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Abstract

Lagrangian transport schemes have proven to be useful tools for modelling stratospheric trace
gas transport since they are less diffusive than classical Eulerian schemes and therefore espe-
cially well suited for maintaining steep tracer gradients. Here, we present the implementation
of the full-Lagrangian transport core of the Chemical Lagrangian Model of the Stratosphere5

(CLaMS) into the ECHAM/MESSy Atmospheric Chemistry model (EMAC). We performed
a ten-year time-slice simulation to evaluate the coupled model system EMAC/CLaMS. Sim-
ulated zonal mean age of air distributions are compared to age of air derived from airborne
measurements, showing a good overall representation of the stratospheric circulation. Results
from the new Lagrangian transport scheme are compared to tracer distributions calculated with10

the standard flux-form semi-Lagrangian (FFSL) transport scheme in EMAC. The differences in
the resulting tracer distributions are most pronounced in the regions of strong transport barriers.
The polar vortices are presented as an example for isolated air masses which are surrounded by
a strong transport barrier and simulated trace gas distributions are compared to satellite mea-
surements. The analysis of CFC-11, N2O, CH4, and age of air in the polar vortex regions shows15

that the CLaMS Lagrangian transport scheme produces a stronger, more realistic transport bar-
rier at the edge of the polar vortex than the FFSL transport scheme of EMAC. Differences in
simulated age of air range up to one year in the Arctic polar vortex in late winter/early spring.
The new coupled model system EMAC/CLaMS thus constitutes a suitable tool for future model
studies of stratospheric tracer transport.20

1 Introduction

Chemistry climate models (CCMs) that allow atmospheric dynamics, transport, and chemistry
to be described from the surface to the stratosphere and above are key tools for projections of
the future development of the stratosphere and in particular of the stratospheric ozone layer
(e.g., Eyring et al., 2005; WMO, 2011). Such models are furthermore important for climate25

modelling because they are able to describe the impact of stratospheric change such as ozone
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depletion on tropospheric climate and to simulate the stratospheric response to tropospheric per-
turbations (Shaw and Shepherd, 2008; Thompson and Solomon, 2002; Son et al., 2008). For the
description of surface climate change and its decadal variability it is important for the model
to have an accurate description of water vapour in the upper troposphere/lower stratosphere
(UTLS) region (Solomon et al., 2010; Riese et al., 2012). However, when tested in a process5

focussed manner against observations, simulations of CCMs still show deficits in several as-
pects (SPARC, 2010). In particular, a good representation of transport in the vicinity of strong
tracer gradients (jet and tropopause) is a challenge for the transport schemes of CCMs (e.g.,
Strahan et al., 2011; SPARC, 2010). Moreover, the fact that the velocity of upward transport
throughout the stratosphere is only insufficiently known constitutes an important obstacle for10

a description of the stratospheric circulation (Brewer–Dobson-Circulation) and its change with
climate change (Randel and Jensen, 2013; Schoeberl et al., 2012; Ploeger et al., 2012).

In studies using chemistry transport models (CTMs) and CCMs, it has been proven to be
successful to use the Lagrangian concept of transport (e.g., McKenna et al., 2002a,b; Konopka
et al., 2004; Stenke et al., 2009) in overcoming the inherent numerical diffusivity of Eulerian15

transport schemes. In a pure Lagrangian transport scheme, transport of chemical tracers is de-
scribed by an ensemble of air parcels that move along trajectories. These trajectories are cal-
culated based on prescribed wind fields deduced from meteorological analyses or from model
simulations. The advantage of this transport representation is that it is inherently non-diffusive
and therefore very well suited for simulating transport barriers in the atmosphere.20

Here, we describe the integration of the transport core of the Chemical Lagrangian Model
of the Stratosphere (CLaMS, McKenna et al., 2002a,b) into the CCM ECHAM/MESSY At-
mospheric Chemistry model (EMAC, Jöckel et al., 2005, 2010). CLaMS is especially designed
for simulations in the stratosphere and in the UTLS region. There are two main differences of
the CLaMS transport scheme in comparison to the standard flux-form semi-Lagrangian (FFSL)25

transport scheme in EMAC (Lin and Rood, 1996): first, CLaMS provides a full-Lagrangian
transport scheme, which has the advantage of being non-diffusive, as described above. The
second difference is the representation of vertical velocities. As most CCMs, EMAC employs
a pressure-based grid structure. The vertical velocities for tracer transport in EMAC are cal-
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culated by the transport scheme as a residual from the horizontal flux divergence using the
continuity equation (Lin, 2004). In contrast, CLaMS vertical coordinates in the stratosphere are
defined on levels of constant potential temperature. Vertical velocities are derived from dia-
batic heating rates. The nearly adiabatic nature of atmospheric large-scale motion, with the flow
mainly being along isentropic surfaces, seems to favour use of the isentropic coordinate system5

(Mahowald et al., 2002). For example, planetary waves propagate approximately on surfaces
of constant potential temperature, while the pressure may fluctuate considerably during wave
propagation. Cross-isentropic motion is determined by diabatic heating rates due to radiation,
latent heat, and other diabatic processes like turbulent mixing (Andrews et al., 1987).

