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Abstract. Atmospheric transport of traces gases and aerosols
plays an important role in the distribution of air pollutants
and radiatively active compounds. For model simulations of
chemistry-climate interactions it is important to know how
the transport of tracers depends on the geographical resolution of the general circulation model. However, this aspect has been scarcely investigated until now. Here, we
analyse tracer transport in the ECHAM5 general circulation
model using 6 independent idealized tracers with constant
lifetimes, which are released in two different altitudes at the
surface and in the stratosphere, respectively. Model resolutions from T21L19 to T106L31 were tested by performing
multi-annual simulations with prescribed sea surface temperatures and sea ice fields of the 1990s. The impacts of the
tracer lifetime were investigated by varying the globally uniform exponential decay time between 0.5 and 50 months. We
also tested the influence of using prescribed meteorological
fields (ERA40) instead of climatological sea surface temperature and sea ice fields. Meridional transport of surface tracers decreases in the coarse resolution model due to enhanced
vertical mixing, with the exception of the advection into the
tropical region, which shows an inconsistent trend between
the resolutions. Whereas, the meridional transport of tracers
released in the stratosphere was enhanced with higher model
resolutions, except in the transport from tropical stratosphere
to the Southern Hemisphere, which exhibits an increase trend
with increasing model resolution. The idealized tracers exhibit a seasonal cycle, which is modulated by the tracer lifetime. In comparison to the run with prescribed sea surface
temperature and sea ice fields, the simulation with prescribed
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meteorological fields did not exhibit significant change in
the meridional transport, except in the exchange of stratospheric tracers between both hemispheres, where it causes
about 100% increase. The import of the surface tracers into
the stratosphere is increased by up to a factor of 2.5, and
the export from the stratosphere into the troposphere was increased by up to 60% when prescribed meteorological fields
is used. The ERA40 simulation also showed larger interannual variability (up to 24% compared to 12% in the standard
simulations). Using our surface tracers released in either the
northern or Southern Hemisphere, respectively, we calculate
inter-hemispheric transport times between 11 and 17 months,
consistent with values reported in the literature. While this
study cannot be used to relate differences in model results to
specific changes in transport processes, it nevertheless provides some insight into the characteristics of tracer transport
in the widely used ECHAM5 general circulation model.

1

Introduction

Transport plays a crucial role in determining the distribution
of gas-phase and particulate trace constituents in the atmosphere. Numerical models are an essential tool for simulating atmospheric transport and distribution of trace species.
However, the ability of a model to simulate the observed
distributions of these trace species is largely dependent on
its capability to reproduce the transport and mixing of the
real atmosphere. Gurney et al. (2002, 2003) show that differences in model transport are a significant source of uncertainty. Hall et al. (1999) concluded that transport inaccuracies significantly affect the simulation of important
long-lived trace species in the lower stratosphere. Model
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resolution also plays an important role. Genthon and Armengaud (1995) suggested that model spatial resolution could be
an important factor in the simulation of the distribution of
222 Rn, while Austin et al. (1997) and Wild and Prather (2006)
demonstrated the influence of model resolution on the simulation of ozone distribution in the stratosphere and the troposphere, respectively.
Idealized tracers have previously been employed to investigate specific features of atmospheric transport, for example Gray (2003) used passive tracers to study the influence
of convection on the stratosphere – troposphere exchange of
air. Also by comparing the results from different model resolutions, idealized tracers may explain some of the discrepancies observed in the distribution or seasonality of atmospheric trace species in different models (e.g. Genthon and
Armengaud, 1995; Jacob et al., 1997; Denning et al., 1999;
Stevenson et al., 2006).
In a special issue of the Journal of Climate, titled “Climate
Models at the Max Planck Institute for Meteorology (MPIM)” (Vol. 19, Issue 16, August 2006), the influence of model
resolution on simulated climate in the ECHAM5 (Roeckner
et al., 2003) general circulation model (GCM) was presented
by Roeckner et al. (2006). This study extends the analysis of
the ECHAM5 model by testing the sensitivity of the transport
of tracers emitted at 6 different locations in the model, in
order to answer three major questions: (1) How sensitive is
the transport of tracers to model resolution? (2) How does a
change in prescribed meteorology and tracer lifetime affect
tracer transport? (3) What are the characteristic time scales
for inter-hemispheric transport?
A brief description of the ECHAM5 model and the details
of the model set-up are given in Sect. 2. The results are presented in Sect. 3 through 5. These include the analysis of the
global characteristics of tracer transport in Sect. 3, the discussion of the transport from the source regions into various
receptor regions in Sect. 4, and the calculation of the interhemispheric transport time in Sect. 5. The summary of our
findings is presented in Sect. 6.

