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Abstract. Accurate and efficient modeling of atmospheric
composition, including aerosols and trace gases and their in-
teractions with radiation, clouds, and dynamics is essential
for improving predictions and understanding of air quality,
weather, climate, and related health impacts. The Aerosols
and Reactive Trace gases (ART) component extends the
ICOsahedral Nonhydrostatic (ICON) modeling framework
by enabling online, fully coupled simulations of atmospheric
composition processes across scales. ICON-ART includes
modules for emissions, transport, gas-phase chemistry, and
aerosol microphysics in both the troposphere and strato-
sphere, allowing for the investigation of feedbacks between
atmospheric composition and physical processes from the
large-eddy to global scale.

This paper presents an updated overview of the ICON-
ART framework as implemented in version 2025.10, high-
lighting recent developments in emission parameterizations,
chemical mechanisms, aerosol processes, and coupling to the
physical core of ICON via aerosol-radiation and aerosol—
cloud interactions. We summarize the structure of the code
infrastructure and demonstrate the model’s flexibility and
scalability across a wide range of applications. ICON-ART
provides a unified and modular platform for research and op-

erational use in atmospheric composition, bridging the gap
between regional air quality modeling and global Earth sys-
tem simulations.

1 Introduction

Atmospheric composition focuses on the variations in and
processes affecting trace gases and aerosols, which in turn
influence air quality, weather, and climate. These compo-
nents and their interactions with radiation and clouds are vi-
tal for processes such as cloud formation, radiative forcing,
and precipitation patterns. Therefore, accurately simulating
atmospheric composition is essential for improving predic-
tions and understandings related to weather, renewable en-
ergy, climate change, air pollution, and associated health im-
pacts.

The mutual feedback between the chemical and physical
states of the atmosphere across different scales has driven
the integration of atmospheric composition modeling into
weather and climate models (Baklanov, 2010; Grell and Bak-
lanov, 2011; Brasseur and Kumar, 2021). Beginning in the
early 2010s, several global and regional-scale model systems

Published by Copernicus Publications on behalf of the European Geosciences Union.

laded uondiosap |8poN



1646

have been developed to account for the interactions between
atmospheric composition and the physical state of the atmo-
sphere (Baklanov et al., 2014). This led to the development
of online-coupled models ranging from global hydrostatic
chemistry-climate models like ECHAM/HAMMOZ (Schultz
et al., 2018), EMAC (Jockel et al., 2006), and WACCM-X
(Liu et al., 2018) to regional non-hydrostatic models, such
as WRF-Chem (Grell et al., 2005) and COSMO-ART (Vo-
gel et al., 2009). One particular focus of these develop-
ments has been on how aerosols, trace gases, and their in-
teractions with radiation and clouds influence weather pat-
terns, air quality, and climate. Recent advancements in mod-
eling aerosol-radiation interaction (ARI) (Rieger et al., 2017,
Hoshyaripour et al., 2019; Yang et al., 2020; Oh et al., 2024),
aerosol-cloud interaction (ACI) (Glotfelty et al., 2019; Zhang
et al., 2022; Seifert et al., 2023; Samanta et al., 2024), and
the integration of chemistry into weather forecasting models
(Kukkonen et al., 2012; Hodzic and Madronich, 2018; Der-
oubaix et al., 2024) have significantly improved our ability
to predict these complex systems. However, only a few mod-
els can account for local, regional, and global weather and
climate processes within a single modeling framework.

The ICON model has been developed and widely used for
weather and climate prediction across scales. It solves the 3D
non-hydrostatic and compressible Navier—Stokes equations
on an icosahedral-triangular grid (Gassmann and Herzog,
2008), facilitating precise predictions across scales (Zingl
et al., 2015; Heinze et al., 2017; Giorgetta et al., 2018).
The ART module, integrated into the ICON framework, en-
ables comprehensive modeling of atmospheric composition.
It handles emissions, transport, and transformations of trace
gases and aerosols, incorporating gas-phase chemistry and
aerosol dynamics in the troposphere and stratosphere (Rieger
et al., 2015; Weimer et al., 2017; Schroter et al., 2018).
ICON-ART has been successfully used to investigate mutual
feedbacks between the chemical and physical states of the
atmosphere across different scales ranging from large-eddy
simulations (Muth et al., 2025) to regional weather (Rieger
et al., 2017; Seifert et al., 2023) and global climate (Weimer
et al., 2021). While ICON can be coupled to external aerosol
and chemistry models, ART represents the natively and fully
integrated atmospheric composition component developed
and maintained within the ICON modeling framework.

