50

60

70

0

10

20

30

40

50

60

70

[%] [%]

[%] [%]

[y
ea

rs
]

pr
es

su
re
 [
hP

a]

[y
ea

rs
]

pr
es

su
re
 [
hP

a]

[y
ea

rs
]

pr
es

su
re
 [
hP

a]

[y
ea

rs
]

pr
es

su
re
 [
hP

a]

6

12
182430

330 330
14
28
42

56

70

330 330

6

6

12
182430

330 330 14
28
42

56

70

330 330

G(⌧)



33

33

36

36

36

36

36

36

36

36

36

36

36

39

39

39

39
39

39

39

39

39

39

39

39

42

42

42

42 42

42
42

42

42

42
42

45

45
45

45

48

48
48

48

0 90 180 270 357

100

200

300

400

500

600

700

800

900

[y
ea

rs
]

pr
es

su
re
 [
hP

a]

100

200

300

400

500

600

700

800

900

109

118

11
8

11
8

118

11
8

118

118

11
8

12
7

127

127

12
7

12
712
7

127

127

127

12
7

127

12
7

127

12
7

127

136

13
6

13
6

136

13
6

136

136 136

136

136

13
6

136

145

145

145

14
5

145
145 145

154
154

15
4

154
154 154

0 90 180 270 357

100

200

300

400

500

600

700

800

900

[y
ea

rs
]

pr
es

su
re
 [
hP

a]

100

200

300

400

500

600

700

800

900

50
0

500

500

50
0

50
0

50
0

500

50
0

50
0

500

500

500

500

530

530

53
0 530

53
0

53
0

530 530

53
0

530

53
0

530

560

560

560

56
0

560
560 560

590

590
590 590

620 620 620650 650 650680 680 680

0 90 180 270 357

100

200

300

400

500

600

700

800

900

[y
ea

rs
]

pr
es

su
re
 [
hP

a]

100

200

300

400

500

600

700

800

900

Fast Low-Level Transport Paths 

5-Day Age    �5

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

 

 

5 10 15 2030 5040

50-Day Age    Mean Age ��50

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

 

 

5 10 15 20100 160130

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

 

 

5 10 15 20500 700600

[days] [days] [days]

Idealized loss tracers feature the low-level fast transport paths to the SH 
over the Pacific and Africa.  Fast transport path signatures decrease with 
older tracer lifetimes. Here, the tracer age                          .    
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Idealized loss tracers feature fast upper-level cross-equatorial transport paths 
over the Asian Monsoon and Pacific.  Again, less structure in mean age 
tracer.
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Model Horizontal Resolution Meteorological Fields

Replay (Her. V4.2) C48 MERRA

GMI-CTM 2 x 2.5 MERRA

WACCM 5-hr Nudged-MERRA**

WACCM 50-hr Nudged-MERRA**

Free (Her. V4.2) C48 Internally Generated

WACCM Free 1.9 x 2.5 Internally Generated

1.9 x 2.5

** to T, U, V, PS

* Regular Replay used, but Intermittent Replay Simulation produces similar transport in troposphere

1.9 x 2.5

Transport in Specified Dynamics and Free-Running Simulations

Simulations

Specified-Dynamics Simulations:

-Same large-scale flow 
(MERRA (1979-2010))

-Different model configuration (convective 
parameterization, “nudging” approach)



Model Horizontal Resolution Meteorological Fields

Replay (Her. V4.2) C48 MERRA

GMI-CTM 2 x 2.5 MERRA

WACCM 5-hr Nudged-MERRA**

WACCM 50-hr Nudged-MERRA**

Free (Her. V4.2) C48 Internally Generated

WACCM Free 1.9 x 2.5 Internally Generated

1.9 x 2.5

** to T, U, V, PS

* Regular Replay used, but Intermittent Replay Simulation produces similar transport in troposphere

1.9 x 2.5

Transport in Specified Dynamics and Free-Running Simulations

Simulations

Free-Running Simulations:

-Different large-scale flow
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Conclusions

There is a broad distribution of transit times that controls transport from 
the NH midlatitude surface:  

#1 Fast cross-equatorial transport paths are concentrated over the Pacific 
during DJF and south of the Asian Monsoon anticyclone during JJA.  

#2 Time variations in idealized loss tracers reveal large seasonality and 
weak interannual variability in upper tropospheric fast cross-equatorial 
transport paths.  Why?



Comparisons of large-scale interhemispheric transport between free-running 
and specified dynamics simulations show that:

#1 There are large (20-30%) differences in interhemispheric transport 
between models driven with the same large scale flow.  The 
interhemispheric transport between free-running simulations is more similar 
than between specified dynamics simulations.

#2 These differences appear to be related to differences in convection in 
the tropics and its handling in various “nudged/replay” simulations.  

Conclusions


