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Abstract

For the first time a purely Lagrangian transport algorithm is applied in a fully
coupled chemistry-climate model (CCM). We use the Lagrangian scheme ATTILA
for the transport of water vapour, cloud water and chemical trace species in the
ECHAM4.L39(DLR)/CHEM (E39C) CCM. The advantage of the Lagrangian approach
is that it is numerically non-diffusive and therefore maintains steeper and more re-
alistic gradients than the operational semi-Lagrangian transport scheme. In case of
radiatively active species changes in the simulated distributions feed back to model dy-
namics which in turn affect the modelled transport. The implications of the Lagrangian
transport scheme for stratospheric model dynamics and tracer distributions in the up-
graded model version E39C-ATTILA (E39C-A) are evaluated by comparison with ob-
servations and results of the E39C model with the operational semi-Lagrangian ad-
vection scheme. We find that several deficiencies in stratospheric dynamics in E39C
seem to originate from a pronounced modelled wet bias and an associated cold bias
in the extra-tropical lowermost stratosphere. The reduction of the simulated moisture
and temperature bias in E39C-A leads to a significant advancement of stratospheric
dynamics in terms of the mean state as well as annual and interannual variability. As
a consequence of the favourable numerical characteristics of the Lagrangian trans-
port scheme and the improved model dynamics, E39C-A generally shows more real-
istic stratospheric tracer distributions: Compared to E39C high stratospheric chlorine
(Cly) concentrations extend further downward and agree now well with analyses de-
rived from observations. Therefore E39C-A realistically covers the altitude of maximum
ozone depletion in the stratosphere. The location of the ozonopause, i.e. the transition
from low tropospheric to high stratospheric ozone values, is also clearly improved in
E39C-A. Furthermore, the simulated temporal evolution of stratospheric Cl, in the past
is realistically reproduced which is an important step towards a more reliable projection
of future changes, especially of stratospheric ozone.
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1 Introduction

Coupled chemistry-climate models (CCMs) are a common tool to study past changes
and to predict the future evolution of the stratosphere. Assessing the reliability of those
model predictions requires a detailed knowledge on the capabilities and limitations of
the applied models. For this purpose different generations of CCMs and their under-
lying general circulation models (GCMs) are reviewed periodically in various model
intercomparison projects (e.g. Park et al., 1999; Gates et al., 1999; Pawson et al.,
2000; Austin et al., 2003). In a recent model intercomparison (Eyring et al., 2006) the
performance of thirteen CCMs has been evaluated against observations with a special
focus on quantities that are important for simulating the evolution of ozone and ozone
recovery. The participating models covered a great bandwidth of different model for-
mulations, e.g. with respect to the underlying GCMs, transport algorithms, chemistry
schemes or the model domain and resolution. Depending on the evaluated quantity
the models showed more or less agreement among each other or with observations.
For example, most models showed a temperature bias in the extra-tropical lowermost
stratosphere, but the simulated stratospheric temperature trend over the period be-
tween 1960 and 2000 was in fairly good agreement with observations. A large inter-
model spread, however, was obvious in the simulated tracer distributions like those
of methane or inorganic chlorine (Cl,), indicating large differences in transport. This
kind of model evaluation can provide useful insights in model deficiencies and gen-
eral uncertainties in our understanding of mechanisms and feedback processes. For
the identification of causes of model shortcomings a more detailed analysis of model
results and sensitivity simulations with respect to individual parameterisations are nec-
essary.

One of the participating models was the CCM ECHAM4.L39(DLR)/CHEM (E39C)
(Dameris et al., 2005). The model evaluation of Eyring et al. (2006) summarised var-
ious shortcomings in E39C with respect to model dynamics and tracer distributions.
Like most of the models, E39C exhibits a severe temperature bias in the extra-tropical
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lowermost stratosphere (cold bias) as well as in polar regions in the model top layers
(see also Dameris et al., 2005). The stratospheric temperature errors have further
implications for model dynamics like a delayed break down of the polar vortex. Fur-
thermore, the comparison with observations indicated biases in simulated tracer fields
which might be caused by deficiencies in model dynamics as well as limitations of
the applied transport algorithm. For example, the atmospheric tape recorder signal in
E39C indicates a too rapid upward propagation in the tropics. E39C also has problems
simulating the stratospheric methane distribution or stratospheric Cl, trends. The latter
has an impact on simulated ozone trends which are too weak in E39C. The exact cause
and effect relationships causing these model deficiencies are generally not obvious
and figuring them out is often challenging. Compared to the other participating models
E39C has the lowest vertical resolution above 50 hPa, with the uppermost model level
being centred at 10 hPa. Thus E39C deficiencies are often simply attributed to the low
model top.

A first important step towards a significant improvement of model dynamics has
been done in a recent study of Stenke et al. (2007) employing the fully Lagrangian,
numerically non-diffusive, and strictly mass conserving advection scheme ATTILA (Re-
ithmeier and Sausen, 2002) for the transport of water vapour and cloud water in the
ECHAM4.L39(DLR) GCM (without coupled chemistry). In the operational version (e.g.
Roeckner et al., 1996; Land et al., 2002) a semi-Lagrangian advection scheme is used
for tracer transport which exhibits an exceptional high numerical diffusion in the pres-
ence of sharp tracer gradients. In case of water vapour this leads to an artificial horizon-
tal diffusion of water vapour from the tropical upper troposphere into the extra-tropical
lowermost stratosphere and a severe overestimation of water vapour within this atmo-
spheric region (wet bias). In turn, the simulated wet bias contributes to a cold bias
in the extra-tropical lowermost stratosphere due to excessive longwave cooling rates.
The use of ATTILA results in a pronounced and consistent reduction of the modelled
biases, e.g. the cold bias in the extra-tropical lowermost stratosphere is reduced to
one third of its original amount. The advancements in simulated temperatures have a
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remarkable impact on model dynamics, e.g. on the representation of the extra-tropical
tropopause or the zonal winds in the stratosphere.