Another Lagrangian transport model (ATTILA, Reithmeier and Sausen, 2002) has previously10

been coupled to the ECHAM climate model. Stenke et al. (2008) show that, compared to the
ECHAM model using a semi-Lagrangian transport scheme, the wet bias in stratospheric water
vapour could be significantly reduced by using the Lagrangian transport scheme ATTILA. In
Stenke et al. (2009), this coupled model was expanded to a chemistry transport model. The
simulated Cly distribution could be improved with this coupled model. Although ATTILA and15

CLaMS are both Lagrangian transport schemes, they differ in many respects, e.g. in the air
parcel definition and the mixing algorithm.

The purpose of this study is to introduce the new coupled model system EMAC/CLaMS and
to evaluate it. We investigate the impact of the Lagrangian transport on trace gas distributions
and compare the results to those calculated with the standard flux-form semi-Lagrangian trans-20

port scheme in EMAC. This article is structured as follows: in the next section, the chemistry
transport model CLaMS and the chemistry climate model EMAC are introduced. In particular,
the coupling strategy is explained here. In Sect. 3, simulation results of age of air and long-
lived trace species from the coupled model system are presented and compared to air borne
measurements and satellite climatologies. Section 4 gives the conclusions.25
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2 Model description

2.1 The Chemical Lagrangian Model of the Stratosphere (CLaMS)

The Chemical Lagrangian Model of the Stratosphere (CLaMS), a modular chemistry transport
model (CTM), is shortly introduced in this section. The model is described in more detail by
McKenna et al. (2002a,b), and Konopka et al. (2004). CLaMS comprises three main modules5

for Lagrangian advection, mixing, and stratospheric chemistry, as well as several other mod-
ules for the simulation of various physical and chemical processes in the atmosphere. Due to
its full-Lagrangian transport scheme, CLaMS is especially well suited for maintaining atmo-
spheric transport barriers, in particular at the edges of the tropical pipe and the polar vortex
(e.g., Steinhorst et al., 2005; Günther et al., 2008; Konopka et al., 2010; Ploeger et al., 2013).10

2.1.1 Trajectory calculation

The CLaMS trajectory module (TRAJ) performs the full-Lagrangian, non-diffusive, three-
dimensional advection of an ensemble of air parcels (Sutton et al., 1994). The numerical in-
tegration is based on a 4th-order Runge–Kutta scheme.

Required input fields are horizontal and vertical winds, e.g. from ERA-Interim reanalysis15

products (Dee et al., 2011). The representation of the vertical winds depends on the choice of
the vertical coordinate system. It is possible to use different vertical coordinates in CLaMS, e.g.
potential temperature θ in which case vertical winds would be determined as θ̇ =Q, with Q the
diabatic heating rate. In this study, we use the hybrid σ–θ coordinate ζ, with ζ̇ as vertical veloc-
ity, as proposed by Mahowald et al. (2002). The ζ-coordinate combines the terrain-following20

σ-coordinate (σ = p
ps

where ps is surface pressure) for the troposphere and the θ-coordinate for
the radiation-dominated stratosphere. ζ is defined as follows:

ζ = θ · f(σ) (1)

5
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with

f(σ) =

{
sin
(
π
2

1−σ
1−σr

)
σ > σr

1 σ ≤ σr
(2)

The implementation of ζ as vertical coordinate in CLaMS is described in detail in Konopka
et al. (2007, 2012). In the present study, we use σr = pr

ps
which means that above the reference

height pr (300 hPa in this study) ζ is equal to the potential temperature θ.5

2.1.2 Mixing

CLaMS comprises a mixing module (MIX), so that the air parcels are not completely isolated,
but some exchange takes place in situations where strong flow deformation is present in the
atmosphere. This constitutes the irreversible part of the CLaMS transport. The mixing of the
air parcels in the CLaMS module MIX is controlled by the horizontal strain and vertical shear10

of the wind field (McKenna et al., 2002a; Konopka et al., 2007). The mixing routine usually is
called every 24 h after the trajectory transport. One mixing event contains the following steps:
first, discrete vertical layers are defined according to an entropy criterion such that each of those
layers contains approximately the same number of air parcels (for details see Konopka et al.,
2007, 2012). Second, the following procedure is done separately for each layer: nearest neigh-15

bours of each air parcel are identified using Delaunay triangulation on a horizontal projection
of the vertical layer. If the distance between two neighbouring air parcels exceeds a critical dis-
tance rc+ after timestep ∆t, as defined in Eq. (3), a new air parcel is inserted in the middle. In
cases where two air parcels are closer than a critical distance rc−, they are merged such that they
form one new air parcel. In other cases, no mixing occurs. The critical radii rc± are defined as20

follows (McKenna et al., 2002a):

rc± = r0 exp(±λc∆t) (3)

In Eq. (3), r0 is the mean horizontal distance of air parcels in the layer. The critical Lyapunov
exponent λc, a measure for the deformation in the flow, determines the critical radii rc± and thus

6
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the mixing strength in the model. The impact of the uncertainty in the mixing strength is inves-
tigated in Konopka et al. (2004) and Riese et al. (2012) through varying the parameter λc. The
pure Lagrangian trajectory advection by TRAJ (Sect. 2.1.1) is numerically non-diffusive. The
mixing adds some diffusion to the CLaMS Lagrangian transport (i.e. advection and mixing).
The advantage of the CLaMS mixing procedure is that it is built in a physically-based manner,5

i.e. mixing occurs in regions of strong flow deformation and thus where it is expected in reality.

