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ABSTRACT
The transport of the passive tracers 14 CO

2 and SF6 has been modelled with two versions of the general
circulation model ECHAM4 with different vertical resolutions: the standard model with 19 model
layers (L19) and a higher-resolution version with 39 layers (L39). We study the impact of vertical
resolution on the modelled transport characteristics. Both models are able to capture the observed SF6
concentrations in the troposphere, but in the stratosphere the SF6 mixing ratios are overestimated.
L39 generally calculates higher stratospheric SF6 mixing ratios than L19. This deviation increases
with altitude. The difference between the modelled profiles is partly attributed to the residual mean
meridional circulation, which is stronger in L39 than in L19, and partly to the initial globally constant
SF6 concentration. The comparison of modelled 14 CO2 surface concentrations and vertical profiles with
observations has shown that an increased vertical resolution in the climate model ECHAM4 reduces the
strength of stratosphere–troposphere exchange. L39 allows a better representation of sharp gradients at
the tropopause than L19. This results in a weaker downward transport across the tropopause. However,
compared to observations the downward transport is still too strong even in the L39 simulation.

1. Introduction
The global model ECHAM4 has been established
as a powerful tool for global climate variability and
change simulations (e.g. Sausen et al., 1997; Roeckner
et al., 1999), for climate sensitivity experiments (e.g.
Feichter and Lohmann, 1997), and for tracer transport studies (e.g. Timmreck et al., 1999; Kjellström
et al., 2000). However, characteristic shortcomings
have shown up concerning the transport of chemical
species and passive tracers in the model’s stratosphere
and upper troposphere. Timmreck et al. (1999), who
modelled the eruption of the volcano Mount Pinatubo
and the subsequent transport of volcanic aerosol, have
shown that sulfate is transported poleward and downward into the model’s troposphere at a rate much faster
than observed. Kjellström et al. (2000) supported this
∗ Corresponding author.
e-mail: land@dkrz.de

finding in their transport study of 14 CO2 , the oxidant
of radiocarbon (14 C). They simulated the spreading of
14
CO2 , which was introduced into the stratosphere
of the northern hemisphere by above-ground nuclear
weapon tests in the fifties and in the beginning of the
sixties. They found that the modelled 14 CO2 concentration at surface stations increased faster than observed
during the first year after the nuclear test ban treaty.
Insufficient vertical and horizontal resolution may
be blamed for a substantial part of the deficient
transport characteristics in the ECHAM4 model studies cited above. Sharp gradients, as are observed
for dynamic parameters like potential vorticity close
to the tropopause, cannot be reproduced with the
large grid box sizes typical for current GCMs. Additionally, the numerical diffusion associated with the
semi-Lagrangian transport scheme used for the tracer
transport is probably too strong. Enhanced spatial resolution can be expected to decrease the problems in
both respects (Rasch and Lawrence, 1998).
Tellus 54B (2002), 4
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So far efforts in improving large-scale dynamics
have mainly focussed on increasing the horizontal resolution (e.g. Boville, 1991; Senior, 1995; Williamson
et al., 1995; Marshall et al., 1997), developing more
sophisticated parametrisation schemes (e.g. Lohmann
and Roeckner, 1996), or different transport schemes
(e.g. Rasch and Lawrence, 1998; Reithmeier and
Sausen, 2002). Relatively little attention has been paid
to the sensitivity of simulated dynamics on the vertical resolution, although Lindzen and Fox-Rabinovitz
(1989) explained that the vertical resolution has to be
chosen dynamically consistent to the horizontal resolution in order to improve the quality of the model
output. Their findings were supported by Olga et al.
(1991). Also Tsuyuki (1994) showed that a higher vertical resolution in the stratosphere is necessary to improve the simulated tropospheric variability. However,
Boville (1991) detected only minor changes as he reduced the vertical grid spacing from 2.8 to 0.7 km at
a horizontal spectral resolution of T21. Tompkins and
Emanuel (2000) pointed out that GCMs need a vertical resolution of at least 25 hPa to attain numerical
convergence in simulated water-vapour distribution.
The impact of the horizontal and vertical resolution
on simulated climate statistics has already been studied
with ECHAM4.L19 (hereafter abbreviated L19) and
ECHAM4.L39(DLR) (hereafter abbreviated L39), a
version of ECHAM4 with higher vertical resolution
(Stendel and Roeckner, 1998; Land et al., 1999, respectively). However, these studies did not examine
the sensitivity of the tracer transport in ECHAM4 to
an increased vertical resolution. Austin et al. (1997)
were able to improve the ozone distribution in their
GCM simulations by increasing the number of vertical
levels from 19 to 49, mainly in the tropopause region.
Pope et al. (2001) substantially improved the simulated water vapour and temperature distribution in the
Met Office Climate model by increasing the number
of model layers from 19 to 30. In this study we use the
passive tracers sulfur hexafluoride (SF6 ) and excess
14
CO2 , namely 14 CO2 that was introduced into the atmosphere by above-ground nuclear weapon tests, to
assess the impact of an increased vertical resolution
on the simulated tracer transport.
SF6 and excess 14 CO2 are valuable tracers for atmospheric and hydrological dynamics, because they
are very stable and can be measured with high accuracy (Hesshaimer et al., 1994; Maiss et al., 1996;
Upstillgoddard and Wilkins, 1998). SF6 is an anthropogenic trace gas with a lifetime of about 3200 yr. It
is predominantly used as an insulating gas in highTellus 54B (2002), 4
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voltage electrical equipment, but also as a cover gas
in the metal processing industries. It escapes to the
atmosphere through leaks and during repair or servicing (Ko et al., 1993). SF6 has already been used to
evaluate model dynamics in terms of stratosphere–
troposphere exchange (Kjellström et al., 2000) and
transport time scales (Manzini and Feichter, 1999;
Waugh et al., 1997), and to compare the transport characteristics of several global models (Denning et al.,
1999). The radioactive isotope carbon-14 (14 C) is naturally produced by interaction of neutrons with atmospheric nitrogen in the upper atmosphere. However,
due to the above-ground nuclear weapon tests of the
late 1950s and 1960s the atmospheric 14 C level increased substantially. In 1963 the northern hemisphere
surface concentration was twice the background value
(Nydal and Lövseth, 1983). 14 C has a half-life of
5730 yr. In the atmosphere it is rapidly oxidised to form
14
CO2 which is incorporated in the global carbon cycle. 14 C has been used to study stratosphere dynamics
in two-dimensional (2D) models (e.g. Johnston, 1989;
Kinnison et al., 1993; Shia et al., 1993) and to analyse
the carbon exchange between the atmosphere and the
oceans (Hesshaimer et al., 1994).