In the present study the Lagrangian approach described in Stenke et al. (2007) has
been extended to chemical trace species. According to our knowledge this is the first
time that a purely Lagrangian advection scheme is used for the transport of active
trace species in a global, interactively coupled CCM. Concerning chemistry modelling
Lagrangian methods have been applied in chemistry transport models (CTMs) like
STOCHEM (Collins et al., 2000, and references therein), GRANTOUR (e.g. Atherton
et al., 1996) or CLAMS (McKenna et al., 2002a,b) exclusively, with encouraging re-
sults. Furthermore, in a few cases Lagrangian schemes have been used in GCMs for
the transport of passive trace species (e.g. Eluszkiewicz et al., 2000; Reithmeier and
Sausen, 2002). Here we present an upgraded model version of the coupled chemistry-
climate model E39C employing the Lagrangian advection scheme ATTILA for water
vapour, cloud water as well as all chemical trace species, i.e. E39C-A. The intention
of this paper is to evaluate the performance of this new model version and to doc-
ument significant improvements with regard to model dynamics and simulated tracer
distributions, but also to identify remaining model deficiencies that cannot be cured by
a superior transport algorithm. Like the evaluation of Eyring et al. (2006), the study
is based on a transient model simulation of the year 1960 to 2004 including several
anthropogenic and natural forcings.

In the following section E39C-A as well as the experimental set-up of the performed
model simulation are briefly described. Several advancements in model dynamics have
already been discussed in Stenke et al. (2007) and are shortly summarised in Sect. 3.1.
Sections 3.2 and 3.3 focus on model improvements with regard to stratospheric trans-
port and tracer distributions. A summary and concluding remarks are given in Sect. 4.
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2 Model description and experimental set-up
2.1 The CCM ECHAM4.L39(DLR)/CHEM/ATTILA

In this study, we use the coupled chemistry-climate model ECHAM4.L39(DLR)/CHEM/-
ATTILA (hereafter referred to a E39C-A) which is an upgraded version of the CCM
ECHAM4.L39(DLR)/CHEM (E39C) (Dameris et al., 2005) employing the fully La-
grangian advection scheme ATTILA (Reithmeier and Sausen, 2002) for tracer trans-
port. The model system E39C (Hein et al., 2001) has been applied for several
chemistry-climate studies based on time-slice (e.g. Schnadt et al., 2002; Grewe et al.,
2004; Stenke and Grewe, 2005) as well as transient simulations (Dameris et al., 2005,
2006; Grewe, 2007).

E39C consists of the dynamic part E39 and the chemistry module CHEM. E39 is a
spectral general circulation model, based on the climate model ECHAM4 (Roeckner
et al., 1996), and has a vertical resolution of 39 levels up to the top layer centred at
10hPa (Land et al., 2002). In the uppermost model layers (“sponge layer”) horizontal
diffusion is gradually enhanced to prevent spurious wave reflection at the model top.
These numerical requirements yield a suppressed model variability in the 2 uppermost
layers, i.e. above 25hPa. A spectral horizontal resolution of T30 (~6° isotropic res-
olution) is used in this study. The corresponding Gaussian transform grid, on which
the tracer transport, model physics and chemistry are calculated, has a mesh size of
approximately 3.75°x3.75°. The chosen time step is 24 min.

The chemistry module CHEM (Steil et al., 1998) is based on the family concept. It in-
cludes stratospheric homogeneous and heterogeneous ozone chemistry and the most
relevant chemical processes for describing the tropospheric background chemistry with
107 photochemical reactions, 37 chemical species and 4 heterogeneous reactions on
polar stratospheric clouds (PSCs) and on sulphate aerosols. In addition to E39C the
present model version includes a parameterisation for bromine chemistry (CIO/BrO-
cycle) based on the photolysis of Cl,O, (based on Rex et al., 2003). To account for the
effects of twilight stratospheric ozone chemistry the photolysis at solar zenith angles
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up to 93° has been implemented (Lamago et al., 2003). Net heating rates and photoly-
sis rates are calculated on-line from the modelled distributions of the radiatively active
gases O, CH,, N,O, H,O and CFCs, and the actual cloud distribution. NO, emissions
from lightning are parameterised according to the approach developed by Grewe et al.
(2001) who related the flash rate to the vertical mass flux within a convective cloud.
The annual mean emission rate of lightning NO, amounts to 5.36 Tg(N)/a.

Water vapour, cloud water and chemical trace species are advected by the La-
grangian advection scheme ATTILA (Reithmeier and Sausen, 2002) instead of the op-
erational semi-Lagrangian advection scheme of Williamson and Rasch (1994) which
has been used in the previous model version E39C. Since the semi-Lagrangian
scheme itself is not mass conserving, a mass fixer has to be applied which is an integral
part of the scheme (Rasch and Williamson, 1990). In contrast, the purely Lagrangian
scheme ATTILA is strictly mass conserving and numerically non-diffusive. Transport
studies with the ECHAM4 GCM using passive tracers have shown that ATTILA is able
to maintain steeper and more realistic gradients than the semi-Lagrangian scheme
(Reithmeier and Sausen, 2002). Furthermore, the simulated age of air in ECHAM4
strongly depends on the advection scheme, with ATTILA producing the older and more
realistic ages (Land et al., 2002; Reithmeier et al., 2008). This agrees well with find-
ings of Eluszkiewicz et al. (2000) that the most realistic results in terms of age of air
are obtained with non-diffusive schemes.

