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Abstract
Representing atmospheric transport of constituents accurately in a chemistry climate model is a challenge.
This is true in particular for a realistic representation of atmospheric transport barriers, e.g. at the edge
of the polar vortices or at the tropopause. When transport is represented employing Lagrangian methods,
numerical problems representing transport barriers may be obviated. Here, we present a first implementation
of a Lagrangian transport model (the Chemical Lagrangian Model of the Stratosphere, CLaMS) driven by
horizontal winds and vertical velocities of the icosahedral nonhydrostatic model (ICON) using the Modular
Earth Submodel System (MESSy). The diabatic heating rates deduced from the temperature tendencies in the
(free-running) ICON model allow vertical velocities to be determined and transport calculations in isentropic
(diabatic) coordinates. The deduced diabatic heating rates agree qualitatively well with ERA5 reanalysis
values in the zonal annual mean, but some discrepancies remain. Further, there is an overall agreement
between the simulation and N2O observations by the Microwave Limb Sounder (MLS) satellite instrument;
in particular regarding N2O gradients at the edge of the polar vortex. Overall, the Antarctic vortex and the
associated transport barrier at its edge are well represented in the simulation, although the simulated polar
vortex is larger than observed. Some differences between the observations and the Lagrangian simulation
may be caused by the underlying ICON winds. The coupled ICON/MESSy-CLaMS transport scheme allows
realistic simulations of tracer distributions in the free troposphere and in the stratosphere, including the
representation of tracer gradients across transport barriers, a feature generally more difficult to obtain by
classical Eulerian schemes.
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1 Introduction

Chemistry climate models (CCMs) allow atmospheric
dynamics, transport and chemistry to be described from
the surface to the stratosphere and above. In recent years,
CCMs have advanced to increasingly higher resolution
and are expected to continue this advance into the fu-
ture. CCMs are key tools for projections of the future
development of the troposphere and the stratosphere,
e.g., the future of the stratospheric ozone layer (Jöckel
et al., 2016; Dhomse et al., 2018). There are further
applications of CCMs, including climate intervention
(Tilmes et al., 2021; Visioni et al., 2023), studies of nu-
clear winter (Mills et al., 2008; Robock et al., 2023),
assessing the impact of anthropogenic emissions and
biomass burning on the atmosphere (Fadnavis et al.,
2019; Rosanka et al., 2021), and the analysis of strato-
spheric transport patterns (Brinkop and Jöckel, 2019;
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Charlesworth et al., 2020; Charlesworth et al.,
2023).

A CCM consists of the underlying atmospheric cir-
culation model, a module for the calculation of transport
of trace species, and modules for calculating chemical
change. Further modules might, for example, simulate
land use, the cryosphere and the circulation of the ocean.
Relevant quantities for the atmospheric circulation like
sea surface temperature (SST) and sea ice concentra-
tion (SIC) can also be prescribed and do not necessarily
have to be calculated by a model.

Representing transport of atmospheric constituents
in a CCM is a particular challenge because of transport
barriers in the atmosphere, which separate air masses of
different chemical composition. The numerical diffusion
inherent in Eulerian transport schemes makes the repre-
sentation of such atmospheric transport barriers difficult.
The numerical diffusion caused by Eulerian transport
schemes can be obviated using Lagrangian transport
schemes that frequently also use diabatic vertical trans-
port in the stratosphere (e.g., McKenna et al., 2002a;
McKenna et al., 2002b; Ploeger et al., 2010; Hoppe
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et al., 2014; Hoppe et al., 2016; Brinkop and Jöckel,
2019; Charlesworth et al., 2020).

In earlier work (Hoppe et al., 2014) analysing long-
lived tracers and age of air in the polar vortex regions in
the stratosphere, it has been shown that the Lagrangian
transport scheme of the Chemical Lagrangian Model of
the Stratosphere (CLaMS) produces a stronger, more re-
alistic transport barrier at the edge of the polar vortex
than the classic Eulerian transport scheme of the under-
lying CCM (the ECHAM/MESSy Atmospheric Chem-
istry: EMAC Jöckel et al., 2006), where MESSy stands
for “Modular Earth Submodel System”. Differences in
simulated age of air ranged up to 1 year in the Arc-
tic polar vortex in late winter/early spring and the dia-
batic vertical velocities (used in the Lagrangian trans-
port scheme) showed higher values than the EMAC ver-
tical velocities, both in the upwelling branch in the inner
tropics and in the downwelling regions in the polar vor-
tices (Hoppe et al., 2014; Hoppe et al., 2016).

More recently, Charlesworth et al. (2020) cou-
pled the CLaMS transport to EMAC demonstrating
that stratospheric transport barriers are significantly
stronger for Lagrangian EMAC-CLaMS transport be-
cause of reduced numerical diffusion; in particular,
stronger tracer gradients developed when using CLaMS
transport around the polar vortex, at the subtropical
jets, and at the edge of the tropical pipe. Furthermore,
as a consequence of the decreased numerical diffusion
in Lagrangian transport schemes, the moisture trans-
port across the extratropical tropopause into the low-
ermost stratosphere and the water vapour mixing ra-
tios in that region are substantially reduced, resulting
in an improved comparison with satellite observations
(Charlesworth et al., 2023). This change in lower-
most stratospheric moisture has been shown to affect the
stratospheric circulation and to cause shifts in the sub-
tropical upper-level jet streams and in the tropospheric
eddy-driven jet (Charlesworth et al., 2023).