2. Model description
The global model ECHAM4 was developed from
the weather forecast model of the European Centre
for Medium-Range Weather Forecasts (ECMWF). It
is a spectral model based on the primitive equations.
The prognostic variables are the logarithm of surface
pressure, temperature, vorticity and divergence of the
horizontal wind, water vapour, and liquid water mixing ratio. In addition a number of passive tracers can
be transported. Water vapour, cloud water, and tracers
are advected by a semi-Lagrangian scheme (based on
Williamson and Rasch, 1989, 1994), while the remaining prognostic variables are transported by the Eulerian (spectral) advection scheme. A horizontal spectral resolution of T30 is used for the current study,
corresponding to an isotropic resolution of about 6◦
for dynamics. The semi-Lagrangian scheme and the
parametrised physical processes are calculated on the
associated Gaussian transform grid of approximately
3.75◦ × 3.75◦ in latitude and longitude. The semiimplicit leap-frog time-stepping scheme employs a
time step of 30 min. The model contains a state-ofthe-art parametrisation package for unresolved dynamical and physical processes, including radiation,
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cumulus convection, stratiform clouds, gravity wave
drag, vertical turbulent diffusion and surface fluxes,
land surface processes, and horizontal diffusion. The
characteristics of the ECHAM4 standard model are
described comprehensively by Roeckner et al. (1996),
and ECHAM4 features that were adopted from previous ECHAM versions or from the original ECMWF
forecast model can be found in Roeckner et al. (1992)
and Simmons et al. (1989), respectively.
The atmosphere general circulation model L39 was
derived from the operational ECHAM4 model. While
the standard ECHAM4 uses 19 vertical levels, L39 vertically resolves the model atmosphere with 39 layers in
a hybrid σ –p coordinate system. The top layer of both
models is centred at 10 hPa (about 30 km). The highest
increase in vertical levels has been achieved in the upper troposphere and above, e.g. the layer depth in the
tropopause region has been reduced from 2.0 to 0.7 km.
In contrast to L19, the L39 model has roughly consistent resolution away from the Equator according to
Lindzen and Fox-Rabinovitz (1989). Further, Boville
and Randel (1992) investigated equatorial waves with
a stratospheric GCM. They found that vertical grid
spacings of about 1 km or less appear to be required
at a horizontal spectral resolution of T21 to represent
these waves adequately. Thus, the vertical resolution
increase of L19 to L39 does make sense at T30. L39
was tuned independently from the 19 layer version
in order to account for the effect of parametrisations
that depend on the layer thickness, i.e. some free pa-

rameters in the cloud physics parametrisation scheme
had to be adapted to the reduced layer thickness in
order to restore the long-term mean radiative balance
at the top of the model atmosphere. Thus a meaningful comparison of the L39 and L19 results was possible. The details of the tuning process are given in
Land et al. (1999). This report also provides a detailed
model description and compares the main features of
the climatologies simulated with both model versions
at T30 horizontal spectral resolution. Only a few variables are sensitive to a change in vertical resolution.
Fractional cloud coverage is significantly reduced in
L39, particularly in the upper troposphere. The overall
reduction of cloud coverage in L39 relative to L19 is a
direct consequence of the vertical resolution change,
as the threshold value for upper level cloud formation
in the stratiform cloud scheme had to be increased. The
variability of temperature and zonal wind on daily and
weekly time scales is substantially enhanced above
50 hPa due to stronger eddy activity. The latter feature is of importance for the study presented here. The
residual mean meridional circulation, which may be
regarded as a suggestive predictor of the model’s transport characteristics, is stronger the higher the vertical
and meridional gradients of eddy heat flux at a given
vertical temperature gradient (Andrews et al., 1987).
The residual mean meridional circulation is shown
in Fig. 1. Tropospheric air enters the stratosphere in
the tropics. In the stratosphere it rises further upward
and subsequently moves poleward downward at higher

Fig. 1. Climatological mean residual mean meridional circulation in units of 109 kg s−1 simulated by L39 (left), and difference
between L39 and L19 (right). Within the shaded area the climatological mean values of both models differ at the 99.9%
significance level (t-test).
Tellus 54B (2002), 4
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latitudes. Equatorward of 60◦ north and south the climatological mean meridional mass circulation is significantly stronger in the L39 simulation than in the
L19 model run. Poleward of 60◦ the circulation is
weaker in L39 than in L19.
Dynamical differences between both models result in a different thermal structure. Therefore differences in the thermally defined tropopause between
the models are expected (see World Meteorological Organization, 1986, for the thermal definition of
the tropopause). Figure 2 shows the zonal and seasonal mean pressure at the thermal tropopause calculated from L39 and L19 results and determined
from ECMWF analyses data for northern winter and
summer. During all seasons the modelled tropopause
pressure is lower than observed at polar and tropical
latitudes (autumn and spring are not shown). In the
subtropical transition zone it is higher than observed.
The deviation between model and observational values at higher latitudes is attributable to the cold bias
in the lower stratosphere of both models. Compared to
the L19 simulation, the tropopause pressure is about
10–20 hPa lower in the tropics in the L39 results and it
is somewhat higher in the subtropics and at polar latitudes, except in DJF in the polar southern hemisphere.
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The tropopause pressure directly measures the stratospheric air mass, and hence the tropospheric air mass
can be derived. During all seasons, except in northern winter, the stratospheric (tropospheric) air mass is
lower (higher) in the L39 than in the L19 simulation.