To cope with the applied spatial resolution (T30, 39 vertical levels) the mass of the
model atmosphere is divided into approximately 500000 air parcels of equal mass
which are advected three-dimensionally using the actual model wind field. ATTILA
includes state-of-the-art parameterisations of convective transport, mixing due to inter-
parcel exchange, and boundary layer turbulence which are described comprehensively
by Reithmeier and Sausen (2002).

Reithmeier and Sausen (2002) applied ATTILA for the transport of passive tracers
exclusively. In a recent study of Stenke et al. (2007), ATTILA has been extended suc-
cessfully to water vapour and cloud water. The treatment of active trace species re-
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quires some modifications to ATTILA concerning the mapping between air parcels and
model grid. The model grid is used for the calculation of radiation, convection and other
physical processes, and to handle the diagnostic output. For this purpose, the tracer
concentrations are mapped from the air parcels to the ECHAM model grid by averaging
the tracer concentrations of all air parcels within the same grid box. Since the radiation
scheme requires complete tracer fields, a suitable algorithm is used to “fill” empty grid
boxes, i.e. a reasonable tracer concentration is assigned to the respective grid box. A
detailed description of the applied approach is given in Stenke et al. (2007).

In the present study the concept described in Stenke et al. (2007) has been adopted
for the transport of chemical trace species. While in case of water vapour and cloud
water the tracer content on the Lagrangian air parcels is given as mass mixing ratios,
volume mixing ratios are used in case of the chemical trace species.

2.2 Experimental set-up

The present study is based on a transient simulation designed to represent the at-
mospheric development from 1960 to 2004. Therefore, as many as possible natural
and anthropogenic forcings are included, like the 11-year solar cycle, the QBO, chem-
ical and direct radiative effects of major volcanic eruptions, the increase in well mixed
greenhouse gas concentrations and surface NO, emissions. The model design mainly
follows the description given in Dameris et al. (2005). In the following, the experimental
set-up and modifications compared to Dameris et al. (2005) are briefly summarised.
After a 10-year spin-up with stationary conditions of the late 1950s the model has been
integrated from 1960 to 2004 using transient boundary conditions.

The SSTs are given as monthly means following the global sea ice and sea surface
temperature data set HadISST1 provided by the UK Met Office Hadley Center (Rayner
et al., 2003, available via http://hadobs.org/). The data set is based on blended satellite
and in situ observations.

Both, chemical and direct radiative effects of enhanced stratospheric aerosol abun-
dance from the three major volcanic eruptions of Agung (1963), El Chichdon (1982)
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and Mount Pinatubo (1991) are taken into account. For the heterogeneous reactions
covered in the chemistry module, observed sulphate aerosol surface area densities
(SADs) are prescribed as monthly means. The SADs have been deduced from satel-
lite data, as described in Jackman et al. (1996) and updated by D. B. Considine (NASA
Langley Research Center). This data set covers the period from 1979 to 1999. For the
years before 1979 SADs have been calculated as described in Dameris et al. (2005),
and for the period 2000—2004 the mean value of the years 1997 to 1999 has been
used.

Eruption-related radiative heating is implemented using additional monthly and
zonal mean net heating rates. The heating rates mark a modification to the model
set up described in Dameris et al. (2005) who used a data set provided by Kirch-
ner et al. (1999). The heating rates applied in the present study were calculated
by G. Stenchikov and L. Oman using volcanic aerosol parameters from Sato et al.
(1993), Hansen et al. (2002) and GISS Model E radiative routines and climatol-
ogy (Schmidt et al., 2006, for further information see http://www.pa.op.dlr.de/CCMVal/
Forcings/CCMVal_Forcings.html). This data set covers the years from 1950 to 1999.
For the years 2000 to 2004 the values of 1999 have been used. In tropical regions the
updated volcanic heating rates are generally smaller than in the data set of Kirchner
et al. (1999). In polar regions of the lower stratosphere the new data set shows a sub-
stantial radiative cooling for 2—3 years after a volcanic eruption which was not apparent
in the data set of Kirchner et al. (1999).

The QBO is forced externally by a linear relaxation (“nudging”) of the simulated zonal
winds in the equatorial stratosphere to a constructed QBO time series which follows
observed equatorial zonal wind profiles (Giorgetta and Bengtsson, 1999). This assim-
ilation is applied equatorwards of 20° latitude from 90 hPa up to the model top layer.
The relaxation time scale is set uniformly to 7 days within the QBO core domain above
50 hPa and between 10°N and 10° S. Outside the core region the relaxation time de-
pends on latitude and pressure (Giorgetta and Bengtsson, 1999).

The influence of the 11-year solar cycle on photolysis is parameterised according to
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the intensity of the 10.7 cm radiation of the sun (Lean et al., 1997, data available via
http://www.drao.nrc.ca/icarus/www/daily.ntml). The impact of solar activity on short-
wave radiative heating rates is considered on the basis of changes of the solar constant
(Dameris et al., 2005, their Table 2).

The temporal development of the mixing ratios of the most relevant greenhouse
gases (CO,, N,O, CH,) is based on IPCC (2001). CO, is prescribed for the entire
model domain, the others at the surface according to Hein et al. (1997). Nitrogen oxide
(NO,=NO+NO,) emissions from several natural (lightning, biomass burning, soils) and
anthrogopenic (industry, aircraft, ships, surface transportation) sources are considered
in the model simulation. NO, emissions from lightning (Sect. 2.1), soils, ships and
aircraft follows the description in Dameris et al. (2005). NO, emissions from industry,
biomass burning and surface transportation are based on the RETRO emission inven-
tory which means another modification to the model set up in Dameris et al. (2005).
A detailed description of the RETRO data set can be found in RETRO (2007, report
available via http://retro.enes.org/pub_reports.shtml)

To account for exchange processes from the upper stratosphere, boundary condi-
tions for the two families Cl, and NO, are prescribed at the uppermost model level
(10hPa). Monthly mean concentrations are taken from the two-dimensional middle
atmosphere model by Brihl and Crutzen (1993) which also includes effects from the
11-year solar cycle. Since chlorofluorocarbons (CFCs) are not explicitly transported in
E39C-A, two-dimensional distributions (depending on latitude and altitude) based on
the results from the model by Bruhl and Crutzen (1993) are prescribed. The tempo-
ral development of CFC concentrations is in agreement with the assumptions made in
WMO (20083).