Nitrous oxide (N2O) is essentially chemically inert
in the troposphere and has no significant sinks at the
surface of the earth; atmospheric loss of N2O occurs in
the stratosphere through photolysis (mainly) and reac-
tion with O(1D) (e.g. Portmann et al., 2012; Müller,
2021). Nitrous oxide is the main source of strato-
spheric reactive nitrogen and thus an important driver
of catalytic ozone loss cycles in the stratosphere (e.g.,
Crutzen, 1970; Ravishankara et al., 2009; Port-
mann et al., 2012). Because of the property of N2O as
a tracer of air mass motion, N2O is frequently applied
for validation of model transport and transport barriers
(Hoppe et al., 2014; Pommrich et al., 2014; Ruiz and
Prather, 2022).

The aim of this study is to provide a first assess-
ment of the stratospheric transport using winds of the
icosahedral nonhydrostatic (ICON) model. The strato-
spheric transport in the new model ICON has hitherto
not been thoroughly analysed, a problem which is ad-
dressed through our transport simulation. In particular,
we employ the CLaMS Lagrangian transport scheme

offline-driven by horizontal winds and heating rates
from ICON. Comparison with measurements of N2O
of the Microwave Limb Sounder (MLS) instrument and
with reanalysis data allow the performance of the cou-
pled model to be evaluated. This study is based on the
work by Sonnabend (2024), where further details are
presented.

2 Description of models and data

In this paper, we present a first implementation of a La-
grangian transport model (CLaMS, see Sec. 2.2 below)
driven by horizontal winds and total diabatic heating
rates of the ICON model (see Sec. 2.1 below). We refer
to this coupled model system as ICON/MESSy-CLaMS
hereafter.

2.1 The Icosahedral Nonhydrostatic Model
(ICON)

The global Icosahedral Nonhydrostatic Model (ICON)
is a joint development of the German Weather Service
(Deutscher Wetterdienst, DWD) and the Max-Planck-
Institute for meteorology in Hamburg (Zängl et al.,
2015; Giorgetta et al., 2018). ICON uses a terrain fol-
lowing vertical coordinate system, the smooth level ver-
tical (SLEVE) coordinate system (Leuenberger et al.,
2010). The SLEVE system features a hybrid pressure-
altitude coordinate appropriate for application in a non-
hydrostatic model (Leuenberger et al., 2010). The core
of the horizontal ICON grid structure is a projection of
a regular icosahedron onto the sphere of the earth. The
horizontal resolution of ICON is easily variable (Zängl
et al., 2022). For the tracer transport in the standard
ICON model, a mass consistent finite volume approach
with fractional steps (operator splitting) is employed
(Reinert, 2020; Reinert and Zängl, 2021); this trans-
port scheme was not used for the ICON/MESSy-CLaMS
simulations of N2O transport in focus here.

Here we employ the ICON version used by the DWD
(numerical weather prediction model) with a model top
at 80 km. The simulation is performed on a vertical grid
with 90 levels of which 32 levels are entirely in the tro-
posphere and 34 levels are entirely in the stratosphere.
The ICON grid notation defines this grid as R2B4. This
grid contains 20480 grid cells and has a horizontal res-
olution of approximately 158 km. The discretisation of
the basic operators on this icosahedral grid is performed
with the C-grid method (Zängl et al., 2015). Here we
use ICON version 2.4.

2.2 The Chemical Lagrangian Model of the
Stratosphere (CLaMS)

The Chemical Lagrangian Model of the Stratosphere
(CLaMS) consists of a number of different modules
which have been described in detail elsewhere (e.g.,
McKenna et al., 2002a; McKenna et al., 2002b; Ko-
nopka et al., 2007; Ploeger et al., 2010; Grooß et al.,
2014; Pommrich et al., 2014). Briefly, CLaMS describes
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the state of the atmosphere by a finite number of air
parcels. These air parcels are characterised by a given
mixing ratio of a chemical compound. No particular
value of mass is attributed to an air parcel and they
are distributed on an irregular grid (McKenna et al.,
2002a). Mixing ratios might also change chemically
(McKenna et al., 2002b, see also below).

The air parcels are subject to physical advection by
horizontal wind fields and vertical (diabatic) velocities.
The motion of these air parcels is calculated with the
CLaMS trajectory scheme (McKenna et al., 2002a),
where poleward of 72° N and 72° S a polar stereographic
coordinate system is used to avoid numerical problems
in the polar regions. The Lagrangian scheme used here
(Sutton et al., 1994; McKenna et al., 2002a) employs
a fourth-order Runge-Kutta scheme with a 15-min time
step. The information on wind fields is needed as input
for the trajectory calculation. This information can be
provided from meteorological reanalyses as well as from
the results of a general circulation model such as ICON
(e.g., Hoppe et al., 2014; Vogel et al., 2024; Clemens
et al., 2024; Ploeger et al., 2024).

CLaMS allows employing both, a detailed strato-
spheric chemistry scheme including heterogeneous re-
actions (e.g., Grooß et al., 2014; Grooß and Müller,
2021), and a numerically more efficient simplified
chemistry scheme (Pommrich et al., 2014), which is
used here.

CLaMS has been applied recently to a variety
of problems ranging from polar ozone loss, strato-
spheric age-of-air studies, transport in the Asian mon-
soon anticyclone and trends in stratospheric water
vapour (Vogel et al., 2019; Grooß and Müller, 2021;
Poshyvailo-Strube et al., 2022; Konopka et al., 2022;
Clemens et al., 2024; Ploeger et al., 2024; Vogel
et al., 2024).

Here we focus on nitrous oxide (N2O); the main
chemical stratospheric loss processes for N2O

N2O + hν→ prod. (2.1)

N2O + O(1D)→ prod. (2.2)

are taken into account in our simulations (see also
Pommrich et al., 2014).