2
2.1

Model description
The ECHAM5 general circulation model

The atmospheric general circulation model ECHAM5 is the
fifth-generation climate model developed at the Max Planck
Institute for Meteorology, evolving originally from the model
of the European Centre for Medium-range Weather Forecast (ECMWF) (Simmons et al., 1989). The dynamical
core of ECHAM5 solves prognostic equations for vorticity,
divergence, logarithm of surface pressure and temperature,
which are expressed in the horizontal by spectral coefficients.
The model uses a semi-implicit leapfrog time integration
scheme (Robert et al., 1972; Robert, 1981, 1982) and a special time filter (Asselin, 1972). The vertical axis uses a hyAtmos. Chem. Phys., 10, 3385–3396, 2010

brid sigma-pressure coordinate system and finite-difference
scheme (Simmons and Burridge, 1981). The finite-difference
scheme is implemented such that energy and angular momentum are conserved.
Advection of tracers is parameterized with the flux-form
semi-Lagrangian transport scheme (Lin and Rood, 1996) on
a Gaussian grid (Arakawa C-grid, Mesinger and Arakawa,
1976). The trace constituents are not subject to horizontal
diffusion within the model, however surface emissions and
other trace constituents undergo vertical diffusion, which are
obtained from the bulk transfer relationships involving the
difference of the respective model variable (wind components, potential temperature, humidity) between the surface
and the lowest model level (about 30 m above ground), the
wind velocity at that level, and the transfer coefficients. The
transfer coefficients are obtained from Monin–Obukhov similarity theory (for details see Roeckner et al. (2003)). A mass
flux scheme is employed for shallow, midlevel, and deep convection (Tiedtke, 1989) with modifications for deep convection according to Nordeng (1994). Subgrid-scale orography
interacts with atmospheric flow in two ways in ECHAM5:
orographic gravity waves transfer momentum from the earth
to the atmosphere and they exert a drag when the air flow is
blocked at low levels. The subgrid-scale orography is parameterised according to Lott and Miller (1997).
A detailed model description is given in Roeckner et al.
(2003). The influence of model resolution on simulated climate in the ECHAM5 general circulation model (GCM) was
presented by Roeckner et al. (2006), with the discussions
on the systematic errors and convergence properties of the
simulated climate in the model. They found little evidence
for convergence to a more realistic climate state at horizontal resolutions greater than T42 in the L19 resolutions, and
that the root-mean-square errors (RMSE) decreases monotonically with increasing horizontal resolution from T42 to
T159 in the model version containing 31 levels (L31).
ECHAM5 contains a flexible software structure for
definining atmospheric tracers. These tracers are then subjected to advection, convection and vertical diffusion. These
transport processes are calculated separately using an operator splitting method. In ECHAM5, advective transport is
done first, followed by vertical diffusion, chemical reactions
or exponential decay, and in a last step convective transport.
Each transport process is calculated from the knowledge of
the tracer concentration at the preceding time step except the
convection in which the tracer concentration updated by the
previous processes is used. The resulting tendencies of each
single process are added to the concentration of the previous
time step.
ECHAM5 can be run as a coupled ocean-atmosphere
model, or with forced boundaries from prescribed sea surface
temperatures and sea ice cover fields. In addition, a Newtonian relaxation technique, also termed “nudging” (Hoke
and Anthes, 1976; Jeuken et al., 1996) can be applied in
order to simulate real weather episodes. In ECHAM5, the
www.atmos-chem-phys.net/10/3385/2010/
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Fig. 1. Schematic diagram showing the independent idealized tracer
source regions. The grey shaded areas are the “north” (N) and
“south” (S) regions. The blue shaded region is the “tropics” (T).
The surface tracers (surfN, surfT and surfS) are introduced at the
lowest model level, while the stratosphere tracers (stratN, stratT
and stratS) are emitted at 30 hPa level. The broken line represent
the tropopause. Note that the diagram is not drawn to scale.

characteristic time scale of this relaxation is set to 3 hours
and does not change during the course of the simulation. The
atmospheric forcing (surface pressure, temperature, vorticity,
and divergence) is then obtained from numerical weather prediction models with data assimilation, e.g. the ECMWF 40years re-analysis data (ERA40, Simmons and Gibson, 2000).
2.2