3 Results

Using the Lagrangian advection scheme in E39C-A leads to tracer distributions differ-
ent from those in E39C. In a fully coupled CCM these changes modify radiative heating
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rates and, eventually, model dynamics. The study of Stenke et al. (2007) has shown
how the improvements with respect to the simulated water vapour distribution arising
from the use of ATTILA directly feed back to modelled temperatures and other dynamic
variables. In the following we will assess the impact of the new Lagrangian advection
scheme ATTILA on tracer distributions and model dynamics in E39C-A, with a special
focus on the stratosphere. Another important question is how changes in the mean
model climate and mean tracer distributions affect simulated long-term changes and
variability. This aspect is of particular interest in view of reliable estimates of future
changes.

3.1 Stratospheric dynamics

Stenke et al. (2007) have reported obvious improvements regarding model dynamics in
response to the reduced wet and cold bias in the extra-tropical lowermost stratosphere.
For example, the simulated tropopause characteristics in E39/ATTILA (hereafter re-
ferred to E39-A) are in better agreement with respective ERA40 data, in particular
in extra-tropical regions where the simulated tropopause is clearly shifted downward
(cp. Fig. 10 in Stenke et al., 2007). The climatological mean zonal wind fields for sol-
stice conditions are improved with regard to ERA40 re-analyses (Uppala et al., 2005).
The strength of the polar night jets is slightly reduced (e.g. by about 5m/s in the South-
ern Hemisphere), but still stronger than observed. The most obvious upgrade is found
during summer months with both hemispheres showing a much better representation
of the downward propagation of the zero wind line into the lower stratosphere, i.e. the
transition from westerlies to easterlies between November and January in the Southern
Hemisphere and between June and August in the Northern Hemisphere (cp. Fig. 11 in
Stenke et al., 2007). Both, the CCM E39C and the underlying GCM E39 are not able
to simulate adequately the observed wind reversal in the stratosphere below 10hPa in
a realistic manner, especially in the Southern Hemisphere (Dameris et al., 2005).

The upgrades of E39-A are also visible in the mean annual cycle of both, the zonal
mean wind and temperature in the lower stratosphere (cp. Fig. 12 in Stenke et al.,
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2007). Moreover, it is worth mentioning that the interannual variability is enhanced dur-
ing Northern Hemisphere winter season, particularly in early winter months which is in
better agreement with observations. All these improvements of stratospheric dynamics
apparent in time slice simulations with E39-A are also found in the transient simulation
with E39C-A and therefore will not be presented again. In the following we will concen-
trate on consequent advancements in interactions between planetary waves and the
mean flow in terms of Eliassen-Palm (EP) fluxes and the meridional heat flux. Wave
propagation and dissipation are key drivers of stratospheric transport and variability,
and it is important to reasonably simulate the impact of changes in wave activity on
stratospheric dynamics and therefore on the future evolution of stratospheric ozone (a
key objective when using CCMs).

Both, EP fluxes and EP divergence fields during solstice conditions as simulated
with E39C-A are presented in Fig. 1 for the lower stratosphere. The EP fluxes were
calculated including ageostrophic terms as given in Robinson (1986, their Eq. 5) and
were weighted by the mass of an annular ring (Edmon et al., 1980). The transfer of
wave energy from one latitude and height to another is correctly simulated with E39C-
A, showing strong upward fluxes in the winter hemispheres and turning towards lower
latitudes at higher altitudes. E39C-A shows a clear difference between the summer and
winter hemispheres which is not adequately captured by E39C (not shown). A reason
is that the summer easterlies in the extra-tropical lower stratosphere (below 10hPa)
are only insufficiently represented by E39C and therefore planetary waves propagate
higher into the summer stratosphere. The patterns of EP divergence (colour coded in
Fig. 1) are associated with wave breaking processes (i.e. eddy dissipation) and rep-
resent an ideal diagnostic tool to quantify the effects of waves on the mean state.
Furthermore, the mean meridional circulation in the stratosphere is largely driven by
wave dissipation as quantified by EP divergence (via downward control as explained
by Haynes et al., 1991). Since the mean circulation is responsible for large-scale tracer
transport, deficiencies found in EP diagnostics will be reflected in simulated tracer dis-
tributions. The EP divergence fields of E39C-A calculated for solstice conditions are
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in reasonable agreement with respective analyses from long-term reanalyses (see e.g.
Hitchman and Huesmann, 2007), for example indicating a more pronounced region of
EP convergence, i.e. imposing stronger westward forces, in the Northern Hemisphere
winter stratosphere than in southern winter. As mentioned above, the more realistic
simulation of stratospheric winds by E39C-A compared to E39C leads to changes in
wave propagation. This causes EP divergences to be generally smaller in E39C-A and
therefore a decreased forcing on the mean meridional circulation. The resulting change
in tropical upwelling is further discussed in Sect. 3.2.1.