2.1.3 Chemistry

The original CLaMS version contains a detailed stratospheric chemistry scheme (CHEM,
McKenna et al., 2002b) involving around 150 species. The numerical solver is based on the
ASAD code (Carver et al., 1997). For coupling to a climate model a simplified version of10

CHEM was used which is more suitable for long-term simulations. The simplified scheme is
called every 24 h and uses daily-mean photolysis rates. It allows the stratospheric loss of long-
lived tracers (CCl3F (CFC-11), CCl2F2 (CFC-12), N2O, and CH4) to be reproduced. It further
describes the water vapour production by methane-oxidation in the stratosphere. The simplified
chemistry scheme is described in more detail in Pommrich et al. (2014).15

2.2 The chemistry climate model EMAC

The ECHAM/MESSY Atmospheric Chemistry model (EMAC) is a chemistry climate model
(CCM) that comprises the climate model ECHAM5 (Röckner et al., 2006) and the interface
structure Modular Earth Submodel System (MESSy, Jöckel et al., 2010). MESSy provides
a coupling interface structure to develop Earth system models with the flexibility to vary be-20

tween many geophysical processes that are included as submodels. MESSy includes various
submodels, i.e. for tropospheric and middle atmosphere processes, ocean modules, land sur-
face interaction, and anthropogenic emissions. The first version of MESSy (Jöckel et al., 2006)
was developed only for coupling submodels to ECHAM5, whereas the second version (Jöckel
et al., 2010) is also suitable for other basemodels, e.g. regional weather forecast models. For the25

current study, the MESSy version 2.40.1 was used.

7
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MESSy includes a special submodel for dealing with atmospheric tracers. This submodel
TRACER is described by Jöckel et al. (2008). It provides the interface structure to couple dif-
ferent external chemistry transport modules to the basemodel. In the standard EMAC setup,
tracers are transported using the flux-form semi-Lagrangian transport scheme of Lin and Rood
(1996). In the implementation of the scheme by Lin and Rood (1996) here, the horizontal trans-5

port is performed using the piece-wise parabolic method (PPM, Carpenter et al., 1990). The
vertical transport is based on the use of the Huynh/Van Leer/Lin full monotonicity constraint
(see Appendix B in Lin, 2004). The vertical velocities are calculated internally in the transport
scheme from the horizontal flux divergence using the continuity equation.

2.3 The coupled model system EMAC/CLaMS10

2.3.1 The MESSy interface structure

This section provides a short description of the architecture of the MESSy interface. A more
detailed description is given in Jöckel et al. (2005, 2010). The code of MESSy is structured,
such that each FORTRAN95 module is assigned to one of the following four layers:

– The base model layer (BML): this part contains the source code of the base model. This15

can be for instance a climate model (ECHAM5 in our study), a simple boxmodel, or
a regional weather forecast model.

– The base model interface layer (BMIL): this layer manages data input and output, and the
communication between the particular submodels and the base model. Global variables
are stored in special structures called “channel objects”.20

– The submodel interface layer (SMIL): this part of the code connects the particular sub-
models to the BMIL. It sets pointers to the required global arrays in the BMIL. The SMIL
contains the calls of the respective submodel routines for the initialization, time integra-
tion, and finalizing phase of the model.

8
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– The submodel core layer (SMCL): the SMCL contains the source code for the calculation
of physical and chemical processes as well as diagnostics of the submodels. Examples
for submodels in MESSy are parameterizations of gravity waves, emissions of tracers or
a mixed layer ocean.

2.3.2 Implementation of CLaMS modules5

The CLAMS main modules TRAJ, MIX, and CHEM were modified and integrated as new sub-
models in the MESSy interface structure. Other submodels, e.g. for the dehydration by cirrus
cloud formation (CIRRUS) or for CLaMS boundary conditions (BMIX) were also included.
Since the CLaMS modules have been redesigned as independent MESSy submodels, within
MESSy they are called CLAMSTRAJ, CLAMSMIX, CLAMSCHEM, etc. For the sake of read-10

ability, we name them here throughout the text without the prefix CLAMS.
There are two ways to use these CLaMS submodels in the MESSy interface (Fig. 1). The first

option is to run the coupled version with the ECHAM5 basemodel (left box in Fig. 1). In this
case, horizontal winds driving the isentropic CLaMS trajectories are calculated by ECHAM5.
Likewise, the vertical, cross-isentropic velocities are deduced from diabatic heating rates from15

the climate model. The heating rates result from several process parameterisations, like radi-
ation, convection and clouds, gravity wave drag, and vertical diffusion. The dominant terms
in the heating rate budget are radiation and (where applicable) latent heat release from cloud
formation. The MESSy interface also provides the possibility for two-way-coupling between
processes. Thus, trace gas distributions derived by CLaMS could serve as input for the EMAC20

radiation calculation.
The second possible basemodel is the newly developed CLaMS basemodel (right box in

Fig. 1). Here, the meteorological input fields are read from external data files, e.g., from ERA-
Interim reanalysis data. Running the CLaMS basemodel delivers the same result as the original
CLaMS model that is not included in the MESSy interface. The single modules of the origi-25

nal version were represented as individual Fortran90 programs, which were started by a shell
script. Technically, the new CLaMS basemodel replaces the shell script that was used to run
the original version of CLaMS. In the original version, data exchange between the modules

9
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was achieved through NetCDF files. In contrast, in the MESSy version, the communication be-
tween the different submodels is carried out via the interface structure in the BMIL, therefore
no external data files are required.