By describing atmospheric transport through the cal-
culation of trajectories, numerical diffusion can be ob-
viated. Mixing is introduced specifically in shear zones,
where strong flow deformation occurs (McKenna et al.,
2002a; Konopka et al., 2005; Konopka et al., 2007).
Thus the transport in CLaMS is particularly suited for
describing the transport in the presence of transport bar-
riers (like the tropopause, the boundary of the Asian
monsoon anticyclone, or the edge of the polar vortex).

The vertical transport in the stratosphere in CLaMS
is described as deviations from isentropic (potential
temperature) surfaces (Konopka et al., 2007; Ploeger

et al., 2010). Potential temperature is defined as

θ = T ·
(

p0

p

)κ
(2.3)

where T is temperature, p is pressure, p0 a reference
pressure (p0 = 1000 hPa) κ = R/cp, R is the specific gas
constant and cp is the specific heat capacity at constant
pressure. In this coordinate system, transport across a
vertical (i.e. an isentropic) surface can take place only
through diabatic heating (Kasahara, 1974); the vertical
velocity θ̇ = dθ/dt is deduced from the net diabatic
heating rate Q (which is commonly measured in Kelvin
per second):

d
d ln θ

=
1
θ

dθ
dt

=
Q
T

. (2.4)

In Eq. 2.4, the net diabatic heating rate Q = J/cp where
J is the diabatic heating rate per unit mass (Hoppe et al.,
2016). Thus

dθ
dt

=
J
cp

θ

T
. (2.5)

Below a reference pressure level (frequently chosen
as 300 hPa; more precisely a reference level of pres-
sure over surface pressure of 0.3), the vertical (poten-
tial temperature) coordinate in the CLaMS Lagrangian
advection scheme smoothly converts to a terrain follow-
ing pressure based (pressure over surface pressure) coor-
dinate below a reference level (Pommrich et al., 2014).
Pressure, pressure tendencies (ṗ) and surface pressure
are available in ICON as diagnostic variables. The use
of the terrain following tropospheric CLaMS coordinate
allows tropospheric vertical velocities, expressed as ṗ to
be represented in the Lagrangian transport (Pommrich
et al., 2014).

2.3 The Modular Earth Submodel System
(MESSy)

The Modular Earth Submodel System (MESSy) pro-
vides a middleware which allows different numerical
models of the earth system to interact (Jöckel et al.,
2005; Joeckel et al., 2010). Since the successful im-
plementation of the climate model ECHAM within
the MESSy framework (Jöckel et al., 2006; Joeckel
et al., 2010), many studies assessing the impact of an-
thropogenic emissions and biomass burning on the at-
mosphere or analysis of stratospheric transport pat-
terns (e.g., Brinkop and Jöckel, 2019; Charlesworth
et al., 2020; Rosanka et al., 2021) were conducted.

The MESSy model framework is subdivided into
basemodels and submodels, which are connected by the
basemodel and the submodel interface layers. With the
help of the interface layers and the submodels, chem-
ical tracer transport, online diagnostic tools, and many
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other models can interact with the basemodel (Joeckel
et al., 2010; Jöckel et al., 2016). ICON, as an atmo-
spheric circulation model, is implemented as a base-
model in MESSy. The MESSy version used in this study
is 2.54.0.3 including ICON version 2.4.

2.4 Measurements of nitrous oxide by the
Microwave Limb Sounder

The Earth Observing System (EOS) Microwave Limb
Sounder (MLS, Waters et al., 2006) is an instrument
onboard the EOS Aura satellite. Aura was launched on
15 July 2004 and takes measurements since August 2004
until today. The MLS scans the Earth’s limb from the
surface to ∼95 km altitude every ∼26 s, which allows at-
mospheric observations to be taken by MLS from 82° S
to 82° N. MLS provides daily global coverage. From
the microwave radiance measurement a large number of
profiles of the vertical abundance of trace species are de-
duced (e.g., Livesey et al., 2021), here MLS measure-
ments of N2O are of particular importance. MLS N2O
measurements are reported as molar (or volume) mix-
ing ratios; “ppb” means parts per billion, i.e. a molar
mixing ratio of 10−9. The vertical resolution of MLS
N2O measurements is 4–6 km. Ideally, one would ap-
ply the MLS averaging kernels to the simulated data for
comparison. However, this is more important for spe-
cific comparisons than for climatologies of N2O that are
already subject to averaging. Furthermore, a perpetual
model simulation (Sec. 3.1) can only be compared in a
limited way with MLS measurements in a particular year
or even with an MLS climatology.

We use MLS v4.2 data; as we focus here on seasonal
to annual changes (and not on long-term variability and
trends) our use of MLS N2O will therefore not be af-
fected by the drift detected in the v4.2 data set (Livesey
et al., 2021). The best accuracy of MLS v4.2 N2O data
is achieved in the middle stratosphere (∼650–800 K);
the accuracy at 100 hPa (∼400 K) is 124 ppb (44 %), at
68 hPa (∼450 K) is 55 ppb (22 %), at 46 hPa (∼500 K)
30 ppb (10 %), at 22 hPa (∼650 K) 10 ppb (6 %) and at
10 hPa (∼800 K) 7 ppb (7 %).

For the MLS climatologies of nitrous oxide (N2O)
the measurements were interpolated on isentropic lev-
els for each vertical profile. The vertically interpolated
profiles are binned horizontally to a regular 2°× 2°
longitude-latitude grid. The accumulation in bins is
done for each month individually for the time period
of 2005–2017 and averaged for each month.