The second diagnostic we use to quantify the wave forcing of the stratosphere is
given in terms of the meridional heat flux (v/7’) at 100 hPa which is proportional to the
vertical component of the EP flux entering the lower stratosphere. The correlation of
heat fluxes at 100 hPa (averaged over 40° N to 80° N for January/February and 40° S to
80° S for July/August, respectively) versus temperature at 50 hPa (averaged over 60° N
to 90° N for February/March and 60°S to 90° S for August/September, respectively),
which was introduced by Newman et al. (2001), is used to estimate the connection
between wave activity and the response of the lower stratosphere. Figure 2 compares
the model results for the Southern Hemisphere with NCEP/NCAR reanalyses. Both
model versions show a statistically significant (on the 95% level) flatter slope of the
correlation between temperature and heat flux which indicates that the temperature
response to changes in the wave forcing is underestimated. The vertical offset between
model results and meteorological analyses reflects the simulated cold bias in the lower
stratosphere which is clearly reduced in E39C-A. In the Northern Hemisphere (not
shown, cp. Fig. 3 in Eyring et al., 2006, for E39C) both model versions E39C and
E39C-A correctly reproduce the slope of the linear fit. Since the cold bias is reduced in
E39C-A, the vertical displacement is again slightly reduced.

In the following sections the implications of the Lagrangian scheme for stratospheric
transport and simulated tracer distributions are discussed. It should be mentioned that
both, advanced numerics of the advection algorithm and improved model dynamics,
contribute to changes in simulated tracer distributions.
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3.2 Stratospheric transport

The stratospheric transport characteristics of the new model version E39C-A are ex-
amined by various diagnostics which have already been presented for E39C in Eyring
et al. (2006). First, the vertical ascent in the tropics as well as the tropical-midlatitude
mixing are evaluated by means of the atmospheric tape recorder signal (Mote et al.,
1996). Information about the downward transport inside the polar vortex are obtained
from the simulated methane distribution.

3.2.1  Atmospheric tape recorder

The atmospheric tape recorder signal is triggered by the annual temperature variations
at the tropical cold point tropopause. The mean annual cycle of temperatures near
the tropical tropopause (100 hPa) is shown in Fig. 3 (left). To facilitate the comparison
with ERA40 data the 100 hPa temperatures are used instead of the cold point temper-
ature. E39C overestimates the ERA40 temperatures at this level by about 2-3 K, and,
consequently, the observed water vapour mixing ratios by about 3 ppmv (Fig. 3 right).
Furthermore, E39C overestimates the amplitude of the water vapour annual cycle by
about 1 ppmv. The upgraded model version E39C-A shows much better agreement
with reanalyses and observations, both in terms of absolute values (see also Stenke
et al., 2007) and in terms of the seasonal variation.

The annual variations in water vapour mixing ratios at the tropical tropopause propa-
gate upward into the tropical stratosphere which provides information about the ascent
rate and the subtropical transport barrier. Figure 4 shows the time-height section of
water vapour deviations averaged between 10° N and 10° S, the so-called atmospheric
tape recorder, for E39C and E39C-A. HALOE observations (Groo3 and Russell, 2005)
are used for comparison. The amplitude of the water vapour deviations throughout
the lowermost stratosphere is induced by the variations of the cold point temperature.
The decay of the amplitude with height, however, is controlled by transport processes,
primarily by horizontal mixing between tropics and extra-tropics. The attenuation of the
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tape recorder signal as simulated with E39C is in reasonable agreement with HALOE
observations. However, compared to HALOE the propagation time of the tape recorder
signal in E39C is less than half, indicating a too fast ascent in the tropics.

From Fig. 4 it is evident that the simulated tape recorder signal in E39C-A is in much
better agreement with HALOE than in E39C. E39C-A correctly reproduces the ampli-
tude of the observed water vapour deviation in the tropical lowermost stratosphere. In
the lower stratosphere also the decay of the tape recorder signal with height is in rea-
sonable agreement with observations. At the uppermost model levels the attenuation
in E39C-A is stronger than in E39C or observed. This might be related to a diagnostic
artefact caused by the low coverage of the model grid by Lagrangian air parcels near
the model top, leading to an artificial smoothing of the diagnostic output (see Sect. 2.2).
In view of the phase propagation the upgraded model version E39C-A is in very good
agreement with HALOE observations, indicating a significant improvement in the sim-
ulated tropical ascent compared to E39C. On the one hand, this result is associated
with a reduced vertical diffusion of the Lagrangian scheme (Stenke et al., 2007). On
the other hand, the tropical upward mass flux in E39C-A is approximately 25% lower
than in E39C, which is in better agreement with observations. E39C overestimates
the tropical upward mass flux at 100 hPa, with values of 19.4x10° kg/s (DJF) and
16.4x10° kg/s (JJA), by a factor of about 1.5 compared to observations and middle
atmosphere models (Grewe, 2006). This slowdown of the tropical ascent in E39C-A is
related to a decreased wave forcing on the mean meridional circulation as discussed
in Sect. 3.1.

3.2.2 Stratospheric methane

The stratospheric methane concentration is mainly controlled by two processes: Trans-
port and oxidation of methane which primarily occurs in the middle and upper strato-
sphere. Assuming that the methane oxidation is adequately captured in the models,
methane is often regarded as a suitable transport tracer, especially for downward mo-
tion inside the polar vortices.
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Figure 5 shows the zonal mean CH, mixing ratio at 50 hPa from E39C, E39C-A
and HALOE for October in order to examine the isolated descent inside the Antarctic
vortex. In extra-tropical regions the methane mixing ratios from E39C are remarkably
higher than observed, despite a reasonable performance in tropical regions. Eyring
et al. (2006) attributed this deficiency mainly to modelled transport. As previous results
with ATTILA indicate advancements in modelled dynamics and transport (Reithmeier
and Sausen, 2002; Stenke et al., 2007), one might expect that ATTILA also leads
to an improved methane distribution in E39C-A. However, E39C-A shows a similar
performance as E39C, i.e. a good agreement with HALOE observations in the tropics
and a clear overestimation of observed methane concentrations in the extra-tropics.
The results for the Northern Hemisphere spring time (March) are similar and therefore
not shown. The underestimation of the meridional methane gradient at 50 hPa could
have several reasons: A too weak descent inside the polar vortex and/or transport
barrier at the vortex edge (see also Hein et al., 2001), or other drawbacks due to the
model top centred at 10 hPa and a low vertical resolution above 25 km.