3 Results

Here we present results of a ten-year time-slice simulation with the EMAC/CLaMS model.5

In this simulation, two transport schemes were applied with two similar tracer sets. The two
transport schemes were run in parallel in the same climate simulation, thus the meteorolog-
ical fields (e.g. horizontal winds and temperature) were identical. The only exception to this
are the vertical wind fields, which were also derived from the same simulation, but using dif-
ferent methods (see Sec. 2.1.1 and 2.2). Here one-way coupling was used, i.e. the trace gas10

distributions calculated in this study did not influence climate model dynamics. Tracer distri-
butions calculated with the CLaMS full-Lagrangian transport scheme are compared to tracer
fields derived from the flux-form semi-Lagrangian transport in EMAC. The transport with the
full-Lagrangian transport scheme will be referred to as “EMAC/CLaMS” in the following, and
the one using the flux-form semi-Lagrangian transport will be denoted “EMAC-FFSL”.15

A detailed analysis of the zonal mean climatologies of age of air and trace gases from sim-
ulation with the coupled model system EMAC/CLaMS will be published in a separate article
which will include a comparison to satellite climatologies and a in-depth discussion on the in-
fluence of the different transport schemes and the different vertical velocities on the simulated
tracer distributions. In the present work, we focus on the polar vortex regions which constitute20

an example for a particularly pronounced transport barrier in the stratosphere.

3.1 Simulation setup

For this study, we performed a ten-year time-slice simulation with chemical boundary condi-
tions representing the year 2005.

10
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The underlying climate simulation was a free running ECHAM5 simulation without nudging
to observations. The sea surface temperature and sea ice concentration boundary conditions
are taken from the Atmospheric Model Intercomparison Project (AMIP II, Hurrell et al., 2008)
climatology. The horizontal resolution is T42, which corresponds to a quadratic Gaussian grid
with gridboxes of approximately 2.8◦ extent in latitude and longitude (≈ 300 km at the equator).5

The grid has 90 vertical levels from the surface up to 0.01 hPa (≈ 80 km).
Two sets of chemical tracers are set up, one for each of the two transport schemes

EMAC/CLaMS and EMAC-FFSL. The tracers include the species for the simplified CLaMS
chemistry scheme, as described in Pommrich et al. (2014). Here, we focus on the analysis of
the long-lived tracers CFC-11, N2O, and CH4. The initial and boundary values for the tracer10

fields are taken from a climatological simulation with the uncoupled CLaMS model (Pommrich
et al., 2014) that is driven by ERA-Interim meteorological reanalysis data (Dee et al., 2011).

An age of air tracer is also added to each of the tracer sets (Pommrich et al., 2011), imple-
mented as a passive tracer with a linear increasing lower boundary condition (“clock-tracer”,
Hall and Plumb, 1994). The mean age at a certain position in the atmosphere is derived from15

the difference between the local tracer value and the current value at the surface.
For the CLaMS transport scheme, about one million air parcels are set up from the surface up

to the 2500 K potential temperature level (≈ 60 km). The number of air parcels is comparable
to the number of gridpoints in the EMAC grid. However, the distribution of the data points is
different for the two transport representations, as CLaMS air parcels are initialized in vertical20

layers that all have the same amount of entropy (Konopka et al., 2007, 2012). Every 24 h, the
CLaMS mixing procedure is applied on the ensemble of CLaMS air parcels and the simplified
chemistry is calculated. The mixing parameters are set to λc = 1.2 day−1 and r0 = 300 km. The
boundaries are updated after the mixing procedure.

A similar tracer set is defined in the EMAC gridpoint space for the EMAC-FFSL transport.25

These tracers are transported by the flux-form semi-Lagrangian transport scheme. The same
chemistry algorithm (CLaMS simplified chemistry) as for EMAC/CLaMS is applied on the
EMAC-FFSL tracer set. As already mentioned, the same boundary and initial values are used
for both tracer sets.

11
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Climatologies have been produced for the EMAC/CLaMS and EMAC-FFSL simulation re-
sults. Data are interpolated to the same regular grid structure for the daily output, and monthly
mean values are calculated for each month. Then, the respective monthly means for all 10 years
of simulation are used for the climatology. Climatologies averaged over the whole simulation
period of ten years have been compared to climatologies derived only from the last five years5

of output to test if there are large influences of initialisation. Only small differences were found
(see Fig. 5). Therefore, only the 10-year-climatologies were used for the following analysis.

3.2 Age of air

First we present age of air distributions for the verification of the new coupled model system.
The age of air diagnostic is suitable for this purpose since mean age is a passive tracer that10

directly displays transport characteristics. Eluszkiewicz et al. (2000) show that age of air is very
sensitive to the choice of the transport scheme.