2.5 The ERA5 reanalysis

A reanalysis combines observations into a globally com-
plete and consistent dataset employing a model. This
technique, referred to as data assimilation, is commonly
used to estimate the (initial) state of the atmosphere for
numerical weather prediction. A reanalysis employs a
consistent (unchanged) data assimilation technique to

long time series to achieve a homogeneous (as far as pos-
sible) data set. Here we use the most recent reanalysis
available from the European Centre for Medium-Range
Weather Forecasts (ECMWF) (ERA5, Hersbach et al.,
2020) to assess the quality of wind and transport patterns
simulated by the ICON/MESSy-CLaMS model. ERA5
is based on the integrated forecasting system Cy41r2.
The residual circulation in the stratosphere and the struc-
ture and magnitude of radiative heating were already
reasonably represented in ERA-Interim, the predeces-
sor of ERA5 (Fueglistaler et al., 2009), but ERA5
features improved model physics, core dynamics and
data assimilation compared to ERA-Interim (Hersbach
et al., 2020).

3 Model design and model setup
3.1 The coupling of ICON/MESSy with

CLaMS

In the present study, horizontal winds calculated on
the ICON grid are interpolated onto a regular (latitude-
longitude) grid using the GRid AGGregation (GRAGG)
submodel (Kern and Jöckel, 2016, see also ap-
pendix 1). Vertical winds are deduced from ICON heat-
ing rates (see below Sec. 3.2 for details). For this pur-
pose, the submodel CLaMS is adjusted so that data
exchange with the basemodel ICON, and any other
MESSy submodels, is possible. The data exchange is
organised with the generic submodel CHANNEL. The
submodel CHANNEL allows a set of prognostic and di-
agnostic variables of the basemodel (i.e. ICON) to be
accessed. The access to these variables is at every inte-
gration time step and for all other submodels.

The time step in ICON used here is 600 s; the
CLaMS transport is called after each ICON time step,
the timestep is thus 600 s as well.

The ICON/MESSy-CLaMS simulation is a 10-year
time slice (perpetual) simulation with dynamical and
chemical boundary conditions (monthly means for 2005)
repeating every year (like for a perpetual simulation).
Dynamical boundary conditions constitute SSTs and
SIC valid for 2005.

Boundary conditions for long-lived tracers are pre-
scribed at the lower model boundary (i.e. at the ground).
In the simulations reported here, the focus is on nitrous
oxide (N2O). For the lower boundary of N2O ground-
based baseline observations are used; the prescribed
N2O boundary is zonally symmetric but varies with the
season (Pommrich et al., 2014). Like in earlier work
(Pommrich et al., 2014), the photolysis rates were cal-
culated as diurnal averages using the CLaMS photolysis
code in spherical geometry (Becker et al., 2000), which
is also implemented in the MESSy submodel DISSOC
(Sander et al., 2019).

Furthermore, SSTs and SIC (for the year 2005) are
repeating every year and are taken from the AMIP II
simulations (Taylor et al., 2000); they are interpolated
from the original grid structure to the ICON grid struc-
ture used here.
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3.2 Heating rates and vertical winds from
ICON simulation

The vertical transport in CLaMS requires that heating
rates are available (see Sec. 2.2). In the case of ICON,
temperature tendencies dT/dt are available on surfaces
of constant z (i.e. altitude or volume) from all processes
that cause diabatic heating adding up to the net diabatic
heating Q.

The temperature tendencies ΔT i from all processes
that cause diabatic heating are added up to the net dia-
batic heating Q,

Q =

(
dT
dt

)
radsw

+

(
dT
dt

)
radlw

+

(
dT
dt

)
turb

+

(
dT
dt

)
drag

+

(
dT
dt

)
pconv

(3.1)

where temperature tendencies come from short- and
longwave radiation (radsw and radlw), turbulence (turb),
subgrid-scale and gravity wave drag (drag) and convec-
tive plumes (pconv). Equation 3.1 can be written in dif-
ference form for a time step Δt

Q =(
ΔTradsw + ΔTradlw + ΔTturb + ΔTdrag + ΔTpconv

)
/Δt

(3.2)

For an ideal gas the thermodynamic energy equation is
(e.g., Fueglistaler et al., 2009)

dT
dt

=
R
cp

T
p

dp
dt

+
J
cp

(3.3)

here d/dt is the material derivative (Kasahara, 1974)

dT
dt

=

(
∂T
∂t

)
z
+ �v ∇zT +

dz
dt
∂T
∂z

(3.4)

where z is held constant, which implies that volume is
constant. Equation 3.4 is likewise valid for a general
vertical coordinate s (Kasahara, 1974). Because(

J = cv
dT
dt

)
V=const.

(3.5)

together with equation 2.5

dθ
dt

=
cv

cp

θ

T

[(
dT
dt

)
V=const.

]
diabatic

(3.6)

where the temperature tendencies (dT/dt)V=const. are
taken from ICON (Eq. 3.1).

4 Results

4.1 Winds and transport

The horizontal winds of the ICON/MESSy simulation
are integrated into the Lagrangian transport calculation

Figure 1: Zonal mean of horizontal wind speed from ERA5
2005–2014 climatology (left column) and ICON/MESSy-CLaMS
ten year climatology (right column). Top: December to Febru-
ary (DJF); bottom: June to August (JJA).

(Sec. 3.1, see also Figure 1, right column). The strato-
spheric jets are clearly noticeable, in particular at the
edge of the polar vortex in both, the northern and the
southern hemisphere (Figure 1). A comparison with the
ERA5 2005–2014 climatology shows overall good re-
sults, although the peak wind velocities are larger in
ICON/MESSy-CLaMS than in ERA5 (Figure 1). Note
that a very close correspondence cannot be expected
as the results of the ICON/MESSy-CLaMS simulation
come from a free (perpetual) run (which does not ex-
actly represent the conditions in a particular year).