As mentioned above the oxidation of methane acts as a stratospheric sink. Conse-
quently, air with low values of methane is transported downwards in polar regions with
the Brewer-Dobson circulation. In both model version, E39C and E39C-A, oxidation
of methane is considered, but since the model top layer is centred at 10 hPa the main
fraction of the methane oxidation occurring in the middle and upper stratosphere is not
captured which contributes to the simulated methane excess.

Reithmeier et al. (2008) have already pointed out that the edge of the polar vortex
acts as a very efficient transport barrier in the model. In order to further unravel the
other effects, sensitivity simulations have been performed including an upper boundary
condition for methane: At 10 hPa the observed (HALOE) horizontal methane gradient
is prescribed. The normalised meridional gradient is then multiplied with the actual
simulated methane mixing ratio in the tropics to receive the upper boundary condi-
tion. The results of these sensitivity simulations are also included in Fig. 5 (indicated
as “with UB”). Including an upper boundary for methane E39C-A is in much better
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agreement with HALOE observations, especially in the Northern Hemisphere. In polar
regions of the Southern Hemisphere the simulated methane values are about 0.3—
0.4 ppmv (approx. 25%) lower than in the model version without upper boundary, but
the model results still exceed the observations by about 0.3 ppmv. Nevertheless, the
simulated methane bias is reduced by 50%. In case of E39C the consideration of an
upper boundary for methane leads to a reduction of the simulated methane excess in
northern extra-tropics, comparable to E39C-A. In southern high latitudes, however, the
improvement in E39C is only marginal. For March (not shown) the sensitivity simula-
tions reveal similar results: In the summer (southern) hemisphere both models show
a reduced methane bias, while in northern high latitudes only the results from E39C-A
indicate a clear improvement.

The underestimated methane sink clearly contributes to the simulated methane ex-
cess in the extra-tropical lower stratosphere. In case of the semi-Lagrangian transport
scheme (E39C) the effect of the upper boundary condition is counteracted by too strong
horizontal mixing across the vortex edge due to enhanced numerical diffusion, while
ATTILA maintains steeper gradients and therefore better represents the polar barrier.
The remaining methane excess in E39C-A suggests that the simulated descent inside
the polar vortices is not strong enough which may be regarded as an effect of the low
upper boundary (see also Hein et al., 2001).

3.3 Tracer distributions

In this section we examine the implications of the Lagrangian transport for simulated
tracer distributions with a focus on ozone and ozone-relevant trace species. First,
the distribution of inorganic chlorine (Cly) in the Southern Hemisphere polar spring is
analysed, since stratospheric chlorine acts as a key driver for ozone depletion.
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3.3.1 Inorganic chlorine (Cl,)

Figure 6 (left) shows the climatological mean Cl, profile at 80° S for October. The
vertical Cl, profile provides information to which extent air masses from the upper
stratosphere (high Cl, values) descent inside the polar vortex without horizontal mix-
ing across the vortex edge. In E39C polar Cl, (Fig. 6, left) and HCI (not shown, see
Fig. 11 in Eyring et al., 2006) profiles are generally shifted upwards which leads to
an underestimation of the Cl, and HCI concentrations at lower stratospheric levels. As
a consequence E39C also simulates an unrealistic ozone hole profile in the Antarctic
stratosphere (Hein et al., 2001; Eyring et al., 2006, see Sect. 3.3.2).

Consistent with the findings of the previous section, the Lagrangian transport in
E39C-A leads to a significant improvement with regard to the simulated Cl, profile.
Compared to E39C high stratospheric Cl, concentrations extend further downward
in E39C-A which is in good agreement with the simulated profiles of the majority of
CCMs (grey lines in Fig. 6). This result holds also for the simulated HCI distribution
(not shown): HCI at lower stratospheric levels (50 hPa) is significantly higher than in
E39C and agrees well with HALOE observations.

For reliable simulations of the temporal evolution of ozone and ozone recovery, it is
important to reproduce not only the mean Cl, distribution, but also the temporal evolu-
tion of the stratospheric Cl, concentrations in response to the increasing CFC loading.
Figure 6 (right) shows the time series of Cl, in the Antarctic lower stratosphere in Octo-
ber. Though E39C simulates a Cl, increase during the 1980s and 1990s, the simulated
Cl, values are generally too low and the rate of increase is too weak. In contrast E39C-
A shows much higher peak Cl, values of around 3 ppbv during the second half of the
1990s. After 2000 the model simulates a beginning decrease of the stratospheric Cl,
which is consistent with the prescribed Cl, upper boundary condition. In 2004 E39C-A
simulates a mean Cl, value of around 2.6 ppbv, while Aura MLS HCI measurements
indicate a value of 3.3 ppbv. However, as already discussed in Eyring et al. (2006)
there are large uncertainties of 10 to 15% in these values because of the limited data
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available and possible biases in HCI measurements.

In E39C (and E39C-A) the photolysis of organic chlorine species in the upper strato-
sphere is considered by an upper boundary condition for Cl, (see Sect. 2.2). How-
ever, in E39C the information about the Cl, content provided at the model top does
not penetrate into the lower stratosphere. This suggests that the strong numeri-
cal diffusion of the semi-Lagrangian transport scheme in E39C leads to an artificial
“counter-gradient-transport” in case of low vertical resolution and large tracer gradients
(Rasch and Lawrence, 1998; Grewe et al., 2002) resulting in an upward shift of the
vertical tracer profiles. Furthermore, the considerable numerical diffusion of the semi-
Lagrangian scheme also leads to a flattening of meridional tracer gradients (Reithmeier
and Sausen, 2002; Stenke et al., 2007), e.g. at the vortex edge, which is not the case
in the numerically non-diffusive advection scheme ATTILA.