We show mean age of air for the EMAC/CLaMS and EMAC-FFSL climatologies in compar-
ison to mean age of air derived from measurements in Fig. 2. The latter age of air values are
derived from CO2 and SF6 measurements (Andrews et al., 2001; Engel et al., 2009). Figure 215

shows that both models produce a similar age of air distribution, which lies in most cases at or
below the lower boundary of the one-sigma uncertainty range of the age of air values derived
from measurements. Annual zonal mean age at 50 hPa for all latitudes is displayed in the top
left panel of Fig. 2 . The simulated age of air pattern is consistent with the general features of
the stratospheric circulation. There is upwelling of young air masses in the tropics, and down-20

welling of old air masses in the polar regions. Both simulations exhibit slightly older air in
the Southern Hemisphere compared to the Northern Hemisphere. The age in EMAC/CLaMS is
slightly younger than EMAC-FFSL in the Southern hemisphere. The differences in the zonal,
annual mean between the two model representations do not exceed three months, but regional
and seasonal differences may be larger. The tropical profile for EMAC/CLaMS shows younger25

age than EMAC-FFSL (Fig. 2, top right panel). This indicates, in the case of comparable as-
cent rates that the subtropical transport barriers at the edges of the tropical pipe are stronger in
EMAC/CLaMS. This means that more mid-latitude air is mixed into the tropical pipe in EMAC-

12
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FFSL. In mid-latitudes in the Northern hemisphere, age of air profiles from the two simulation
climatologies are about 1 to 1.5 years younger than the age of air profile derived from CO2

and SF6 measurements (Fig. 2 , middle left panel). This is a typical feature in models, thus the
profiles shown here are comparable to many models, which are compared in a similar way in
SPARC (2010). A comparison of the EMAC/CLaMS and EMAC-FFSL mid-latitude profiles5

reveals that the age is younger in EMAC/CLaMS, in the Northern as well as in the Southern
hemisphere (Fig. 2, bottom left panel). However, the difference in age of air is larger in the
Southern hemisphere than in the Northern hemisphere. The gradient (here: the difference) be-
tween the NH mid-latitude and tropical profile is shown in the middle right panel of Fig. 2. The
gradients derived from the simulation climatologies fit well to the measurements at high alti-10

tudes down to 30 hPa, whereas in the lower stratosphere the gradient in the model climatology is
lower than in the observations. The difference between the tropical and mid-latitude profiles is
slightly higher in the EMAC/CLaMS simulation for the Northern hemisphere. In contrast, in the
Southern hemisphere, the gradient for EMAC-FFSL shows higher values (Fig. 2, bottom right
panel). The gradient between the tropical and mid-latitude profiles can be used as a diagnostic15

for the tropical ascent rate (Neu and Plumb, 1999; Strahan et al., 2009; SPARC, 2010), show-
ing that the ascent rate is too fast in both transport representations at low altitudes. However,
comparing the vertical velocities in EMAC/CLaMS and EMAC-FFSL, this relatively simple
diagnostic does not provide a clear result, since the EMAC/CLaMS gradient is smaller than
the EMAC-FFSL gradient in the Southern hemisphere and larger in the Northern hemisphere.20

The differences in the annual, zonal mean ascent rates in EMAC/CLaMS and EMAC-FFSL are
comparably small. However, the wind fields show a seasonal variation in strength and location
which leads to hemispheric differences in the trace gas distributions. The analysis of these com-
plex interactions between seasonal variations in the vertical velocity and trace gas distributions
are ongoing work and will be discussed in a future publication.25

Zonal mean trace gas climatologies from EMAC/CLaMS were also used to derive the relative
lifetime of CFC-11 and CFC-12 (Hoffmann et al., 2014). The results compare very well with
lifetimes derived independently from various satellite climatologies. The lifetime ratio of CFC-
11 and CFC-12 from the EMAC/CLaMS simulation yields 0.48 (0.40-0.55). From the satellite
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climatologies Hoffmann et al. (2014) deduce lifetime ratios ranging from 0.46 (0.39-0.54) to
0.47 (0.39-0.54). The good agreement between the model deduced and observationally deduced
lifetimes provides further confidence in the representation of transport and chemistry of long-
lived tracers in the EMAC/CLaMS model system. The results also correspond very well with
the recommendations for the lifetimes of CFCs by SPARC (2013) which provide a lifetime ratio5

of CFC-11 and CFC-12 of 0.51 (0.35-0.76).

3.3 Representation of polar vortices

In this section we compare the representation of the Arctic and Antarctic polar vortices in the
two transport schemes. The edge of the polar vortex forms a strong transport barrier in the
stratosphere (e.g., Steinhorst et al., 2005; Günther et al., 2008). Inside the vortex, diabatic de-10

scent of airmasses from high altitudes leads to low concentrations of trace gases which are of
tropospheric origin and have a stratospheric sink (e.g., Müller et al., 1996). These isolated con-
ditions are crucial for polar ozone depletion. However, the simulation of a highly isolated vortex
is a difficult task for climate models with limited spatial resolution. SPARC (2010) show that
many CCMs do not form a sufficiently isolated Antartic polar vortex. The problem of the isola-15

tion of the polar vortex is often even more pronounced for Arctic conditions (SPARC, 2010).
When comparing the model performance in the case of vortex isolation against observations,

it is important to assess the quality of the simulated horizontal wind. Therefore, before validat-
ing the transport schemes, we first compare the mean horizontal wind in EMAC with the mean
horizontal wind in ERA-Interim in Fig. 3. We find that ERA-Interim horitzonotal winds are20

stronger in the Northern hemispheric polar jet stream. In the Southern hemisphere, horizontal
winds are also slightly stronger in ERA-Interim than in in EMAC below 800 K. Thus the polar
vortex is weaker in EMAC than in ERA-Interim and trace gas gradients are also expected to be
moderately weaker in the simulation results than in satellite climatologies, independently of the
employed the transport scheme.25
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3.3.1 Antarctic polar vortex