Vertical winds in the CLaMS transport scheme based
on isentropic surfaces are deduced as diabatic heat-
ing rates (see Sec. 3.2). The zonal annual mean dia-
batic heating rates deduced from the temperature ten-
dencies in the ICON model (Sec. 3.2) show the ex-
pected behaviour of ascent in the tropics and descent
over the poles (Figure 2); there is a good qualitative
agreement with the ERA5 reanalysis heating rates. How-
ever, there remain some differences between ICON and
ERA5 heating rates, such as somewhat stronger heat-
ing rates in ERA5 in the lower tropical stratosphere
and somewhat stronger heating rates in ICON (both in
the tropics and extratropics) in the middle stratosphere
at about 600–700 K (Figure 2). However, the agree-
ment between the ICON/MESSy-CLaMS model and the
ERA5 reanalysis in terms of diabatic heating rate is bet-
ter than the comparison with ERA-interim (not shown).
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Figure 2: Zonal annual mean diabatic heating rate, left panel ERA5,
right panel from ICON/MESSy-CLaMS.

Figure 3: Zonal mean nitrous oxide (N2O) mixing ratio for a sea-
sonal ten year climatology separated in four seasons (see indi-
vidual panels) simulated by ICON/MESSy-CLaMS. Vertical range
from 350 K potential temperature to 1200 K.

4.2 Simulation of nitrous oxide

Chemical tracers in CLaMS are subject to transport,
mixing and chemical reactions (McKenna et al., 2002b;
Grooß et al., 2014; Pommrich et al., 2014). The sim-
ulated seasonal zonal mixing ratios of nitrous oxide
are shown in Figure 3. This zonal climatology is cal-
culated as a time average of ten years of simulation
for each season individually. Nitrous oxide is a long
lived species (e.g., Müller, 2021; Ruiz and Prather,
2022), which is transported upward through the tropi-
cal pipe in the stratosphere. In the course of this up-
ward transport, N2O is decomposed in the tropics in the
middle stratosphere and above (Portmann et al., 2012).
A robust peak of high mixing ratios is simulated con-
sistently throughout the seasons. The seasonal change in
the lower stratospheric region in the winter hemisphere
exhibits air masses with low N2O concentrations, which
are transported downward by diabatic descent from the
upper stratosphere.

A comparison of the simulated zonal mean nitrous
oxide mixing ratios with MLS observations is shown in

Figure 4: Zonal mean nitrous oxide mixing ratio for winter
and summer. MLS 2005–2017 climatology (left panels). Ten year
ICON/MESSy-CLaMS simulation climatology (right panels). Top
panels: DJF, bottom panels JJA. Vertical range from 450 K potential
temperature to 900 K. (MLS averaging kernels have not been applied
to the simulated N2O fields.)

Figure 4, for northern hemisphere winter (top) and sum-
mer (bottom). Upward transport of nitrous oxide mixing
ratio in the tropical pipe and diabatic descent over the
winter poles is seen in both, the simulation and the MLS
observations (Figure 4). Further, the decline of nitrous
oxide with altitude because of chemical loss at greater
heights in the stratosphere (see Eqs. 2.1 and 2.2) is
clearly visible. However, simulated nitrous oxide mixing
ratios in the tropical pipe are larger than observed. Also,
while the model captures high mixing ratios of nitrous
oxide at lower altitudes – as expected for a tropospheric
source gas – (Figure 3), the decline of N2O mixing ra-
tios in the summer hemisphere extratropics is stronger
in ICON/MESSy-CLaMS than observed (Figure 4). The
different simulated N2O patterns agree in principle with
the observed differences in upwelling between the simu-
lation and ERA5. However, there remain some discrep-
ancies in the magnitude of the diabatic heating rates be-
tween ICON and ERA5 (Figure 2); further, there are
also uncertainties in the MLS N2O measurements in the
lower stratosphere (Sec. 2.4).

An isentropic cross section of nitrous oxide at 500 K
(∼18 km) is shown in Figure 5; left panels show MLS
observations and right panels the results of the simula-
tion (ICON/MESSy-CLaMS). The tropical band in the
observations contains air with lower mixing ratios of ni-
trous oxide than the simulation. In the MLS observa-
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Figure 5: Nitrous oxide (N2O) mixing ratio for seasonal climatologies at 500 K (∼18 km). MLS 2005–2017 climatology (left panels).
Ten year ICON/MESSy-CLaMS simulation climatology (right panels). DJF seasonal mean top and SON bottom.

Figure 6: Scatter plot of N2O mixing ratios of simulated air parcels by ICON/MESSy-CLaMS in September at a potential temperature
of 500 K (about 18 km). Latitude bin of 80° S to 50° S is shaded in blue. Latitude bin of 50° S to 30° S is shaded in orange (left panel).
Within the latitude bin a PDF is calculated and the probability is shown as a function of the volume mixing ratio (right panel). The colour
code indicates the latitude bin of the left panel.

tions, the edge of the polar vortex shows more zonal
fluctuations than the simulation, both for northern and
southern hemisphere winter (Figure 5).

4.3 Stratospheric transport barriers

We investigate the chemical separation of air masses
from a statistical perspective (Sparling, 2000) using
probability distribution functions (PDF) for both, MLS
observations and the results of the simulation. Since
MLS satellite observations are not uniformly distributed
over the hemisphere, but oversample the high latitudes,
one has to consider weighting according to the latitudi-
nal area covered by the measurements. Figure 6 shows
a schematic how the PDF of two different latitudinal

bands are connected as a scatter plot of data points in
a volume mixing ratio versus latitude cross section.