3. Simulation set-up
The objective of this paper is to determine the impact of an increased vertical resolution on the transport
and distribution of passive tracers. Therefore numerical experiments have been performed with L39 and
L19 simulating the distributions of 14 CO2 and SF6 .
The modelled tracer set-up is outlined in this section.
3.1. SF6
SF6 is initialised in both models with a globally
uniform concentration field of 2.06 pptv on 1 January
1989 according to Denning et al. (1999). The period
1989–1993 (5 yr) is then simulated by running the
model in climatological mode with observed sea surface temperatures and ice cover as boundary conditions. The surface emission flux of SF6 is prescribed
using estimates of monthly global emissions rates as
proposed by Levin and Hesshaimer (1996). The SF6
sources and their strengths are distributed geographically according to population density and electrical
power usage as given in Denning et al. (1999) (Fig. 3).
SF6 is predominantly emitted in industrialised regions
of the northern hemisphere, such as North America,
Europe and South East Asia. There are no sinks in
the troposphere and stratosphere. Ravishankara et al.
(1993) assume that SF6 is destroyed in the mesosphere
as a result of electron attachment. As this sink is still
very unclear it is not included in our model simulations. In the following, results with respect to SF6 are
presented from the last year of the model integration.
3.2.

L39
L19
ECMWF

350
o
o
o
o
o
o
90 S 60 S 30 S Eq 30 N 60 N 90 N
latitude
Fig. 2. Modelled and observed (ECMWF) zonal mean
tropopause pressure for DJF (top) and JJA (bottom). Unit:
hPa.
Tellus 54B (2002), 4
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14

CO2

Based on observed profiles of 14 CO2 , Johnston
(1989) constructed the zonally symmetric distribution
of excess 14 CO2 for October 1963. This distribution
represents only a rough estimate, because observations were scarce. Many injections occurred during the
nuclear test series, and the total amount of radioactive material introduced is unclear. Error estimates for
this distribution have not been given. In their recent
study Hesshaimer and Levin (2000) systematically

348

C. LAND ET AL.

Fig. 3. Geographical distribution and density of SF6 sources.

investigated the observational basis for this distribution, namely the stratospheric air samples collected
during nuclear weapon tests and published in Health
and Safety Laboratory reports. They determined an
uncertainty of less than ±5% for the quarterly mean
stratospheric 14 CO2 activity concentrations.
As the transport in the stratosphere is dominated by
zonal winds it is assumed that bomb introduced 14 CO2
is distributed zonally homogeneous nine months after the series of bomb tests. The zonal mean distribution of excess 14 CO2 has been transferred to the
different model grids of L19 and L39 (Fig. 4). Excess
14
C was predominantly released into the stratosphere
of the northern hemisphere. Maximum 14 CO2 volume

mixing ratios there exceeded 5000 × 10−18 mol mol−1
poleward of 30◦ N between 100 and 50 hPa. In the troposphere of the southern hemisphere the 14 CO2 concentration was lower than 300 × 10−18 mol mol−1 .
The temporal variation of the tropospheric 14 CO2
concentration is determined by exchanges with the
ocean, the terrestrial biosphere, and the upper atmosphere, which includes variations in the natural production, anthropogenic emissions and radioactive decay. Following Hesshaimer et al. (1994) we apply a
simple module for the global carbon cycle. We divide
the biosphere into three carbon reservoirs (Fig. 5).
The smallest represents leaves, fine roots and twigs.
It has a capacity of 105 Pg(C), and its turnover time
is 3 yr. The second reservoir, with a capacity of 675
Pg(C) represents branches, roots and tree–trunks. It
takes 27 yr to replenish it fully. Soils store the largest
amount of carbon. This reservoir is fed by both other

25
23,1 branches
675
twigs

atmosphere

35
33,1 leaves 105
3,8

1,9

1,9

60

ocean
Fig. 4. Zonal mean distribution of excess 14 CO2 volume
mixing ratio used as initial distribution for October 1963 in
the L39 simulation. Isolines: 300, 350, 500, 850, 1500, 2500
and 5000 × 10−18 mol mol−1 .

soils
1420

Fig. 5. Global carbon cycle and 12 CO2 fluxes [Pg(C)/yr]
between the reservoirs, together with selected reservoir sizes
(Pg(C)), used in the model simulations.
Tellus 54B (2002), 4
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reservoirs. It has a capacity of 1420 Pg(C) with a
turnover time of 375 yr. The 14 CO2 content of the
oceans and the exchange with the terrestrial biosphere
in the model depends on the 14 CO2 concentration at
the surface level and the 14 CO2 content in each reservoir. It is proportional to the 12 CO2 surface fluxes as
depicted in Fig. 5. This simple model for the global
carbon cycle only accounts for long-term exchanges
between each reservoir. Seasonal variations are not
included.
In the model simulation only the distribution of
excess 14 CO2 , namely additional 14 CO2 from aboveground nuclear weapon tests, is modelled. Therefore
the natural production of 14 CO2 and the emission due
to other anthropogenic sources (e.g. fossil fuel combustion or release from light water reactors) are omitted. Oceans are able to store a vast amount of carbon.
It is assumed that dissolved 14 CO2 is rapidly mixed
downward. Therefore the flux back from the ocean into
the atmosphere is neglected. 14 CO2 has a radioactive
half-life of 5730 yr. As the 14 CO2 -simulation period
extends only over 10 yr the radioactive decay of 14 CO2
is negligible.