Experiment description

We consider six independent idealized tracers, each constrained to have constant mass mixing ratio of 1 in its respective source region (see Fig. 1). Each of the tracers decays with a fixed globally uniform lifetime everywhere. At
each time step, the tracer concentration is restored to 1 in
the source region, whenever the tracer is depleted, either due
to decay or transport out of the source region. This ensures
that the fraction of the tracer that is transported out of the
source region is immediately replaced. This is equivalent to
prescribing a source which is proportional to the temporally
varying net outflow from the region. Our method is not suitable to diagnose redistribution of tracers within the source
region and recirculation back into the source region).
Horizontally, we divide the earth surface into three equalarea latitude bands called “north” (N), “tropics” (T) and
“south” (S), following Bowman and Carrie (2001); Bowman
and Erukhimova (2004). “North” refers to the region north
of 19◦ N, the region south of 19◦ S is “south” and the region
in the latitude bands in-between 19◦ N and 19◦ S is “tropics”. Vertically we inject the tracers at two different altitude
www.atmos-chem-phys.net/10/3385/2010/
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regimes (which we termed: “surface” and “stratosphere”).
The “surface” tracers have their source at the lowest model
level, while the “stratosphere” tracers were defined at model
levels that corresponds to 30 hPa, which is the second level in
the vertical resolutions L19 and L31 used in the simulations.
As ECHAM5 uses a hybrid sigma-pressure coordinate
system, the actual pressure or altitude of the tracer release
varies. At each time step, the atmospheric pressure, P of the
layer mid-point, z in a given location and time, t is given by:
P (x,y,z,t)=A(z)+B(z)Ps (x,y,t); where Ps is the surface
pressure, x is the longitude, and y is the latitude. The vertical coordinate parameters A(z) and B(z) of the L19 and L31
are given in Table A1. L31 has the same hybrid coefficients
A and B for the two topmost and lowermost levels, but finer
resolution in the free troposphere. We note that the vertical extent of the two levels we chose to release the idealized
tracers is the same in both vertical resolutions.
Henceforth, we will abbreviate the tracer names by combining their vertical and horizontal source region names; for
example surfT is the surface tracer with source region in the
tropics, while stratN stands for the tracer which is kept at
constant concentration in the stratosphere Northern Hemisphere (see Fig. 1). All tracers decay with a fixed globally
uniform lifetime.
The experiments in this study are performed using a setup
similar to the Atmospheric Model Intercomparison Project
2 (AMIP2, Gates et al., 1999) with prescribed sea surface
temperatures and sea ice climatologies of the 1990s. Experiments to test the resolution dependency of tracer transport were performed in the resolutions T21L19, T42L19,
T42L31, T63L31, and T106L31. All model resolutions were
run with a tracer lifetime of 5 months until a dynamical equilibrium was reached and then continued for four years. Additional sensitivity experiments were performed to test the
influence of ERA40 meteorology (run T63L31-era40, using
a tracer lifetime of 5 months) and to demonstrate the influence of the tracer lifetimes. The impact of tracer lifetime
was tested in T63L31 resolution, using tracers with lifetimes
of 0.5 and 50 months, respectively. For the tracers with lifetimes of 5 and 0.5 months one year was sufficient spin-up
time. The 50-months-lifetime tracer needed a spin-up of
9 years in order to reach a steady state in the stratosphere.
Therefore, the experiments involving tracers with 50 months
lifetime was run for a total of 13 years.
3

The influence of model configuration on the global
transport characteristics

The objective of this section is to characterise the sensitivity
of the export flux of a tracer from its source region i into
the global atmosphere. Across all the resolutions, the tracer
lifetime τ is set as 5 months, which roughly corresponds to
the lifetime of CO in the troposphere.
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Fig. 2. The resolution comparison index, Ri,r = mi,r /m̂i,T63L31 for r =T21L19, T42L19, T42L31, T63L31, T63L31-era40 and T106L31.
Note that R compares the source region adjusted global-mass of a tracer to the source region adjusted global mass of the same tracer in
the T63L31 resolution. See the text for more details. Note that there are no stratosphere tracers included in the T106L31 resolution due to
computational cost. Each line represents the last four years of the respective model run.

According to our formulation (see Sect. 2.2), the tracer
mixing ratio is restored to 1 at each time step following the
depletion of tracer in the source region, either due to transport out of the source region, or due to chemical decay in
the source region. This implies that the global amount of the
tracer is influenced by the source region extent, the lifetime
of the tracer and the net rate of transport out of the source
region. Therefore, for any given tracer with source in region
i and resolution r, the rate of change of the global mass Mi,r
is given by:
Mi,r (t)
Ṁi,r (t)=Si,r (t) −
τ

ṁi,r (t)=si,r (t) −

(1)

mi,r (t)
τ

(2)

We further divide mi,r by m̂i,T 63L31 , which is the 4-year average of mi,T 63L31 , to derive a resolution comparison index,
Ri,r :
Ri,r (t)=

where Si,r is the time-dependent net mass flux out of the
source region i in the resolution r.
According to our simulation setup, at t =0, Mi,r (0) equals
the mass of the tracer in the source region. This implies that
Mi,r (0) is proportional to the source region volume, because
the tracer is uniformly distributed in the source region. The
volume of the source region depends on the exact location
of the grid box boundaries which demarcate the source region in each model resolution. Consequently, for each model
resolution r, we normalise the quantities in Eq. (1) by diAtmos. Chem. Phys., 10, 3385–3396, 2010

viding them with Mi,r (0). Defining mi,r = Mi,r /Mi,r (0) and
si,r = Si,r /Mi,r (0), we get:

mi,r (t)
m̂i,T 63L31

(3)