In the left panel of Figure 6 simulated air parcels
for September are shown in a scatter plot of volume
mixing ratio versus latitude for the southern hemisphere
at 500 K (about 18 km). There are two latitudinal bands
highlighted with colour shades in the background. One
latitudinal band from 30° S to 50° S in orange and one
for the latitudinal band of 50° S to 80° S in blue. The
corresponding PDFs are shown in the right panel colour
coded according to the latitude bands in the left panel.
The air masses in the mid-latitude band from 30° S
to 50° S contain with the highest probability nitrous
oxide with a volume mixing ratio (for an isentropic level
of 500 K) of 186± 15 ppb. There is a small probability
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Figure 7: Probability density function (PDF) of N2O mixing ratios in the latitude band 80° S to 30° S at 500 K potential temperature. PDFs
of MLS data are marked in red. Simulated ICON/MESSy-CLaMS PDFs are marked in black. The different panels show different months.

for nitrous oxide with a volume mixing ratio in the range
of 100 to 150 ppb. The air masses in the latitude band
from 50° S to 80° S contain nitrous oxide with a volume
mixing ratio of 79± 9 ppb with peak probability. The
main peaks of the PDFs are distinct in volume mixing
ratio. The air masses of both latitudinal bands can be
considered distinct in chemical composition and can
be considered midlatitude air masses and polar region
air masses, respectively. The separation of both PDFs
therefore allows the separation of midlatitude from polar
air masses to be analysed.

4.4 Antarctic vortex

The PDFs considered in this section contain data from
the latitudinal bands, 80° S to 50° S and 50° S to 30° S,
combined. Thus, the PDFs of observed (MLS) and sim-
ulated N2O volume mixing ratios (August to Novem-
ber) are calculated here in the band from 80° S to 30° S
(Figure 7). The single peak structure from the PDFs
of two different latitudinal bands discussed previously
(Figure 6) are combined (Figure 7) resulting in a double
peak structure. Midlatitude and polar vortex air masses
can contribute to all volume mixing ratios in the PDF
and might broaden the double peak structure. The black
lines (Figure 7) denote the PDF from 80° S to 30° S
for the simulated air parcels; the red lines denote the
observed values for the corresponding months of the
year 2005 of the MLS data (Figure 7).

In the ICON/Messy-CLaMS simulated nitrous ox-
ide the separation between the air masses is promi-
nent during all months, where the peak for the midlat-
itude air mass is shifted to lower volume mixing ratio
at around 220 ppb. The simulated peak for the vortex air
masses is overestimated. In the mixing ratio range char-
acteristic for mid-latitude air (around 220 ppm of N2O),

the simulated PDF is similar to the observed PDF. How-
ever, the peak for the lower volume mixing ratios in po-
lar vortex air masses is overestimated in the simulation
(Figure 7).

4.5 Maximum horizontal gradient of nitrous
oxide at the edge of the Antarctic vortex

As a measure of the transport barrier at the edge of
the Antarctic vortex, the horizontal gradient of nitrous
oxide for September at 450 K (∼15 km, top), 500 K
(∼18 km, middle), and 550 K (∼20 km, bottom) is shown
in Figure 8; both for MLS climatologies as well as
for the results of the simulation with ICON/MESSy-
CLaMS. (To calculate climatologies and gradients, MLS
measurements were used as described in Sec. 2.4 and
ICON/MESSy-CLaMS results were interpolated on a
regular latitude/longitude grid.) Clearly, nitrous oxide
mixing ratios for both, measurements and simulation
show a pronounced transport barrier visible as a strong
enhancement of the N2O gradient at the edge of the polar
vortex. However, on all theta levels in September in the
lower stratosphere (450 K, 500 K, and 550 K) the simu-
lation shows a more narrow edge of the vortex (covering
a smaller latitude range) than the observations. Further,
in the simulation, the transport barrier is located more
equatorward, (i.e. the vortex is larger than observed).
The observed transport barrier is also more variable than
the simulated one.

A similar picture also emerges for the horizontal
gradient of nitrous oxide for October and November (not
shown, see, Sonnabend, 2024). However, the simulated
transport barrier at the edge of the Antarctic vortex at
lower altitudes (450 K, 500 K) is weaker than observed.

The transport barrier at the edge of the Antarctic
vortex, can be analysed considering specific transects of
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Figure 8: Horizontal N2O gradient in the southern hemisphere in
September at 450 K (∼15 km, top), 500 K (∼18 km, middle) and
550 K (∼20 km, bottom). For MLS (left panels), the horizontal N2O
gradient is calculated from monthly means on a regular grid (calcu-
lated as described in Sec. 2.4) For ICON/MESSy-CLaMS (right pan-
els) the calculation is performed in a similar way (Sec. 2.4). Gradi-
ents are calculated from monthly mean 2005–2017 MLS climatolo-
gies (left panels) and monthly mean of a ten year (perpetual) simu-
lation of ICON/MESSy-CLaMS (right panels).

MLS measurements of N2O mixing ratios following the
flight path of the Aura satellite (Figure 9). The Antarctic
polar region is transected by MLS 15 times a day. As an
example, the accumulated observations on 21 September
2005 are shown in the top panel of Figure 9 for the 450 K
isentropic level.

The observed volume mixing ratio along a specific
satellite transect (marked with black dots in the top
panel) is plotted versus latitude in the middle panel. Fur-
thermore, the gradient along the latitude direction is cal-
culated. Within the range of 70° S to 40° S a Gaussian
curve is fitted to the observed gradient. The question,
how the maximum observed gradient of N2O in latitu-
dinal direction at the edge of the Antarctic vortex com-
pares with the results of the ICON/CLaMS-MESSy sim-
ulation is addressed in Figure 10 below.