4. Results and comparison with observations
4.1. SF6
4.1.1. Surface values. The observed SF6 mixing ratio at the surface closely follows a quadratic function
in time (Geller et al., 1997). The global trend of the

modelled mixing ratio (in pptv) at the surface can be
approximated by
χ0L39 (t) = 3.532 + 0.230t + 0.002t 2

for

L39 (1)

χ0L19 (t) = 3.527 + 0.226t + 0.001t 2

for

L19 (2)

with t being the time (in yr) relative to 1996. These
curves have been determined by a least squares fitting procedure. The modelled monotonic increase is
slightly faster than the growth rate that Geller et al.
(1997) calculated from observational data. Using the
same emission scenario Denning et al. (1999) also detected in their intercomparison study that the simulated surface mixing ratio was higher than observed
for every model at all times of the year 1993 at all measurement sites. However, the differences between both
curves remain small during this period (not shown).
In Fig. 6 the observed and the modelled SF6 increases near the surface are depicted. The differences
between both model simulations are very small, i.e.
lower than 0.02 pptv. Therefore only the model values from the L39 simulation are plotted. As SF6 is
predominantly emitted at the surface of the northern
hemisphere, the mixing ratio there is higher than in
the southern hemisphere. The values at Izaña (28◦ N,
17◦ W) and Georg-von-Neumayer station (71◦ S, 8◦ W)
differ by about 0.3 pptv. These features are nicely captured by both model versions.
Figure 7 displays meridional profiles of the surface SF6 mixing ratio modelled by L39 and L19 for
November 1993 together with observations taken over

SF6 mixing ratio (pptv)

3.5

3

2.5
global
nh
sh
o
o
Alert, 82 N, 63 W
o
o
Izaña, 28oN, 17 oW
Cape Grim, 41 S, 145 E
o
o
Neumayer, 71 S, 8 W

2

1.5

1989

1990

1991

1992

1993

year

Fig. 6. Observed and modelled SF6 mixing ratios near the surface. The observations are taken at Alert () Izaña (×),
Cape Grim () and Georg von Neumayer (+). The curves represent global, northern hemisphere and southern hemisphere,
respectively, means of the L39 model results.
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3.8

SF6 mixing ratio (pptv)

3.6
3.4
3.2
3
Oct./ Nov. 1994
Nov. 1993
Nov. 1990
L19
L39

2.8
2.6
60S

30S

0

30N

60N

latitude

Fig. 7. Meridional profiles of the surface SF6 mixing ratio over the Atlantic Ocean modelled by L39 (short dashed) and
L19 in November 1993 (long dashed), and observed by UOH in November 1990 (), and November 1993 (•) (Levin and
Hesshaimer, 1996), and by NOAA in October/November 1994 (straight line) (Geller et al., 1997).

the Atlantic Ocean in November 1993 and November
1990 by the University of Heidelberg (UOH) (Levin
and Hesshaimer, 1996), and in November 1994 by
NOAA. The latter data have been adjusted to the UOH
calibration scale (Geller et al., 1997). Additionally, all
observational data have been scaled to November 1993
using the global growth rate given by Geller et al.
(1997). We used the global growth rate to scale the
observational data. In the years before 1994, the difference between the global growth rate and the growth
rates at the surface of the northern and the southern
hemisphere was less than 1%. The SF6 concentration
would differ only marginally if the hemispheric growth
rates had been used to scale the data. Also in Fig. 7 the
strong concentration gradient at the surface between
the northern and the southern hemisphere is clearly
visible. Compared to the observations both models realistically simulate this meridional profile. The model
results differ only slightly in northern hemisphere midlatitudes. However, it is not possible to say how significant this result is without running an ensemble of
simulations starting with differing meteorological
conditions. We refrained from this due to the high computational expense.
On the whole, these results show that the geographical distribution of the sources and their strengths are
chosen appropriately to yield realistic surface concentrations in the model simulations. To estimate the
global performance of both models, the vertical distribution has to be evaluated.
4.1.2. Vertical distribution and profiles. In Fig. 8
the annual and zonal mean SF6 distribution for 1993

simulated by L39 and the difference between both
model simulations are shown. In the L39 simulation
(Fig. 8, left) the SF6 mixing ratio decreases with increasing altitude, ranging from more than 3.4 pptv at
the surface of the northern hemisphere midlatitudes to
values lower than 2.6 pptv poleward of 50◦ N above
50 hPa. Further, the SF6 mixing ratio decreases monotonically from north to south in the whole troposphere.
In the stratosphere however, at a given altitude the
concentration is greatest in the tropics and decreases
towards the poles. This structure reflects the residual
mean meridional circulation (cf. Fig. 1). The difference between both model simulations is small in the
troposphere (less than 1.5%), but in the stratosphere
the model results differ systematically, especially in
the northern hemisphere. Above the tropopause L39
simulates higher mixing ratios than L19, and the difference increases with altitude (Fig. 8, right). This difference can be explained by the stronger residual mean
meridional circulation in the L39 simulation (Fig. 1).
To evaluate both models we show in Fig. 9 observed
vertical profiles of the SF6 mixing ratio from balloon
soundings in Esrange (68◦ N), Aire sur l’Adour (44◦ N)
and Hyderabad (17◦ N) (Harnisch et al., 1996; Patra
et al., 1997), together with monthly mean results of
both model simulations for December 1993. All observational vertical profiles have been scaled to December
1993. It has to be kept in mind that the reference growth
rate is valid for the surface and not necessarily for the
stratosphere. As the stratospheric SF6 concentration
lags behind the tropospheric concentration, the scaling
would be more accurate if the age of air had been taken
Tellus 54B (2002), 4
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Fig. 8. Annual and zonal mean SF6 mixing ratios modelled by L39 (left), and difference L39 minus L19 (right) for 1993.
Unit: pptv.
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Fig. 9. Observed profiles of the SF6 mixing ratio adjusted to December 1993 at different locations.
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4.2. 14 CO2
4.2.1. Regional results. The temporal evolution of
the 14 CO2 mass due to nuclear weapon tests simulated by the L39 model is depicted in Fig. 10 for
the total model atmosphere, troposphere, stratosphere,
and northern and southern hemispheres. The structure of the L19 results is very similar and therefore
not shown. After the initialisation in October 1963 the
global 14 CO2 content in the atmosphere decreases with
time, because 14 CO2 is absorbed by the oceans and
the terrestrial biosphere. The decrease in time follows
roughly an exponential curve with an e-folding time of
9 yr. The 14 CO2 content in the stratosphere decreases
rapidly during the first year after the initialisation (by
about 50%). It is dominated by the decrease of stratospheric 14 CO2 mass in the northern hemisphere. The
e-folding times are 1.2 and 1.3 yr for the L39 and L19