Figure 2 displays the monthly mean values of this resolution
comparison index Ri,r for each of the idealized tracers in all
model configurations. In order to derive an estimate of the
strength of the export fluxes in the respective model resolutions, we apply a quasi-steady state approximation to Eq. (2).
We define quasi steady state as the state where there is no significant change in the 4-year mean global-mass of the tracers.
We note that surfN and stratS tracers appear not to reach the
quasi steady state after the end of the simulation period, but
this error is negligible in this context. Using this assumption,
the integration of the left hand side of Eq. (2) over the last 4
www.atmos-chem-phys.net/10/3385/2010/
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years of the simulations simply goes to zero, and this results
in:
s̄i,r =

m̄i,r
τ

(4)

where the bar indicates the 4-year average.
Substituting Eq. (4) into Eq. (3) yields R̄i,r =(k s̄i,r ), where
k=τ/m̂i,T 63L31 is a constant. This derivation shows that the
average values of Ri,r in Fig. 2 directly corresponds to the
strength of the export fluxes in the respective model resolution.
The global transport of the surface tracers from their
source regions exhibits both horizontal and vertical resolution dependency, especially at the tropical region, where
there exists a systematic increase in tracer transport from
T21L19 through T106L31. However, there is no clear distinction between the amount of surfN and surfS tracers transported in the T21L19 and T42L19, or T42L31 and T63L31,
which means that transport from the surface northern and
southern latitudes is much more influenced by the amount
of vertical levels of the model.
The stratospheric tracers (stratN, stratT, and stratS) on the
other hand, show no significant difference between the two
numbers of vertical levels. There appears to be little influence of the horizontal resolution on global characteristics
of the transport of tracers from the stratosphere, except at
the tropical stratosphere (stratT), where T63L31 resolution
shows between 5–10% more export that the remaining resolutions. This seemingly lack of resolution dependency of
the global characteristics of stratospheric tracers may be due
to limited number of vertical levels in the stratosphere in the
version of the model used in this study (which only contains
4–5 levels in the stratosphere).
Some of the tracers (i.e. stratS, stratT, stratN, surfS, and
surfN) show a distinct seasonal variation in all model resolutions with one distinct minimum and maximum within any
certain year. However, surfT tracer exhibits a semi-annual
cycle (with two minimums and maximums within any given
year) of lesser amplitude than those observed in the surfN
and surfS tracers. The semi-annual cycle is closely connected to the strong forcing exerted by the passing of the
sun across the equator twice every year. The seasonal cycle
of the southern tracers (surfS, stratS) exhibit slight changes
when the lifetime is reduced to 0.5 month or increased to 50
months (not shown), but the changes are more pronounced
in the tropical and northern tracers (surfT, surfN, stratT, and
stratN). This is consistent with the relation between tracer
lifetime and their concentration variability (e.g. see Derwent
et al., 1998), short-lived tracers has larger seasonal variability
than those of the longer-lived tracers.
Globally, the use of the ERA40 data leads to a lower transport out of the source region at the surface, where the tracers
exhibit a relatively small differences of between 0 to −3%
compared to the AMIP2-style T63L31 simulation. The relaxation of the atmospheric dynamics of the model to ERA40
www.atmos-chem-phys.net/10/3385/2010/
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data (i.e. run T63L31-era40) yields values of Ri,r which are
about 10% higher for the stratosphere tracers. In addition,
the T63L31-era40 run exhibits the Quasi Biennial Oscillation (QBO) in the stratT tracer. The presence of a QBO in
this simulation is a consequence of the assimilation procedure used to generate the ERA40 data. The versions of the
ECHAM5 model used for our experiments do not resolve the
stratosphere (due to very few layers in the stratosphere) and
hence cannot simulate the QBO, which could only be generated in the middle atmosphere ECHAM5 (MAECHAM5)
model. The use of ERA40 data also led to a higher interannual variability of the stratosphere tracers, where R varies
by no more than 12% from year to year in the climate run
and up to 24% in the ERA40 run.
The global characteristic of transport evaluated in this
section shows little difference between the T42L31 and
the T63L31 resolutions, while the difference between the
T42L19 and T42L31 resolutions can be up to 10%, especially in the troposphere. This suggests that it is appropriate to use the T42L31 resolution for computationally expensive tropospheric chemistry simulations with ECHAM5
(e.g. Aghedo et al., 2007). We note, however, that Roeckner
et al. (2006) find that the simulated mean climate state diverges when the number of vertical levels is increased in the
T42 horizontal resolution, whereas it converges to a more realistic climate state in the more expensive T63L31 resolution.