3.3.2 Ozone

To show the direct and indirect impacts of ATTILA on the ozone distribution, a selection
of ozone profiles from E39C, E39C-A and radiosonde observations are compared in
Fig. 7. The observations are taken from the Binary DataBase of Profiles (BDBP), a
new database of high vertical resolution measurements (Hassler et al., 2008). One
main improvement of using ATTILA on the ozone profiles is a better representation of
the ozonopause, i.e. the transition of low ozone concentrations in the troposphere to
higher concentrations representative for the stratosphere. While in E39C this transition
occurs at too high altitudes, E39C-A shows a much better agreement with observa-
tions. This effect is most evident at high latitudes (see Fig. 7), where the deviations of
E39C from observations are largest (see Fig. 9 in Hein et al., 2001), but also at middle
and low latitudes the simulation of the transition of ozone between troposphere and
stratosphere is improved in E39C-A (not shown). One of the reasons for the downward
shift of the ozonopause is certainly the improved representation of the tropopause in
E39C-A (Sect. 3.1).

The maximum in ozone partial pressure in the stratosphere, which is generally over-
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estimated in E39C (cp. Fig. 9 in Hein et al., 2001), is still too high in E39C-A. However,
the deviation is slightly reduced in E39C-A for northern high latitudes (Fig. 7 left) and
for mid-latitudes (not shown). In southern high latitudes the situation is different in that
E39C-A shows even higher values of ozone than E39C at all altitudes in winter (Fig. 7
right) and spring (Fig. 8 left). Note that in E39C, the southern high latitudes are the only
region where ozone is not overestimated. This is caused by a compensation of errors,
i.e. the strong cold bias in this region counteracts the underestimated Cl, concentra-
tions. Since the cold bias is significantly reduced (Sect. 3.1) and the Cl, values are
much more realistic in E39C-A (Sect. 3.3.1), ozone levels in southern polar regions are
higher, being consistent with the general overestimation of total ozone in the model.

As discussed in the last section, the profiles of Cl, and HCI are shifted upward in
E39C. This causes the depletion of polar ozone to occur at too high levels in E39C.
This is evident in Fig. 8 (left) where a typical year with a disturbed ozone profile is
shown for E39C and E39C-A. The unrealistic minimum in ozone concentrations in
E39C at around 30hPa due to excessive Cl, values in this region is not longer ap-
parent in E39C-A. This is shown more clearly in the right panel of Fig. 8 by the relative
anomaly of ozone concentrations for the perturbed conditions of the 1990s. The level
of maximal ozone reduction is shifted downward from about 30 hPa to about 50 hPa,
being consistent with the downward shift of the Cl, profile (see Fig. 6). In addition, the
region of ozone depletion spans over a wider range of height levels in E39C-A.

Not only the spatial but also the temporal evolution of ozone is influenced by the use
of ATTILA. Even though ozone values are generally higher in the south polar region
in E39C-A (see discussion above), the strong negative trend in total column ozone in
spring (September to November) is greater in magnitude in E39C-A both for absolute
(see Fig. 9) and relative anomalies (the trends correspond to —8% and -12% per
decade for E39C and E39C-A, respectively). This increase in the trend is consistent
with changes in the Cl, temporal evolution (Fig. 6). Since E39C is underestimating the
loss in total column ozone (cp. Fig. 15b in Eyring et al., 2006) the changes brought
upon by ATTILA are a clear improvement towards a more realistic simulation of the
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evolution of atmospheric ozone.

4 Conclusions

In this paper we have presented the E39C-A model, an upgraded version of the coupled
chemistry-climate model (CCM) E39C using the purely Lagrangian scheme ATTILA for
tracer transport instead of the operational semi-Lagrangian scheme. Stratospheric
model dynamics and simulated distributions of several trace species have been evalu-
ated against observations and former model results in order to assess the implications
of the Lagrangian advection scheme for the results of chemistry-climate simulations.

So far Lagrangian methods have been used for passive tracer transport (e.g. Rei-
thmeier and Sausen, 2002) or in chemistry transport models (CTMs) (e.g. McKenna
et al., 2002a,b). Recently, Stenke et al. (2007) successfully applied the Lagrangian
scheme ATTILA for the transport of active trace species, i.e. water vapour and cloud
water, in the GCM E39. The present study is the first time that a Lagrangian advection
scheme is used in a fully coupled CCM.

The Lagrangian method has the advantage that it is strictly mass conserving and
numerically non-diffusive. In general, ATTILA is able to maintain steeper and more
realistic tracer gradients than the operational semi-Lagrangian scheme. In case of wa-
ter vapour, ATTILA shows a steeper meridional gradient at the subtropical tropopause
and a remarkably reduced water vapour content in the extra-tropical lowermost strato-
sphere, leading to much better agreement with observations. Due to changes in the
radiative heating rates, also modelled temperatures benefit from the advanced numer-
ical characteristics of the Lagrangian algorithm, i.e. the simulated cold bias is reduced
to one third of its original value. In response to the reduced wet and cold bias in the
extra-tropical lowermost stratosphere, model dynamics show several improvements:
The mean zonal wind fields are more realistically reproduced, especially the observed
wind reversal in the stratosphere below 10 hPa is now adequately simulated in E39C-
A. Resulting changes in wave propagation and dissipation lead to a weakening of the
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simulated mean meridional circulation and therefore a more realistic representation of
tropical upwelling. In turn, the mentioned upgrades in model dynamics are reflected
in simulated tracer distributions, e.g. in the atmospheric tape recorder signal or the
representation of the ozonopause. Thus, several model deficiencies in E39C originate
from a simulated moisture bias caused by the exceptional high numerical diffusion of
the operational semi-Lagrangian advection scheme.