Figure 4 shows horizontal age of air distributions of EMAC-FFSL and EMAC/CLaMS at 450 K
for August and October in the Southern Hemisphere. In August (top panels), there are older air
masses inside the vortex in EMAC/CLaMS than in EMAC-FFSL. Inside the vortex the air is up
to 0.5 years younger in EMAC-FFSL. In contrast, EMAC/CLaMS shows younger air outside the5

vortex. In October (bottom panels), the age of air differences inside the vortex have increased
to values of 0.8 years. The differences are larger than in October because the processes that
dominate the vortex evolution are different. During August, diabatic downwelling is the most
important process in the vortex. It is found that in August the diabatic vertical velocities in
EMAC/CLaMS are larger in the downwelling region of the polar vortex than the respective10

kinematic vertical velocities in EMAC-FFSL. This leads to the small differences in age of air
in August that are displayed in the top right panel of Fig. 4. However, in October downwelling
weakens so that the relative impact of horizontal transport through the vortex edge and mixing
on the age of air distribution increases (Gerber, 2012). During the period when the transport
barrier controls horizontal mixing, the differences in age of air are larger than during the earlier15

period when downwelling is the most important process.
Similar to age of air, the simulated patterns of long-lived tracers are mainly controlled by

transport but allow a comparison against measurements. For the Antarctic polar vortex region,
we also compared vertical profiles of simulated CFC-11 and CH4 with profiles from measure-
ment climatologies of the Atmospheric Chemistry Experiment-Fourier Transform Spectrome-20

ter (ACE-FTS). The ACE-FTS climatology (Jones et al., 2012) contains monthly zonal mean
values for 14 species. It does not include error budget estimates, but comparisons with mea-
surements from other instruments show differences in the order of 10 % for CFC-11 and CH4

(Jones et al., 2012). The climatology includes ACE-FTS measurements from February 2004 to
February 2009.25

The top panels in Fig. 5 show profiles for September in the 80◦ S to 70◦ S latitude bin. At
this time, the vortex is still stable and clearly separated from mid-latitude air. The profile of
CFC-11 from EMAC/CLaMS is in good agreement with the ACE-FTS climatology, although
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slightly higher at 17–19 km altitude. However, the EMAC-FFSL simulation produces higher
CFC-11 mixing ratios for all altitudes. This shows that the transport barrier at the edge of the
polar vortex is weaker in the EMAC-FFSL simulation which results in an overestimated mixing
across the vortex edge.

The top right panel of Fig. 5 displays the respective profiles of CH4. Here, the same pattern as5

in the CFC-11 profiles is visible. The EMAC-FFSL profiles show higher concentrations than the
satellite climatology. EMAC/CLaMS also exhibits higher CH4, but is closer to the ACE-FTS
measurements up to 20 km. At higher altitudes above 30 km both models show higher CH4

mixing ratios than observed. Overall, EMAC/CLaMS transport leads to an improvement of the
CH4 simulation in the vortex region, although it results in still higher mixing ratios than in the10

satellite climatology.
The bottom panels in Fig. 5 present similar plots for November for the latitude bin from

70◦ S to 60◦ S. In this month, the Antarctic vortex begins to break up. This process starts at high
altitudes. The weakening of the vortex boundary is clearly visible in the CH4 profiles in the
bottom right panel. The ACE-FTS profile exhibits a pronounced kink at 20 to 25 km altitude.15

This kink appears in the profile because the vortex air masses above 25 km are mixed with CH4-
rich air from mid-latitudes. The kink is also visible in the EMAC/CLaMS profiles, although it
is not as distinct as in the ACE-FTS climatology. The EMAC/CLaMS profiles in the latitude
range from 90◦ S to 70◦ S also feature this kink, but at these most Southern latitudes there are
no ACE-FTS measurements available for comparison. In the EMAC-FFSL profiles, this kink20

is not visible. These results indicate that the vortex breakup is much better represented in the
CLaMS Lagrangian transport. The kink is not visible in the respective CFC-11 profiles (bottom
left panel), because the concentrations are too low to show indications of mixing between polar
and mid-latitude air in the altitude range where the beginning of the vortex breakup occurs.
The CFC-11 profiles of November are another example for the overall pattern of differences25

between the two transport schemes: with the CLaMS full-Lagrangian transport, it is possible to
produce trace gas distributions that indicate a stronger polar vortex than in EMAC-FFSL, but
still weaker than in the satellite climatology, which seems to be linked to the weaker horizontal
winds in EMAC (see Fig. 3).
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In Fig. 6 we show N2O PDFs at 550 K from 50◦ S–80◦ S for the months August to Novem-
ber. Here, EMAC/CLaMS and EMAC-FFSL results are compared to satellite data from mea-
surements of the Microwave Limb Sounder (MLS) onboard the NASA Aura satellite from 2005
to 2012. The satellite data used here is MLS version 3.3 data (Livesey et al., 2011). The PDFs
show a two-peak structure, indicating the separated air masses inside and outside the polar vor-5