Clearly, the changing N2O values across the edge of
the Antarctic vortex are visible as a particularly strong
horizontal gradient of N2O (with low N2O values in-
side the vortex). However, MLS satellite observations
have a somewhat limited vertical (and horizontal) res-

Figure 9: MLS observations of N2O in the southern polar region.
The satellite orbit and the corresponding observational locations are
accumulated for 24 hours. In the top panel the day 21 September
2005 is shown as an example. Along one orbit trajectory the volume
mixing ratio of N2O (middle panel), the latitudinal gradient (bottom
panel) and the Gaussian fit to the latitudinal gradient (bottom panel,
red line) is shown. The analysed orbit is marked with black dots in
the top panel. Whenever the position of the maximum horizontal
gradient is outside the interval 70° S to 40° S, the transect was
neglected. Furthermore, any transect is removed from the analysis,
when two consecutive measurement points are missing.

olution (Livesey et al., 2021). Even more pronounced
horizontal gradients of N2O are observed in in-situ mea-
surements when entering the Antarctic vortex (Ivanova
et al., 2008).

The values for the maximum horizontal gradient in
N2O are calculated as described above (see also Fig-
ure 9, bottom), they are accumulated for three days and
an average value is calculated. This is done for different
isentropic surfaces. The analysis of the maximum gradi-
ent determined in this way for the time period June and
January on the isentropic surfaces from 450 K to 700 K
(∼15–26 km) is shown for the MLS observations (Fig-
ure 10, left panels) and the ICON/MESSy-CLaMS sim-
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Figure 10: Time series of maximum gradient of nitrous oxide (N2O)
in latitudinal direction in vertical range from 450 K (∼15 km) poten-
tial temperature up to 700 K (∼26 km) at the edge of the Antarctic
vortex. The maximum gradient of N2O is determined for the extra-
tropical southern hemisphere (see Figure 9, bottom right). Top row:
MLS 2005 observations (left panel), ICON/MESSy-CLaMS simula-
tion Year 3 (top right panel). Bottom row: MLS 2005 observations
(left panel), ICON/MESSy-CLaMS simulation Year 7 (bottom right
panel). For MLS (left panels), the horizontal N2O gradient is calcu-
lated along MLS orbits (see Figure 9); for ICON/MESSy-CLaMS
(right panels) the calculation is performed in a similar way but for a
regular latitude/longitude grid with a 10° spacing in longitude. Data
shown in the figure are three-day means.

ulation (Figure 10, right top panel, perpetual year 3;
right bottom panel, perpetual year 7). (The years 3 and 7
are selected as examples, see Sonnabend, 2024, for
more information.)

There is some variability in the individual years of
the time slice run (right column in Figure 10); there is
also a certain year-to-year variability in the observations
(not shown, see Sonnabend, 2024).

The overall strength of the transport barrier (in mix-
ing ratio per km) is similar for the simulation and the ob-
servation, however the simulated transport barrier looses
its strength below about 550 K (∼20 km) while the ob-
servations show that the transport barrier extends down
to 450 K (∼15 km).

The observed transport barrier gains in strength start-
ing in August (at the top potential temperature lev-
els); it rapidly looses strength at 700 K (∼26 km) in late
November, while at 450 K (∼15 km) there remains a
transport barrier until early January (Figure 10, left pan-
els). In contrast, the ICON/MESSy-CLaMS simulation

indicates the existence of a transport barrier until too late
in the season (above about 550 K, ∼20 km).

Note that there is no discrepancy between the results
shown in Figs. 8 and 10; Figure 8 shows September con-
ditions, the strength of the transport barrier (N2O gradi-
ent) increases in the MLS observations in November and
October, and moves to lower potential temperature sur-
faces (Sonnabend, 2024).

5 Discussion

This paper describes the transport of atmospheric con-
stituents and the representation of atmospheric trans-
port barriers in climate models. We argue here that
when transport is simulated in the model employing
Lagrangian methods, problems caused by numerical
diffusion in Eulerian schemes can be reduced (e.g.,
McKenna et al., 2002a; Charlesworth et al., 2023;
Ploeger et al., 2024). However, we also acknowledge
that there are limitations. Here we employ ICON in a
horizontal resolution of approximately 158 km, corre-
sponding to a 2°× 2° grid. This horizontal resolution
may not be be sufficient to accurately resolve small scale
features like sharp boundaries of transport barriers (e.g.,
the jet or the tropopause).

Some discrepancies between the observations and
the Lagrangian simulations may be caused by the un-
derlying ICON winds, which include diffusion related to
the ICON dynamical core (as the ICON dynamical core
is not Lagrangian). The same is true for ERA5, where
the underlying model (e.g., section 2.5) is also diffusive
to a certain extent. Ideally, one would envisage a dynam-
ical core employing Lagrangian techniques that allow
the numerical diffusion of the dynamical core to be bet-
ter controlled; here progress is difficult as such models
are currently not under development.

Further, comparisons of the results of simulations
with the ICON/MESSy-CLaMS model with MLS-N2O
observations (Figure 4) also suffer from the uncertainty
of MLS measurements, especially at lower altitudes;
the MLS uncertainty at ∼400 K is 44 % and at ∼460 K
is 22 %. And the results of the perpetual model simula-
tions for N2O for 2005 can only be expected to be com-
parable to, but not very close to an observed MLS N2O
climatology for 2005–2017.