4
4.1

Source-receptor relationships
Meridional transport

Table 1 lists the fraction of tracer mass exported from source
region i into the atmospheric column of the receptor regions
S, T, and N after the 4 years of the simulation.
For the three surface tracers, about half of the total tracer
mass remains in the zonal band where it originated from,
and there is no systematic dependence on the model resolution (except surfT tracer, which decreases as model resolution increases). The meridional transport of surface tracers is
stronger in the models with finer resolution, as can be seen
from the larger fractions of the surfN and surfS tracers in the
S and N regions, respectively. As a consequence, the fractions of surfN and surfS tracers in the tropical band decrease
in the models with finer resolution. This is consistent with
enhanced advection out of the tropics (surfT to N and surfT
to S) in the models with finer resolution. The T106L31 resolution does not follow this general tendency, and could be
related to differences in the physical parameters of the model
for the individual resolutions. In this case, the changes beyond T42L31 should be considered insignificant.
In the stratosphere, about 75–84% of the stratN and stratS
tracers remain in the source region, while for the stratT tracer
this fraction is only about 50%. Meridional transport at
30 hPa is much slower than at the surface (for example, only
Atmos. Chem. Phys., 10, 3385–3396, 2010
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Table 1. The amount of tracers found in the three regions – N, T and S, for all simulations (in %) during the last 4-year of the simulations.
Note that there are no stratosphere tracers included in the T106L31 resolution due to computational cost. The values in bold face show an
anomaly in the increase/decrease trend.

Tracers and receptor region

T21L19

Resolutions (5 months lifetime)
T42L19 T42L31 T63L31 T106L31

Meteorology (5 months lifetime)
T63L31-era40

Lifetime (T63L31)
0.5 month 50 months

Surface tracers
surfN to S
surfS to N
surfN to T
surfS to T
surfT to N
surfT to S

12.3
12.7
34.9
34.9
25.6
26.4

13.5
13.9
31.2
32.3
26.8
28.0

15.7
15.9
31.8
32.6
27.6
28.5

16.3
16.6
30.8
31.4
28.4
29.1

15.9
16.0
31.3
32.3
27.8
29.0

15.2
15.5
30.7
32.0
27.8
28.5

1.2
1.5
18.3
19.2
14.8
15.2

30.8
30.7
32.6
32.8
32.9
33.2

2.8
3.2
20.8
21.3
26.5
24.9

2.2
2.8
16.1
17.1
25.9
25.0

2.3
2.4
16.4
16.7
24.0
26.1

2.3
1.9
15.1
14.5
24.6
27.0

–
–
–
–
–
–

5.9
3.8
15.5
14.2
28.3
29.5

0.01
0.01
6.7
6.8
8.2
8.8

22.3
21.5
26.4
25.9
33.9
35.5

55.3
53.8
45.2
81.7
80.1
49.1

52.5
51.5
43.9
81.3
80.9
49.9

52.9
52.0
42.5
82.6
83.6
48.4

52.8
51.7
43.2
–
–
–

54.1
52.5
43.7
78.6
82.0
42.2

80.5
79.3
70.0
93.3
93.2
83.0

36.6
36.5
33.9
51.3
52.6
30.6

Stratosphere tracers
stratN to S
stratS to N
stratN to T
stratS to T
stratT to N
stratT to S

Tracers remaining in the source region
surfN in N
surfS in S
surfT in T
stratN in N
stratS in S
stratT in T

52.8
52.4
48.0
76.4
75.5
48.6

about 2–3% of the stratN and stratS tracers reach the opposite S and N sectors, respectively). Model versions with
coarse resolution have larger inter-hemispheric transport in
the stratosphere (see Table 1), with the exception of stratT
tracer transported into S region. Interestingly, there is tendency for reduced transport from N to S across the resolutions (compare stratN to S to stratS to N in Table 1), with the
exception of T63L31 resolution.
Constraining the model with ERA40 data generally leads
to a small change of about 1–3% in the inter-hemispheric exchange of surface tracers. In contrast to its influence at the
surface, ERA40 data increases the inter-hemispheric transport in the stratosphere; this increase is about 9 – 15% for
transport from the tropical region to both hemispheres and
about 100% for long-range exchange between the N and S regions. The QBO generated in the T63L31-era40 simulation
may have contributed to this high inter-hemispheric mass exchange observed in the stratosphere tracers.
Table 1 also shows that the long-range meridional exchange between the northern and the Southern Hemisphere,
and the meridional transport of stratosphere tracers are most
sensitive to the tracer lifetime. The largest differences occur
between the tracers of 15 days and 5 months lifetime. The
50-month lifetime surface and tropopause tracers are well
Atmos. Chem. Phys., 10, 3385–3396, 2010