Furthermore, Lagrangian transport and its implications for simulated tracer distribu-
tions and model dynamics have an impact on modelled chemistry. For example, the
simulated distribution of inorganic chlorine (Cl,) is crucial for the simulation of strato-
spheric ozone depletion. ATTILA leads to a downward shift of the polar Cl, profile in
E39C-A, and therefore higher and more realistic CIy values in the lower stratosphere.
Consequently the level of maximum ozone depletion is shifted downward from 30 hPa
to 50hPa. Furthermore, the simulated CIy trend in the lower stratosphere, which is
underestimated in E39C, is realistically reproduced in E39C-A. In response to the im-
proved Cl, trend E39C-A shows a more realistic representation of the temporal evo-
lution of atmospheric ozone. Hence, numerical limitations of the applied advection
scheme may not only affect mean spatial tracer distributions, but also the simulation of
their long-term development.

Assuming that all relevant source and sink processes are adequately captured in the
models, long-lived tracers like methane or nitrous oxide are commonly used to evalu-
ate stratospheric transport characteristics. However, model deficiencies with respect to
those source and sink processes may lead to misinterpretations of the tracer diagnos-
tics. In our case a large fraction of the simulated methane excess in the extra-tropical
lower stratosphere is related to an underestimation of the stratospheric methane oxida-
tion due to the low model top, and not to stratospheric transport problems as suggested
by Eyring et al. (2006). Additional model simulations including an upper boundary con-
dition for methane provide further insights into the stratospheric transport characteris-
tics of the model. The sensitivity of the methane distribution to the representation of
the stratospheric methane sink calls for caution in using simulated tracer distributions
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as a diagnostic of the large-scale circulation without further reflection.

Model deficiencies might have different reasons which certainly differ among the
models. In previous studies the position of the upper boundary has been widely dis-
cussed as a potential reason for model biases in E39C (e.g. Hein et al., 2001; Austin
et al., 2003; Eyring et al., 2006). The study of Stenke et al. (2007) and the present
work have shown that many deficiencies in E39C are not caused by the low model
top, but primarily by the exceptional high numerical diffusion of the semi-Lagrangian
advection scheme and resultant model biases in the distributions of radiatively active
trace species which feed back to model dynamics. However, Lagrangian transport
can not be regarded as an universal remedy for all kind of model deficiencies. For
example, E39C-A still shows a low temperature bias in the polar stratosphere above
50 hPa in winter, the so-called “cold pole” problem. Nevertheless, replacing the oper-
ational semi-Lagrangian scheme in E39C with ATTILA was an important step towards
improved model projections.
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Fig. 2. Heat flux (v'T’) at 100 hPa averaged over 40° S to 80° S for July and August versus
temperature at 50 hPa averaged over 60° S to 90° S for August and September. Shown are 21
years from 1979 to 1999 for E39C (blue), E39C-A (red) and NCEP/NCAR reanalyses (black)
together with their linear fits (solid lines). The slope of either model differs significantly from the
observations at a 95% level.
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Fig. 3. Annual cycle of climatological mean temperature (left) and water vapour (right) at
100 hPa at the equator. Model results for the 1990s are compared to a temperature climatology
derived from ERA-40 (1992-2001) and a HALOE water vapour climatology (1991-2002). The
vertical bars and the grey shaded areas mark the standard deviation (+10).
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Fig. 4. Time-height sections of water vapour mixing ratio shown as the deviation [ppmv] from
the mean profile, averaged between 10° N and 10° S (“atmospheric tape recorder”) for HALOE

observations (top left), E39C (top right) and E39C-A (bottom).
shown.
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Fig. 5. Climatological zonal mean (1990 to 1999) CH, mixing ratios [ppmv] at 50 hPa in October
for E39C (blue) and E39C-A (red). The results of the sensitivity simulations including an upper
boundary condition for the methane gradient are shown in light blue (E39C) and orange (E39C-
A) (the vertical bars indicate +10). The grey area marks the HALOE standard deviation (+10).
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Fig. 6. Left: Climatological mean (1990 to 1999) vertical profiles at 80° S in November for Cl,
[ppbv] for E39C (blue) and E39C-A (red). The horizontal bars indicate the standard deviation
(£10). The grey lines show the results of all participating models from the intercomparison of
Eyring et al. (2006, their Fig. 12a). Right: Times series of October mean Cl, at 80° S, 50 hPa.
Estimates of Cl, from HALOE HCI measurements in 1992 and Aura MLS HCI in 2005 are shown
as black signs. The values are taken from Eyring et al. (2006, their Fig. 12b).
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Fig. 7. Ozone partial pressure profiles for Resolute (74° N, 95° W) in spring (March—May, left
panel) and for the South Pole in winter (June—August, right panel). Shown are means over
1983-1989 from E39C-A (red solid lines) and E39C (blue solid lines). Dotted lines indicate the
standard deviation (+10). Together with modelled ozone profiles, radiosonde observations are
shown (black solid lines; observations are 1983-1989 averages for Resolute and 1986—1987
averages for the South Pole).
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Fig. 8. Left: October mean profiles of ozone partial pressure for the South Pole for the early
1980s (solid lines; red: E39C-A, blue: E39C) and for one year in the 1990s representative
for a disturbed ozone distribution (dashed lines; red: E39C-A, blue: E39C). Right: Relative
difference in ozone partial pressure of the disturbed 1990s profile to the mean 1980s profile
from the left panel ((mean-disturbed)/mean) for E39C (blue) and E39C-A (red).
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Fig. 9. Time series of total column ozone anomalies averaged over 60° S to 90° S and over
September to November for E39C-A (red) and E39C (blue). The anomalies are calculated with
respect to the 1960-1969 mean. Linear trends for the period 1970 to 1999 are added as solid
lines together with their magnitude.
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