tex. The peak at lower N2O mixing ratios at about 30 ppb characterizes the air inside the vortex.
In EMAC-FFSL the lowest observed values are not reached, which indicates either that the
downwelling in this model representation is too weak or the in-mixing from mid-latitudes too
strong, or both. It is also visible that the vortex breaks up too early in EMAC-FFSL, since in
October the vortex peak has nearly vanished completely. In EMAC/CLaMS, the peak position10

is captured well in most months except for October. The peak in EMAC/CLaMS is less pro-
nounced than in the MLS data, but the vortex boundary is less penetrable than in EMAC-FFSL.
The second peak around 200 ppb indicates mid-latitude air. The mid-latitude peak is well cap-
tured in EMAC-FFSL. In EMAC/CLaMS, the peak value is about 20 ppb higher than in the
measurements. The separation (i.e. the range of low probability values) between the two peaks15

of the PDF is an indicator for the strength of the transport barrier at the edge of the polar vortex.
Here, using EMAC/CLaMS leads to a clear improvement compared to EMAC-FFSL. The sep-
aration between the two peaks is well captured in the Lagrangian transport representation. The
comparison of CH4 PDFs of EMAC/CLaMS and EMAC-FFSL with HALOE measurements
(Grooß and Russell, 2005) shows similar results (not shown).20

The polar vortex edge is characterized by strong horizontal gradients of trace gases. For this
study, N2O gradients from the simulation climatologies are compared to gradients in monthly
climatologies from MLS measurements from 2005 to 2012. The MLS data have been interpo-
lated on vertical pressure levels for each profile, binned horizontally (lat× lon) and averaged for
each month. MLS scans about 3500 profiles per day, thereby providing a high-frequency sam-25

pling of the global atmosphere and good statistics for creating global monthly zonal mean clima-
tologies. For the comparison, the simulation results have been vertically smoothed in a similar
way as the averaging kernel of the MLS retrievals smoothes the atmospheric profiles. Ploeger
et al. (2013) show that this procedure is necessary to obtain comparable results, especially in the
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lower stratospheric polar regions. Figure 7 shows the absolute value of the horizontal N2O gra-
dients on the isentropic surface at 450 K for September. The left panel displays the EMAC-FFSL
results, the panel in the middle the gradient in EMAC/CLaMS, and the right panel the MLS cli-
matological values. It is clearly visible that the N2O gradient is too weak in the EMAC-FFSL
transport, with maximum values around 4.5×10−5 ppbm−1. The MLS data exhibit maximum5

values of 7.0× 10−5 ppbm−1. The EMAC/CLaMS N2O gradient, calculated with the full La-
grangian transport scheme, shows maximum values of 6.0× 10−5 ppbm−1. These values are
still smaller than those found in the satellite data set, but they show a clear improvement in
comparison to the flux-form semi-Lagrangian transport scheme.

3.3.2 Arctic polar vortex10

This section presents age of air distributions in the Arctic polar vortex region at the end of win-
ter. As the Arctic polar vortex shows substantial interannual variability, more than the Antarctic
polar vortex, we do not analyse results from the 10 year climatology here. Instead, monthly
mean values from the second year of the time-slice simulation are shown as an example.

Figure 9 shows age of air distributions in the Northern Hemisphere at the 450 K potential15

temperature level. In February, the EMAC/CLaMS simulation shows a more pronounced pat-
tern in the age of air distribution, which is the result of a stronger polar vortex barrier and
downwelling. The air inside the vortex is older and the gradient at the vortex edge is stronger
when using the full-Lagrangian transport scheme. The absolute differences for age of air in
February are displayed in the top right panel. This plot shows that the maximum difference in20

mean age of air is located inside the vortex and reaches values up to one year.
In March the vortex has split into two parts (see bottom panels in Fig. 9). This structure is

visible in both transport schemes, but it is more pronounced in EMAC/CLaMS. In the EMAC-
FFSL representation, stronger mixing of air masses from inside and outside the vortex has taken
place. Again, the differences in age of air are largest (up to one year) in the regions of the polar25

vortex.
In Fig. 8 we compare N2O PDFs from 60◦ N–90◦ N for February and March with MLS mea-

surements, similar to the analysis for the Southern hemisphere. The peaks of the NH PDFs are
18
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wider than in the PDFs for the Antarctic, which illustrates the larger variability of the Arctic
polar vortex. The PDFs show the problems of EMAC-FFSL in representing the Arctic polar
vortex. In February, the peak N2O mixing ratio in EMAC-FFSL of 170 ppb is much higher than
in the measurements, for which the peak value is located around 100 ppb. The separation be-
tween the polar vortex air and the mid-latitude air is very weak in EMAC-FFSL. In March, the5

two-peak structure vanishes in the EMAC-FFSL PDF. EMAC/CLaMS shows improved vortex
isolation compared to EMAC-FFSL. In February, the structure of the N2O PDF from measure-
ments is well represented by EMAC/CLaMS. In March, low N2O mixing ratios below 100 ppb
inside the vortex appear in EMAC/CLaMS, but they occur less often than in the measurements.
Nonetheless, this constitutes a clear improvement compared to the EMAC-FFSL simulation,10

where no vortex structure is visible in the N2O PDF in March.
The differences in age of air between EMAC-FFSL and EMAC/CLaMS are larger in the

Northern hemispheric vortex than in the Southern hemispheric vortex. This can be explained
by the fact that planetary wave activity is stronger in the Arctic than in the Antarctic. Thus,
isentropic Rossby waves disturb the zonal symmetry of the Arctic polar vortex much stronger15

than of the almost circumpolar vortex in the Antarctic stratosphere. In such a case, a Lagrangian
transport scheme has an advantage over the FFSL approach by minimizing the numerical mixing
in the vicinity of a disturbed transport barrier like the vortex edge. The differences between
EMAC-FFSL and EMAC/CLaMS due to mixing seem to be larger than the differences due
to vertical velocities. This is consistent with the analysis for the Southern Hemisphere, where20

the differences in age of air are most pronounced in October, when the impact of downwelling
decreases and the impact of in-mixing into the vortex increases.