mixed, therefore the distribution within the regions varies by
less than 7%, whereas this variation in the stratosphere tracers is up to 30%.
4.2 Vertical transport
The cross tropopause transport of trace species plays a role
for the budgets of various trace gases like ozone and halocarbons. As a proxy for cross tropopause transport, we consider
the transport of the surface tracers to the stratosphere (i.e. the
percentage of surface tracers found above the 50 hPa level)
and transport of the stratosphere tracers to below 750 hPa
(Table 2). The vertical transport of the surface tracers shows
a dependence on the number of vertical levels. The models
with fewer vertical levels show larger vertical transport of the
surface tracers to the stratosphere. The percentage amount
of tropical surface tracer transported to the stratosphere is
slightly higher than that transported from its corresponding
N and S region, which may be due to the influence of convection in the tropics. Generally, a slightly higher vertical
exchange is observed in the NH compared to the SH most
likely due to orographic effects.
The transport of the stratosphere tracers to below 750 hPa,
however, shows a dependence on both vertical and horizontal resolution. For L19 and L31 models, an increase in
www.atmos-chem-phys.net/10/3385/2010/
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Table 2. Fraction (in%, with respect to global tracer mass) of tracer mass exported from various source regions into the atmosphere above
50 hPa and below 750 hPa. Note that there are no stratosphere tracers included in the T106L31 resolution due to computational cost. The
values in bold face show an anomaly in the increase/decrease trend.

T21L19

Resolutions (5 months lifetime)
T42L19 T42L31 T63L31 T106L31

Meteorology (5 months lifetime)
T63L31-era40

Lifetime (T63L31)
15days 50 months

surface tracers above 50 hPa
surfN
surfT
surfS

0.54
0.65
0.46

0.63
0.72
0.54

0.39
0.47
0.35

0.38
0.43
0.33

0.37
0.39
0.32

0.92
1.14
0.81

0.0057
0.0124
0.0042

3.68
3.74
3.63

1.35
0.89
1.11

–
–
–

2.04
1.19
1.78

0.0004
0.0008
0.0003

15.63
14.04
15.32

Stratosphere tracers below 750 hPa
stratN
stratT
stratS

1.47
0.95
1.05

1.80
0.90
1.16

1.32
0.76
1.07

horizontal resolution leads to an increase in the downward
tranport to the troposphere, with the exception of L19 stratT
tracers, which shows a slight decrease between the T21 and
T42. The comparison of T42L19 and T42L31 resolutions
shows that increasing the number of vertical levels acts to
reduce the vertical tranport of the stratosphere tracers to the
troposphere.
Although ERA40 data have little effect on the vertical
mixing of the surface tracers within the troposphere, it increases their vertical transport to the stratosphere by about
a factor of 2.5 (Table 2). ERA40 data also increase the
transport of stratosphere tracers to below 750 hPa by up to
60%. This is consistent with findings of Van Noije et al.
(2004), who investigated the sensitivity of stratosphere-totroposphere exchange towards different meteorological forcing conditions in their chemistry transport model.
Owing to the long residence time of air in the stratosphere
relative to our chosen lifetimes, the fraction of the mass exchanged between the stratosphere and the troposphere approaches 0 when the lifetime is short (0.5 months). The
fraction of the surface tracers transported to above 50 hPa
and stratosphere tracers transported to below 750 hPa rises
respectively to about 0.4% and 1% when the lifetime is increased to 5 months, and to 4% and 15% when the lifetime
increases to 50 months. The seasonal cycle of the fraction of
tracers transported across the tropopause is influenced by the
lifetime of the tracer (figure not shown).

5

Inter-hemispheric transport time

In this section, we calculate the inter-hemispheric transport
time between the Northern and Southern Hemispheres. Earlier studies have shown that the three horizontal divisions we
used in this study are relatively well mixed internally, and
large-scale exchange between the regions are comparatively
www.atmos-chem-phys.net/10/3385/2010/

(1)

α1 = 1/τ1
m1

φ

α2 = 1/τ2
m2

(2)

12

φ

21

Tracer source, s

Fig. 3. Conceptual model of tracer transport. See text for details
and the description of the parameters.

low. Therefore, we assume that our “tropics” region act as
a global-scale mixing barrier between the “north” and the
“south” region, such that the values of the surfN and surfS
tracers transported to the respective opposite hemisphere can
be used to estimate the inter-hemispheric transport time.
We therefore use a conceptual two box-model, with one of
the boxes containing the tracer source s as shown in Fig. 3.
For each box i =1, 2, we denote the mass of tracer in the
respective box by mi . The decay rate of a tracer in box i is
αi = 1/τi , where τi is the tracer lifetime. The transport rate
of any tracer from box i to box j , i 6= j is φij =1/τij , where
i,j =1, 2. For this general setting, the kinetic equations for
the tracer mass are as follows:
ṁ1 = −α1 m1 − φ12 m1 +φ21 m2 +s
ṁ2 = −α2 m2 − φ21 m2 +φ12 m1