Previous works have described ICON-ART with respect to
the basic equations, parameterizations and numerical meth-
ods (Rieger et al., 2015), tracer framework (Schréter et al.,
2018) and chemistry processes (Weimer et al., 2017; Schroter
et al., 2018). This paper provides an updated overview of
the ICON-ART framework version 2025.10 (ICON Partner-
ship, 2025), highlighting the recently developed components
and features that enable its role in atmospheric composi-
tion modeling. We discuss the emission parameterizations in
Sect. 2, followed by the description of chemistry and aerosol
processes in Sects. 3 and 4, respectively. Then we explain
interactions within the broader ICON modeling framework
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through aerosol-radiation and aerosol-cloud interactions. A
summary of the code infrastructure is given in Sect. 6 fol-
lowed by conclusions and outlook in Sect. 7. To facilitate
readability, all acronyms employed in this paper are provided
in the Appendix.

2 Emission processes

ART accounts for the emission of gases and particulate mat-
ter from both natural and anthropogenic sources, as listed in
Table 1. The emission processes for wildfires, desert dust, sea
salt, dimethyl sulfide (DMS), pollen, and the online emission
module (OEM) are taken from the original implementations
in the COSMO-ART framework. Other emission parameter-
izations have been developed and implemented within the
ICON-ART framework. In both cases, significant modifi-
cations have been made for scientific or technical reasons,
which are detailed below. For further information on the pa-
rameterizations, see the references in Table 1. Processes that
are already well established in ICON-ART, such as desert
dust and biogenic VOC emissions, remain unchanged in ver-
sion 2025.10 and are therefore only briefly summarized in
Table 1, with full details provided in the cited model descrip-
tion papers.

2.1 Online Emission module

The Online Emission Module (OEM) was first developed
for COSMO-ART (Jihn et al., 2020) and then adapted to
ICON-ART and refactored for improved computational per-
formance. OEM enables efficient processing of emissions
which can be represented by adding up individual source cat-
egories, with the emissions from each category being fixed
in space but varying over time. This holds for most applica-
tions requiring input from anthropogenic emission invento-
ries such as the Emission Database for Global Atmospheric
Research (EDGAR) (Crippa et al., 2018) or the regional in-
ventory CAMS-REG (Kuenen et al., 2022). These invento-
ries provide gridded emissions divided into individual source
categories. An example for such a source classification is the
Gridded Nomenclature For Reporting (GNFR), which distin-
guishes 12 source categories from public power to agricul-
tural emissions (Super et al., 2020). The main steps for in-
tegrating these inventories into the model are (i) re-mapping
to the ICON grid, (ii) application of temporal scaling fac-
tors, (iii) vertical distribution of the emissions onto ICON’s
terrain-following hybrid sigma-z coordinates, and (iv) sum-
ming up over all source categories. In most model systems
including WRF-Chem, CHIMERE or CAMXx, (e.g., Menut
et al., 2024; Woo et al., 2012), these steps are performed ex-
ternally using a pre-processing software such as HERMES
(Guevara et al., 2019), which generates a large number of
files each containing the emission field representative of a
given time interval (e.g. hourly), which are then read into
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Table 1. Emissions in the ICON-ART model system including the main technical/scientific basis and references of the parameterization and
the first published implementation in the ART framework. The new features presented in this work are shown in bold.

Emission Type  Technical Basis & Reference(s)

Implementation in ART

Anthropogenic ~ Prescribed (Weimer et al., 2017), OEM (Jéhn et al., 2020) Weimer et al. (2017); Jihn et al. (2020), see
Sect. 2.1

Wildfires GFAS (Kaiser et al., 2012) and Plume-rise model (Freitas Walter et al. (2016), see Sect. 2.2
et al., 2007)

Volcanic 1D model FPlume (Folch et al., 2016) Bruckert et al. (2022), see Sect. 2.3

Desert Dust Saltation-based (Vogel et al., 2006) Rieger et al. (2017)

Sea Salt Wave breaking and whitecap formation (Monahan et al., 1986;  Lundgren et al. (2013); Rieger et al. (2015);
Smith and Harrison, 1998; Martensson et al., 2003), see Sect. 2.4
SST-dependant (Grythe et al., 2014)

DMS DMS conc. in ocean (Lana et al., 2011) see Sect. 2.5

Biogenic VOCs MEGAN (Guenther et al., 2012) Weimer et al. (2017)

Pollen EMPOL (Zink et al., 2013) Zink et al. (2013), see Sect. 2.6

Point source Rieger et al. (2015)

Rieger et al. (2015)

the model during runtime. OEM, instead, allows reading the
emissions together with all temporal and vertical scaling in-
formation only once during model initialization. The tem-
poral and vertical scalings are then applied online during
the simulation. This greatly reduces the need for data pre-
processing and simplifies the setup of new simulations. As
shown in Jihn et al. (2020), the additional time required for
the online computations is fully compensated by the time
saved through less frequent file access.