global
troposphere
stratosphere
northern hemisphere
southern hemisphere
1400
1200
CO2 mass (kg)

into account. However, the difference is again small.
A SF6 concentration of 1.5 pptv in the stratosphere
in January 1992 [e.g. at the station Esrange (Fig. 9)]
would increase to 1.9 pptv by December 1993 using
solely the surface growth rate. Taking an age of 4 yr
into account, the same concentration would rise to a
slightly lower value of 1.8 pptv. In general, model results and observations are in good accordance below
the tropopause. Above the tropopause, especially in
44◦ N and 68◦ N (Figs. 9a and b) the model simulations give higher (<10% in Aire) mixing ratios than
observed. The difference in the SF6 mixing ratio in the
stratosphere between the L39 and the L19 simulation is
smaller than the difference between both model results
and the observations. The difference between model
and observational values is greatest inside the polar
vortex. This deviation can mainly be attributed to the
chosen initial SF6 distribution. The model simulations
were started with a globally uniform mixing ratio of
2.06 pptv. In 1993 the model values in the stratosphere
exceed the initial mixing ratios, because the supply
of SF6 from the troposphere increases with increasing surface emissions. Therefore the model values in
the stratosphere exceed the observed concentrations,
which are lower or about the same value than the initial SF6 mixing ratio. Further, the modelled horizontal
diffusion might be somewhat too high at a spectral
resolution of T30. Increasing the horizontal resolution
would reduce the diffusion due to the semi-Lagrangian
advection scheme (Rasch and Williamson, 1990). In
Hyderabad (Fig. 9c) the agreement between observed
and modelled profiles is rather good.

14

352

1000
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400
200
0

64

65

66

67

year
Fig. 10. Temporal evolution of the 14 CO2 mass for selected
regions of the atmosphere modelled by L39.

simulation, respectively. For the period October to December 1963 the e-folding times of the stratospheric
northern hemisphere 14 CO2 mass differ significantly
between both model runs. The values are 1.6 and 1.0
for the L39 and L19 simulation, respectively. Thus
during the first three months, where the vertical gradient in the 14 CO2 concentration is strongest, the mixing
between the stratosphere and the troposphere is significantly weaker in L39 than in L19 due to weaker
vertical diffusion. If this finding is transferred to chemical species like ozone, where chemical processes act
to maintain strong vertical gradients, it can be concluded that the higher vertical resolution model L39 is
more suited to preserve strong vertical tracer gradients.
Once initialised 14 CO2 is only involved in atmospheric
transport processes before it is taken up at the Earth’s
surface. Therefore the vertical gradients are smoothed
during the following months and the e-folding times
of both models converge.
In the troposphere the modelled 14 CO2 mass increases during the first year by about 26%. During
this time the transport of 14 CO2 from the stratosphere
into the troposphere is stronger than the uptake in the
oceans and in the terrestrial biosphere. The temporal variation of stratospheric and tropospheric 14 CO2
masses can be explained by hemispheric differences
of the seasonal variation of the tropopause height. In
the global mean, the tropopause is higher in northern summer than in northern winter. Hence, the troposphere (stratosphere) encompasses a bigger (smaller)
Tellus 54B (2002), 4
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Fig. 11. Observed (dots) and modelled (L39 grey line; L19 dashed grey line) temporal evolution of the monthly mean 14 CO2
concentration at selected surface stations.

region and therefore the 14 CO2 mass during the summer months on the northern hemisphere is bigger
(smaller) than during the winter months.
A comparison of the temporal evolution of the
14
CO2 mass in the northern and the southern hemisphere reveals that the fast decrease in the northern
hemisphere can partly be explained by transport of
14
CO2 to the southern hemisphere. The hemispheric
difference vanishes by the end of 1967. The annual
mean interhemispheric exchange times are 0.83 and
0.86 yr for the L39 and the L19 simulation, respectively. In either model simulation the interhemispheric
exchange time shows a minimum in summer (see also
Kjellström et al., 2000). Later on, the 14 CO2 decrease
in the atmosphere is a consequence of the uptake in
the oceans and in the terrestrial biosphere.
Tellus 54B (2002), 4