In future studies further issues should be explored.
First, tests of the transport (e.g., N2O) in the default
Eulerian transport scheme of ICON (Reinert, 2020;
Reinert and Zängl, 2021) and comparison with the
Lagrangian techniques described here should be per-
formed. Also conducting ensemble simulations would
be a way to better characterise the inherent uncertain-
ties of model simulations. Further tests with an in-
creased horizontal resolution (and tests of the sensitiv-
ity of the results on the chosen resolution) would be
helpful. Finally, results may be improved by employing
Lagrangian methods, which work directly on ICON’s
native triangular grid. Implementing such Lagrangian
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methods into the dynamical core or the transport scheme
has the potential to reduce numerical diffusion in global
models.

6 Conclusions

Horizontal winds and vertical velocities on the ICON
grid (where vertical velocities are deduced from dia-
batic terms calculated in the ICON model) were inte-
grated into a Lagrangian transport simulation based on
the CLaMS model. Horizontal winds on the ICON grid
were interpolated onto a regular latitude-longitude grid
to drive the CLaMS transport. Zonal mean diabatic heat-
ing rates (that determine the vertical transport) deduced
from ICON temperature tendencies agree reasonably
well with ERA5 heating rates. A close correspondence
is not expected as the ICON heating rates are deduced
from a free running simulation, which is not nudged to
observed conditions.

The transport in the ICON/MESSy-CLaMS model is
tested through comparison with N2O measurements by
the MLS instrument. The model simulation, consistent
with MLS observations, shows a decline of N2O with
altitude, which is caused by chemical loss of N2O at
greater heights in the stratosphere (above a potential
temperature of about 500 K). Further, upward transport
of N2O in the tropical pipe and diabatic descent over the
winter poles is represented in the model simulation.

A focus of the comparisons presented here is on
the Antarctic vortex. Clearly both, the observations and
the simulation for the Antarctic show the transport bar-
rier at the edge of the vortex (horizontal maps of N2O
mixing ratios). The transport barrier is manifested as
a strong enhancement of the latitudinal N2O gradient.
The simulation shows a larger than observed vortex
and the transport barrier is less variable in the sim-
ulation than in the observations. Both, the simulation
and the observations show low N2O mixing ratios in
the Antarctic vortex which are caused by diabatic de-
scent. The strength of the transport barrier in October
and November in the MLS observations extends down
to 450 K (∼15 km), while the simulation indicates a sub-
stantial reduction of the strength of the transport barrier
below about 550 K (∼20 km).

The transport barrier at the edge of the polar vor-
tex was analysed with the help of PDFs of N2O mixing
ratios with respect to latitude. These PDFs allow polar
and mid-latitude airmasses to be clearly distinguished in
the simulations as a double peak structure for the period
when the polar vortex is present (August–November).
The double peak structure is similarly seen in the ob-
servations albeit the observed peak in the N2O PDF is
generally higher and shifted somewhat towards higher
N2O mixing ratios than simulated.

Overall there is an agreement regarding the main
characteristics in stratospheric transport. The polar vor-
tex (and the associated transport barrier at its edge) is

well represented in the simulations, although the sim-
ulated polar vortex is larger than observed. Using La-
grangian transport calculations, in general, a good rep-
resentation of atmospheric transport barriers is possible.
We argue that the coupled ICON/MESSy-CLaMS trans-
port scheme allows tracer distributions in the free tro-
posphere and in the stratosphere to be better simulated
than by classical Eulerian schemes. In future work, the
impact of the spatial resolution in ICON and CLaMS on
the results of the simulation will be investigated, com-
parisons with the default Eulerian transport scheme of
ICON will be done and employing Lagrangian methods,
which work directly on ICON’s native triangular grid,
is envisaged.
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Appendix 1: GRid AGGregation
(GRAGG)

In this study GRid AGGregation (GRAGG) is used to
interpolate the ICON variables from the ICON horizon-
tal grid structure to a globally regular longitude-latitude
grid (Kern and Jöckel, 2016). GRAGG was developed
as a diagnostic submodel within the MESSy framework
to calculate variables of interest online during the ICON
integration time step. The user can define a spatial area
by coordinates of longitude and latitude and a grid spac-
ing within this region. The diagnosis within this region
allows the amount of input and output (I/O) to be re-
duced because of two main features of grid aggregation.
First, arithmetic operations over ICON native grid cells
reduce the amount of grid points in output files. Second,
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the I/O operations are reduced to the region of interest
defined by the user. After the integration time step, the
selected prognostic and diagnostic variables of the base-
model are aggregated by GRAGG to the chosen regular
longitude-latitude grid on each vertical ICON level. In
this work, a global longitude-latitude grid of 2°× 2° is
defined. The meteorological information for the CLaMS
trajectory calculation is required globally. ICON diag-
nostic wind components, temperature and pressure, sur-
face pressure, and temperature tendencies (described in
Sec. 3.2) are diagnosed on the aggregated grid by an
arithmetic average of the native ICON grid points. For
the wind field, the zonal and meridional component of
the wind field (u and v) diagnosed by ICON from the
edge-normal wind vectors onto the respective grid cell
centres via radial basis functions, are used. This ap-
proach is justified for longitude-latitude target grids with
a resolution comparable to ICON’s native grid as it is
the case here (Sec. 4.1). The error becomes larger for a
stronger deviation in resolution of the target and source
grid and in regions with larger spatial gradients. After
the grid aggregation by GRAGG the meteorological in-
formation is accessible for CLaMS input. With the di-
agnosed meteorological fields, the CLaMS vertical lev-
els are calculated according to the vertical coordinate
(Pommrich et al., 2014). Furthermore, the operational
call of the GRAGG diagnostics is required during each
iteration step, as the updated variables are needed for the
CLaMS advection calculation at every time step.
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