(5)
(6)

If a tracer with an infinite lifetime and no source (i.e. α1 =
α2 = 0, and s = 0) attains a spatially uniform distribution in
the steady state, φ12 = φ21 = φ. If the tracer is not in the
Atmos. Chem. Phys., 10, 3385–3396, 2010
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Fig. 4. The 4-year average monthly-mean transport time τ of the surfN (a) and surfS (b) tracer for different model resolutions.

steady state (which means that either s 6 = 0 or the tracer has a
non-uniform distribution), we can calculate the seasonality of
the inter-hemispheric transport time τex =1/φ from Eq. (6):
τex =

m1 − m2
ṁ2

(7)

This is the equation of Prather et al. (1987), which was
also used by Kjellström et al. (2000) to determine the interhemispheric transport time from simulated SF6 concentrations.
Figure 4 shows the results of the inter-hemispheric transport time calculated using surfN and surfS tracers in the
model resolutions T21L19, T42L19, T42L31, T63L31,
T106L31 and the T63L31-era40 version. The minima of the
exchange time occur in the months of December to January
and June–August. During these months, the exchange of the
air masses across the equator is particularly active and the
transport times for tracers in both directions are low. This
cycle is connected to the position of the ITCZ, which migrates to the north and south of the equator in July–August
and January–February respectively. The more rapidly the location of the ITCZ changes, the more intense is the associated exchange of air masses between the large scale northern
and southern convective systems.
Figure 4 also shows that the inter-hemispheric exchange
time of the models with 19 vertical levels are larger than
those with 31 levels by up to 4 months. The figure also
shows that the inter-hemispheric exchange time is highly sensitive to the vertical resolution of the model. The use of
ECMWF reanalysis data results in a slightly higher interhemispheric transport time of approximately 1 month. The
inter-hemispheric transport time calculated from surfN are a
couple of days higher than those estimated from the surfS
tracers, probably due to the asymmetry of the flow patterns
which are strongly influenced by orography.
Atmos. Chem. Phys., 10, 3385–3396, 2010

Table 3. Annual mean value of the inter-hemispheric transport time
τex (in months) of the surfN and surfS tracers in various model
resolutions.

T21L19
T42L19
T42L31
T63L31
T63L31-era40
T106L31

surfN

surfS

16.8
15.9
11.9
11.4
13.0
11.8

16.7
14.9
11.4
11.0
12.2
11.5

The annual mean values of the inter-hemispheric transport
time across various model resolutions are given in Table 3.
Our inter-hemispheric transport time of 0.9 – 1.4 years are
similar to the 1.14±0.16yr estimated by Czeplak and Junge
(1974). These results are lower than the inter-hemispheric
exchange time of 1.5–1.7 years calculated from 85 Kr concentrations by Levin and Hesshaimer (1996) with the use of
a different two-box model. They explain however, that their
result may overestimate the real inter-hemispheric transport
time because the interpolation of observation data neglects a
decrease in concentration towards higher altitudes and in the
stratosphere. The inter-hemispheric transport time in Table 3
and Fig. 4 are considerably longer than the inter-hemispheric
exchange time estimated from SF6 tracers in the ECHAM4
model by Kjellström et al. (2000).
An analysis of the cross tropopause transport time is not
possible within this study, due to the complex transport patterns in the upper troposphere and lower stratosphere which
are not sufficiently captured by our small number of idealized
tracers.
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6