4.2.2. 14 CO2 at the surface. In Fig. 11, modelled
and observed temporal evolutions of bomb produced
14
CO2 are displayed for selected surface stations as
relative deviations from the natural background value
in per mil (‰). Kjellström et al. (2000) have already
shown that the initial 14 CO2 concentration used in
the model simulation for October 1963 is higher than
observed at all stations (see their Fig. 16). As this deviation is only related to an erroneous initial 14 CO2
distribution, we have subtracted this offset in our comparison of modelled and observed 14 CO2 concentrations. Poleward of 28◦ N, maximum 14 CO2 activity
concentrations at the surface were observed in the
late summer of 1963. Further south, maximum concentrations occurred at later times, because the main
input of bomb 14 C was in the northern hemisphere
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stratosphere. The observed temporal difference of the
occurrence of maximum 14 CO2 concentrations between Nordkapp and Wellington is 1.5 yr. Later the
concentration decreased at all stations, because nuclear test series had ended, and 14 CO2 was taken up by
oceans and the terrestrial biosphere.
Compared to the observations, the maximum concentrations at the surface in the model results occur at an earlier time and the concentration maximum is higher than observed. This overestimation
can only be explained by a too strong downward
transport in the initial stage of both model simulations. As air masses of northern hemispheric origin
get mixed into the southern hemisphere with an interhemispheric exchange time of less than 1 yr in
both models (see above), the overestimated downward
transport in northern hemisphere midlatitudes therefore also contributes to the southern hemispheric surface concentrations and leads to an overestimation of
the 14 CO2 surface concentration on the southern hemisphere. Reithmeier and Sausen (2001) substituted the
semi-Lagrangian advection scheme of ECHAM4 by
a Lagrangian module, using wind information in the
original model coordinates and simulated the transport
of 14 CO2 . They found that the overestimated downward flux from the stratosphere into the troposphere
is attributable to the numerical properties of the semiLagrangian transport scheme and not to model dynamics. However, it is clearly visible that the values of the
first concentration maximum are lower in the L39 simulation than in the L19 simulation, especially in midand lower latitudes of the northern hemisphere. This
suggests that the downward transport is less overestimated in the higher vertical resolution model.
The stratospheric SF6 mixing ratio is larger in the
L39 than in the L19 simulation due to the stronger
residual mean circulation, in particular the branch with
rising air in the tropics. Due to continuity reasons also
the extratropical downward branch of this circulation
is stronger in L39 than in L19. Thus the downward
transport of 14 CO2 due to the residual circulation has
to be stronger in L39 than in L19, and one would expect higher 14 CO2 surface concentrations in L39 than
in L19. However, this is not the case during the first
2 yr after the initialisation. Until 1966 14 CO2 surface
concentrations are lower in L39 than in L19 for the
following reason: During the first months after the initialisation the downward transport in the models is
dominated by vertical diffusion. The residual circulation plays only a minor role, because the vertical
velocity associated with it is relatively small (of the

order of 0.3 mm s−1 at 100 hPa in the northern hemisphere). The strength of the vertical diffusion is positively correlated to the vertical concentration gradient
and negatively correlated to the vertical resolution. It
is obvious that the diffusive downward transport is
significantly reduced with higher vertical resolution.
Hence, the 14 CO2 surface concentrations are lower in
L39 than in L19 in the beginning of the simulation.
As the vertical gradient of the 14 CO2 concentration
decays, vertical diffusion becomes less and less important compared to the residual circulation. In 1966
the stronger residual circulation in L39 has caught up
the surface concentrations of the L19 simulation. Note
that also in this case the difference between modelled
concentrations is smaller than the difference between
the model results and the observations.
The 14 CO2 concentration decreases faster than observed at all surface stations in the L19 simulation.
Kjellström et al. (2000) related this behaviour to global
sink terms, which are too strong. Figure 11 shows that
this is also the case in the L39 simulation. However,
in the L39 model the 14 CO2 concentration decreases
more slowly at all stations in subsequent years than
in the L19 simulation, e.g. at Nordkapp the observed
e-folding time is 14.4 yr, the L19 model simulates
an e-folding time of 6.0 yr and in the L39 simulation
the e-folding time is 9.5 yr. In this respect the L39
simulations is more in accord with the observations.
Compared to the observations, the modelled seasonal variations at the stations Nordkapp, Vermunt,
and on the Canary Islands show a lower amplitude
and a phase lag (Nordkapp). The maximum surface
concentration in northern hemispheric midlatitudes,
observed in late summer 1964 at these stations, occurs
at the beginning of 1964 in the model. This model
feature can again only be explained by a too strong
downward transport from the stratosphere, especially
in midlatitudes in the initial stage of the simulation.
14
CO2 is coupled with the global carbon cycle and
therefore undergoes the same variations as CO2 . The
exchange between the atmosphere and the terrestrial
biosphere varies with time according to seasonal variations of plant growth. As a result, maximum CO2 concentrations are observed in late winter and minimum
CO2 concentration in late summer with an amplitude
of about 6 ppmv. In our model simulations we did not
include seasonal variations of the 14 CO2 exchange between the atmosphere and the land biosphere, because
they are negligible small: With a standard mixing ratio
14
CO2 /12 CO2 of 1.176 pptv the amplitude of the seasonal 14 CO2 cycle would be 7 × 10−18 mol mol−1 (cf.
Tellus 54B (2002), 4
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Fig. 12. Modelled (L39 grey line; L19 dashed grey line) and observed (triangles) profiles of the excess 14 CO2 mixing ratio
in autumn, winter, spring, and summer at 31◦ N in the years 1963 and 1964.

Fig. 4). Thus, this simplification cannot explain the
difference between observed and modelled seasonal
14
CO2 variations. Consequently, the 14 CO2 variation
is dominated by seasonal variations of the downward
transport from the stratosphere as well as fluctuations
in horizontal transport of 14 CO2 .
4.2.3. 14 CO2 vertical distribution. Figure 12 shows
the temporal evolution of observed and modelled vertical profiles of the zonal mean 14 CO2 mixing ratio
at 31◦ N. In autumn 1963 the maximum 14 CO2 mixing
ratio is observed at 21 km altitude. The modelled maximum is about 2 km higher in the L39 simulation and
its value is about 25% lower, whereas the L19 simulation captures the height of the initial 14 CO2 maximum,
but the value is about 30% lower than observed. This
discrepancy between observations and model results is
due to the fact that both models are started in October
1963, and the modelled profiles show the mean value
of October and November. The observations, however,
are only available as the quarterly mean of September,
October and November, with highest values observed
in September. In the period autumn 1963 to summer
1964 the modelled maximum 14 CO2 concentrations
are reduced by about 65%. The observed maximum
decreases by 50%. Until autumn 1964 it is shifted upward by about 3 km in the model simulations due to the
sink at the surface. In general the modelled values in
the stratosphere are about 1.5–2 times lower than observed. In Fig. 12 it can also be seen that the downward
transport of 14 CO2 in the L39 model is weaker in the
initial stage of the simulation, and the sharp concentration gradient at the tropopause is better maintained
(see SON 63/64 in Fig. 12) than in the L19 simulation.
Hence, the L39 model simulation of 14 CO2 is more in
accord with observations.
The modelled downward transport of 14 CO2 in the
first months after the initialisation is stronger as obTellus 54B (2002), 4