4 Conclusions

The full-Lagrangian CTM CLaMS has successfully been coupled to the chemistry climate
model EMAC. First results show that the new model system with coupled transport is able25

to simulate reasonable distributions of age of air and long-lived trace species such as CFC-11,
CH4, and N2O. Differences to the flux-form semi-Lagrangian transport scheme are most pro-
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nounced in the regions of strong transport barriers. This is demonstrated for Arctic and Antarc-
tic polar vortices. The results show that when employing the Lagrangian transport scheme
a stronger, more realistic transport barrier at the vortex edge is simulated. The newly developed
coupled model presented here therefore constitutes a suitable tool for future model studies, es-
pecially for regions in the upper troposphere and lower stratosphere where transport barriers are5

of crucial importance.

Code availability

The Modular Earth Submodel System (MESSy) is continuously further developed and ap-
plied by a consortium of institutions. The usage of MESSy and access to the source code
is licenced to all affiliates of institutions which are members of the MESSy Consortium. In-10

stitutions can be a member of the MESSy Consortium by signing the MESSy Memoran-
dum of Understanding. More information can be found on the MESSy Consortium Web-
site (http://www.messy-interface.org). The new CLaMS submodels are not part of the current
MESSy version 2.50, but they will be included in future versions.
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Fig. 1. Schematic of the CLaMS modules integrated in the MESSy interface.
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Fig. 2. Zonal mean age of air [years]: simulation results of EMAC/CLaMS as solid blue line, EMAC-
FFSL as dotted blue line, and mean age from measurements (SF6 (black crosses), CO2 (black circles),
Andrews et al. (2001); Engel et al. (2009)), shown with 1σ-uncertainties. The top left panel shows zonal
mean age of air at 50 hPa. The top right panel shows tropical profiles (10◦ N–10◦ S), the middle left
panel NH mid-latitude profiles (35◦ N–45◦ N) and the bottom left panel SH mid-latitude profiles(35◦ S–
45◦ S). The difference between the mid-latitude and the tropical profiles are presented in the middle right
panel for the Northern hemisphere, and the bottom right panel for the Southern hemisphere.
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Fig. 3. Zonal mean of horizontal wind speed [ms−1] from ERA-Interim climatology (left column) and
EMAC climatology (right column): December to February (DJF, top panels), and July to August (JJA,
bottom panels).
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Fig. 4. Age of air [years] at 450 K for August (top panels) and October (bottom panels) in the
Southern Hemisphere. Left and middle panels display age of air distributions for EMAC-FFSL and
EMAC/CLaMS, respectively. Right panels show the absolute difference in mean age of air [years]
(EMAC/CLaMS−EMAC-FFSL). Blue colour denotes older air in EMAC/CLaMS, and red colour de-
notes older air in EMAC-FFSL.
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Fig. 5. Profiles of CFC-11 and CH4 for different months and latitude bins: ACE-FTS climatology is
shown in red, blue profiles display simulation results with EMAC-FFSL transport and black profiles
show results with EMAC/CLaMS full Lagrangian transport. Solid lines show mean values over 10 years
of simulation, whereas dashed-dotted lines indicate results for only the last five years of simulation.
The profiles for the simulations have been generated as follows: daily output have been interpolated
onto a regular grid, then monthly mean values are calculated. The mean value of all simulated years for
the respective latitude bins is shown here. ACE-FTS climatological profiles are shown for 72.5◦ S and
77.5◦ S in the top panels, and for 62.5◦ S and 67.5◦ S in the bottom panels, respectively.
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Fig. 6. PDF at 550 K for N2O mixing ratio from 50◦ S–80◦ S for the months August to November. Blue
lines show EMAC-FFSL simulations, red lines EMAC/CLaMS simulations, and black lines represent
MLS measurements.
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Fig. 7. Horizontal gradient of N2O in September on the 450 K isentropic surface.
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Fig. 8. PDF at 475 K for N2O mixing ratio from 60◦ N–90◦ N for the months February and March. Blue
lines show EMAC-FFSL simulations, red lines EMAC/CLaMS simulations, and black lines represent
MLS measurements.
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Fig. 9. Age of air [years] at 450 K for February (top panels) and March (bottom panels) in the
Northern Hemisphere. Left and middle panels display age of air distributions for EMAC-FFSL and
EMAC/CLaMS, respectively. Right panels show the absolute difference in mean age of air [years]
(EMAC/CLaMS−EMAC-FFSL). Blue colour denotes older air in EMAC/CLaMS, and red colour de-
notes older air in EMAC-FFSL.
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