Summary and conclusions

The influence of model resolution, ERA40 meteorology and
the lifetime on the transport of tracers in ECHAM5 has been
examined using 6 tracers defined at different horizontal and
vertical regions. Transport of the surface tracers is both influenced by the horizontal and vertical resolution of the model,
especially at the tropical region, where it monotonically increases with higher number of both resolutions. Whereas,
the transport of stratospheric tracers show no such dependence on model resolution, except in the tropical stratosphere, where an increase in the the horizontal resolution to
T63 causes between 5 – 10% increase in net export of tracers. This may be connected with our models limited number
of vertical levels in the stratosphere.
We found a decrease in the mean meridional transport
of surface tracers in the coarse resolution models, due to
an enhanced vertical mixing, except for the advection into
the tropical region, which shows an inconsistent trend between the resolutions. A coarse model resolution leads to
enhanced inter-hemispheric transport in the stratosphere, except in the transport from tropical stratosphere to the Southern Hemisphere, which exhibits an increase trend with increasing model resolution.
The use of ERA40 data only slightly affects the interhemispheric transport of surface tracers, however it increases
the vertical transport of surface tracers to the stratosphere by
up to a factor of 2.5. ERA40 meteorology also increases the
long-range inter-hemispheric exchange between the northern and southern stratospheric region by up to 100%, and
stratosphere-troposphere transport by up to 60%. ERA40
data led to the generation of Quasi-Biennial Oscillation at the
tropical stratosphere, which would not normally be possible
in the versions of the ECHAM5 model used in this study.
The use of ERA40 data also led to a higher inter-annual variability of the stratosphere tracers, which varies by no more
than 12% from year to year in the climate run and up to 24%
in the ERA40 run.
The long-range inter-hemispheric transport between the
northern and the Southern Hemisphere, and the interhemispheric transport of the stratosphere tracers are most
affected by the tracers’ lifetime. The largest differences
are however found between the tracers with lifetimes of 0.5
month and 5 months. The 50-month lifetime surface and
tropopause tracers are well mixed, therefore the distribution
within the regions varies by less than 7%, and the percentage
amount found in our 3-latitudinal regions is between 30 –
36% irrespective of their source region. Tracer lifetime also
has an influence on the seasonal cycle of the tracers.
The results from the conceptual box model show that it
will take between 11 to 17 months for the surface tracer with
source in the southern and Northern Hemisphere respectively
to be transported to the other hemisphere. These results
are consistent with the inter-hemispheric exchange time of
1.14±0.16yr calculated by Czeplak and Junge (1974). The
www.atmos-chem-phys.net/10/3385/2010/
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inter-hemispheric transport is most active in December to
January and June to August. The models with the higher
vertical resolution in the AMIP2-style runs yield a seasonal
cycle of the inter-hemispheric exchange times, which are up
to 4 months lower than those of the coarse resolution models, and approximately 1 month lower than a similar model
driven with the ECMWF reanalysis data.
We found striking similarities in the performance of the
T42 and T63 horizontal resolutions with respect to the transport of tracers, when the model vertical level is increased
to 31. This may suggests that despite the lack of added
benefits in the zonal mean climate state with respect to
T42L19 (Roeckner et al., 2006), the use of T42L31 resolution in the transport of chemical species may present an additional benefit which may be comparable to the more computationally expensive T63L31. Due to the model setup used in
this study, additional work that employs tracers with known
atmospheric emissions and concentrations is needed in order
to provide some recommendations on the “best” ECHAM5
model resolution.
Appendix A
ECHAM5 hybrid sigma-pressure vertical coordinate
The vertical coordinate in the ECHAM5 model uses a hybrid
sigma-pressure coordinate system. The atmospheric pressure, P at the level mid-point, z in a given location and time,
t is given by: P (x,y,z,t)=A(z)+B(z)Ps (x,y,t); where Ps
is the surface pressure, x is the longitude, and y is the latitude. The vertical coordinate parameters A(z) and B(z) of
the L19 and L31 are as given in Table A1.
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Table A1. The ECHAM5 model vertical coordinate parameters of the L19 and L31 vertical levels. The entries show the respective layer
mid-points.
Level
mid-point, z
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

L19

L31

A(z) [Pa]

B(z)

A(z) [Pa]

B(z)

1000.0000
3000.0000
5023.0555
7157.0195
9438.7190
11730.3050
13774.8000
15279.8150
15988.6850
15736.5800
14489.1900
12361.5100
9614.3520
6626.1430
3837.5555
1666.5820
391.5975
0.0000
0.0000

0.00000000
0.00000000
0.00016949665
0.00184809015
0.0082136135
0.023573595
0.05236349
0.098283265
0.16355605
0.2483575
0.3504644
0.4651707
0.58552005
0.70290315
0.808068
0.89259225
0.95086605
0.98263335
0.99614075

1000.000000000
3000.000000000
5000.000000000
7000.000000000
8988.068359375
10898.337890625
12625.966796875
14083.8750000
15212.78125
15977.908203125
16365.806640625
16381.3125000
16044.609375
15388.43359375
14455.39453125
13295.40625
11963.26171875
10516.318359375
9012.30859375
7507.275390625
6053.626953125
4698.31591796875
3481.1435546875
2433.18725585938
1575.34753417969
917.019409179688
454.8876953125
171.845024108887
36.0317916870117
0.000000000
0.000000000

0.00000000000
0.00000000000
0.00000000000
0.00000000000
0.000195429078303275
0.00165527942590415
0.0060569163179025
0.0147566441446543
0.0286470074206591
0.0482312496751547
0.0736913084983826
0.104949295520782
0.141722559928894
0.183572381734848
0.229945927858353
0.280211985111237
0.333690196275711
0.38967365026474
0.447445213794708
0.50628736615181
0.565485417842865
0.624324411153793
0.682079493999481
0.737999826669693
0.791286110877991
0.841061413288116
0.886335849761963
0.925964534282684
0.958599209785461
0.982633352279663
0.996140748262405
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