served, and the strong vertical concentration gradient above the tropopause is not maintained by the
models to the same extent than observed. The reasons for this shortcoming are the downward transport,
which is too strong especially in midlatitudes, and a
tropopause which is higher than observed (Fig. 2). The
latter deviation is attributable to the cold bias in the
lower stratosphere of both models. As a consequence,
bomb-produced 14 CO2 has been initialised partly in the
troposphere where vertical transport and mixing is significantly higher than in the stratosphere. If this portion had been placed in the stratosphere, it would have
been transported much more slowly towards the surface. Hence, 14 CO2 surface concentrations would have
been lower.

5. Sensitivity of the stratospheric circulation
to the position of the model top
The top level of both the L39 and the L19 model
is centred at 10 hPa. This seems to be a rather low
model top, especially for a study, where the stratospheric circulation plays such a an important role. To
investigate how sensitive the stratospheric circulation
is to the position of the model top, we have calculated the mean age of air from the SF6 simulations
of L39 and L19 and compare these results with the
distribution of mean age derived from a simulation of
SF6 with MAECHAM4. The latter model is the middle atmosphere version of ECHAM4. Its top model
level is centred at about 80 km. The set-up of the simulation with MAECHAM4 differs from our L39 and
L19 study of SF6 . Manzini and Feichter (1999) started
it with zero SF6 concentrations in October 1970 and
cover 15 yr and 3 months (cf. subsection 4.1).
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As SF6 does not have any sink in the stratosphere,
the vertical structure of its mass mixing ratio, namely
the decrease with increasing altitude, is dominated
by the mass exchange rate between the troposphere
and the stratosphere. The transport timescale of the
exchange may be described by the mean age of the air
mass. The concept of age, taking into account the statistical nature of air parcels was formally developed by
Hall and Plumb (1994). Based on their work, Waugh
et al. (1997), Hall and Waugh (1998), and Hall et al.
(1999) derived the mean age of stratospheric air from
chemical transport model simulations. The mean age
of an air mass in the stratosphere is the lag time of the
stratospheric response from the tropospheric mixing
ratio (Schmidt and Khedim, 1991). The mean age of
air has been calculated according to Volk et al. (1997),
using the results of the last year of each SF6 simulation for L39 and L19, i.e. 1993, and all 15 yr for
MAECHAM4. The time taken for the global mean
signal of the surface tracer concentration to reach the
equatorial tropopause is 0.3 yr for L39 and 0.4 yr for
L19 and MAECHAM4.
Figure 13 depicts the vertical age structure of all
three models. The mean age is lowest in the lower
tropical stratosphere and increases poleward and with
increasing altitude. At a given pressure level the
mean age is lowest in the L39 model. At the Equator above 100 hPa the mean age of the L39 and the
MAECHAM4 simulations agree quite well, whereas
it is higher in L19. At the poles below about 70 hPa,
L19 and MAECHAM4 show similar values of mean
age. Above 70 hPa the mean age is substantially lower
in L39 and L19 compared to MAECHAM4.
The meridional gradient of mean age between the
Equator and the Poles is tabulated in Table 1. Both the
L39 and the L19 results show a higher gradient in the
northern hemisphere than in the southern hemisphere
at 100 and 50 hPa. Furthermore, it is generally lower
in L39 than in L19. Compared to MAECHAM4 the
meridional age gradient at 100 hPa is lower in L39 and
higher in L19. At 50 hPa the MAECHAM4 simulation
gives the highest meridional gradient of mean age.
The vertical gradient of mean age between 100 and
30 hPa above the poles is similar in L39 and L19: it
is 1.6 yr in the northern and 1.9 yr in the southern
hemisphere. In MAECHAM4 it is 2.5 and 2.8 in the
northern and southern hemisphere, respectively. In the
tropics the values are 1.8, 2.4, and 1.8 for L39, L19,
and MAECHAM4, respectively.
The age values of L39 are similar to the age distribution of the GISS model (Goddard Institute for

Fig. 13. Vertical structure of the mean age determined
from SF6 simulations with L39 (top), L19 (middle) and
MAECHAM4 (bottom). Unit: yr.

Space Studies’ Global Climate Middle Atmosphere
model) shown in Hall and Waugh (1997) (their Fig. 1),
whereas the L19 age distribution has slightly higher
age values. Using a CTM covering the atmosphere up
to 50 km, Waugh et al. (1997) determined a meridional
age gradient which was twice as large as in L39 and
L19 and even larger than in MAECHAM4. The air
Tellus 54B (2002), 4

PASSIVE TRACERS IN THE ECHAM4 MODEL

Table 1. Meridional gradient of mean age (yr) between the poles and the tropics for the 50 and the 100
hPa levels modelled by L39, L19, and MAECHAM4
100 hPa

50 hPa

Model

NH

SH

NH

SH

L39
L19
MAECHAM4

1.8
2.2
2.0

1.4
1.9
1.7

2.1
2.3
2.6

2.0
2.1
2.6
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the tropics, and thus the upward transport velocity,
are similar in the L39 and the MAECHAM4 simulations. However, the strong meridional gradient of
mean age in the lower stratosphere cannot be achieved
with either the L39 or the L19 for the following reasons: The initially global constant SF6 concentration
prevents higher age values above the poles, also the
low top model level, which is centred at 10 hPa, might
hamper a realistic stratospheric circulation.

6. Summary and conclusions
mass at 20–30 km altitude (50–10 hPa) was 2 yr older
(compared to L39 and L19) and 1 yr older (compared
to MAECHAM4). The stratospheric age structure calculated from observed vertical SF6 -profiles also shows
older air above the poles. Harnisch et al. (1996, 1998)
determined an age of 5–10 yr for air masses in the
polar vortex. These high values might be attributed to
air masses with low SF6 mixing ratios coming from
high altitudes and sinking downward above the poles.
As the top levels of both the L39 and the L19 model
versions are centred at 10 hPa and no sink has been
described, the mean age in the models has to be lower
compared to these observations. One reason for the
differences between models is that the horizontal concentration gradient between lower and higher latitudes
might be underestimated due to the homogeneous initial SF6 distribution in the L39 and L19 simulations,
i.e. with an initial SF6 concentration of 2.06 pptv the
mean age is always lower than 4.1 yr. Another reason
is that horizontal mixing is overestimated.
In a more recent work Hall and Waugh (1998)
showed that despite the long lifetime of SF6 its chemical destruction in the mesosphere is important for the
mean age calculation from observations. Due to this
sink, the vertical concentration gradients are higher
than they would be for a perfectly inert tracer. Therefore the observed mean age is overestimated. Thus, if
the mesospheric sink had been included in the model
simulations, it is likely that the mean age would agree
better with the observations. Hall and Waugh (1998)
found that the overestimation is higher in the extratropics than in the tropics. Depending on the model
used and prescribed sinks, the age at 68◦ N was overestimated up to 10% at 20 km and up to 65% at 30 km.
Consistent with the results shown so far the mean age
is lower in the L39 than in the L19 simulation. This
is attributable to a stronger residual mean meridional
circulation. The mean age and its vertical gradient in
Tellus 54B (2002), 4

The impact of an increased vertical resolution on the
transport and distribution of the passive tracers 14 CO2
and SF6 has been investigated by means of numerical
model simulations with two versions of ECHAM4,
with the top level centred at 10 hPa but different vertical resolution: the standard model with 19 model layers
and a higher-resolution version with 39 layers. Both
models are able to reproduce the observed SF6 concentrations in the troposphere. Only in the mid- and
higher latitudes of the stratosphere do they simulate
higher mixing ratios than observed. In the lower latitudes of the stratosphere the modelled SF6 mixing
ratios are in good agreement with observations. L39
generally calculates higher stratospheric mixing ratios
than L19, and the difference increases with altitude.
This difference between the modelled profiles has been
attributed to the residual mean meridional circulation,
which is stronger in L39 than in L19. The deviation of
the model results from the observed vertical profiles
is due partly to the relatively coarse horizontal resolution, which causes stronger horizontal mixing into
higher latitudes (i.e. the polar vortex) and partly to the
initialisation of SF6 with a globally constant concentration. These findings are confirmed by the vertical
gradient of mean age calculated from the SF6 distribution, which is weaker in the L39 than in the L19
simulation. A lower vertical gradient of the mean age
is caused by a stronger residual mean meridional circulation. A stronger mean meridional circulation is
equivalent to a higher upward transport velocity in the
tropics.
The comparison of modelled 14 CO2 surface concentrations and vertical profiles with observations
has shown that an increased vertical resolution in
the climate model ECHAM4 reduces the strength
of stratosphere–troposphere exchange. Although the
tropopause is higher in the L39 simulation than in
L19 in the beginning of the simulation, and thus more
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14

CO2 is introduced into the troposphere, the 14 CO2
surface concentrations are lower. Therefore, L39 is
more able to capture and maintain strong vertical gradients in tracer concentrations than L19. However,
compared to observations the downward transport is
still too strong even in the L39 simulation. As a further
consequence of the differing tropopause, the volume
of air occupied by the troposphere and stratosphere of
both models differ. The difference in the tropopause
height does not affect our conclusion that strong vertical gradients, which occur e.g. in the vicinity of the
tropopause, can be better maintained by the L39 model
than by L19.
Generally the differences between the L39 and the
L19 results are smaller than between the model results
and observations.
One might suspect that the model dynamics is
responsible for the excessive downward transport.
However, Reithmeier and Sausen (2001) showed that
this is not the case. They simulated the transport of
14
CO2 with a Lagrangian advection model coupled to
ECHAM4 using velocities in the original model coordinates. They found that the overestimated downward flux from the stratosphere to the troposphere is
rather due to the numerical properties of the semiLagrangian transport scheme than due to incorrect
model dynamics. Improvements with respect to the
numerical properties of the semi-Lagrangian advection scheme could possibly be achieved by further increasing both the horizontal and the vertical resolution
(Rasch and Williamson, 1990; Rasch and Lawrence,
1998).
Improvements in the stratospheric circulation might
also be achieved by shifting the top model level to
higher altitudes (see section 5).
Another possible influence factor, which has yet to
be studied, is the cold bias in the lower polar stratosphere of ECHAM4. Improvements in the temperature

structure would directly improve the location of the
tropopause. It is possible that the cold bias might partly
be a reason for the too strong downward transport.
Land et al. (1999) compared the residual mean meridional mass flux simulated by the two model versions,
and calculated from ECMWF reanalysis (ERA) data.
However, they did not find any systematic relationship between cold bias and residual mean meridional
mass flux. The climatological mean residual mean
meridional mass flux calculated from ERA data is
weaker in the southern hemisphere than the modelled mass flux. In the northern hemisphere the observed residual mass flux is slightly stronger than in
the L19 results, but somewhat weaker than in the L39
results.
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