Inputs for OEM can be produced with the Python pack-
age emiproc (Constantin et al., 2025), which is able to pro-
cess multiple emission inventories to prepare the inputs for
a range of atmospheric transport models including ICON-
ART. The tool maps the emissions in a mass-conserving way
onto the ICON grid and creates all additional inputs includ-
ing source and country-specific temporal and vertical profiles
and the corresponding country masks. The tool is also able
to merge multiple inventories, for example to embed a high-
resolution national inventory into a coarser global inventory.

To compute the emission of a species X at time 7 in a given
grid cell, OEM performs the following operation

Ny
Ex(z,t)=Y Ex- wx;)-vx(), ()
s=0
with Ex s the emission of species X from source category
s in that grid cell from the inventory, wx ¢(¢) the temporal
scaling factor at time ¢ for source category s, and vx s(z)
the vertical scaling factor for source category s at vertical
level z. Ny is the total number of categories. The temporal
factor wy (¢) is computed as the product of three different
scaling factors describing diurnal, day-of-week, and seasonal
variability
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with A (¢) being the hour of the day, d(¢) the day of the week,
and m(¢) the month of the year. Alternatively, a separate scal-
ing factor can be defined for each hour of the year to rep-
resent, for example, heating emissions varying with outdoor
temperatures. Furthermore, different temporal scaling factors
can be provided for different countries (or regions) together
with a country mask. Diurnal factors wy s ,(h(¢)) are com-
puted with respect to local time.

In addition to temporal and vertical factors, it may be nec-
essary to provide speciation factors, which describe the frac-
tional contribution of individual model species X to the total
emissions of a family of species X in the inventory. Exam-
ples are non-methane volatile organic compounds (NMVOC)
and nitrogen oxides (NO,), for which inventories typically
provide only the total emissions of the family but not of the
individual compounds. Speciation factors cannot be supplied
as input to OEM, but are dealt with by emiproc. Based on an
emission field for the family X and a set of speciation fac-
tors, emiproc generates and writes out emission fields for all
model species X. XML tags and namelist settings for OEM
are described in Appendix E.

2.2 Wildfires

The ICON-ART model system incorporates a one-
dimensional, sub-grid-scale plume-rise model developed
by Freitas et al. (2006, 2007, 2010), similar to its imple-
mentation in COSMO-ART by Walter et al. (2016). This
plume-rise model is suited for applications with horizontal
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resolutions on the order of 10 to 100 km. For these applica-
tions, the model calculates plume height based on buoyancy,
atmospheric stratification, and flow conditions, accounting
for processes that occur on scales much smaller than the
horizontal spacing of the ICON. The model uses an internal
vertical grid spacing of 100m with 200 vertical layers.
Environmental conditions (pressure, humidity, temperature,
wind speed) are provided by ICON and transferred to the
plume-rise model as initial and environmental conditions for
each active fire grid point to determine plume height.

Fire size and intensity, based on the ICON land use class,
vegetation type and density, determine heat release and initial
buoyancy. The lower boundary condition assumes a virtual
buoyancy source below the surface, resulting in high vertical
velocity. Final buoyancy is limited by turbulent and dynamic
entrainment, with additional buoyancy from latent heat re-
lease during condensation. The plume top is defined where
vertical velocity inside the plume drops below 1 ms™! after
an equilibrium state between the surroundings and the heat
source is achieved. Heat flux values, dependent on vegeta-
tion type, are taken from Freitas et al. (2006). They were cor-
rected in comparison to the implementation in COSMO-ART
(Walter et al., 2016) such that the plume-rise model exactly
reproduces the results in Freitas et al. (2010).

In addition to the original numerical solver introduced by
Freitas et al. (2007), a more efficient and stable first-order
implicit solver for the same equations was developed and im-
plemented. The solver relies on a Godunov type scheme to
solve the inviscid Burgers equation for the vertical velocity
inside the plume and on upwind schemes for the other mod-
eled plume variables such as temperature, specific humidity,
specific cloud water, specific rain water, specific ice, hori-
zontal entrainment velocity, and plume radius. An internal
grid is not needed for this solver since it copes with unevenly
spaced grids like the vertical atmosphere discretization in nu-
merical weather forecast models such as ICON while at the
same time allowing much longer plume internal time-steps.
The solver comes with an a priori condition that determines
whether a height calculation is needed or if the plume stays
at the minimal emission height. The plume heights strongly
vary with the time of day since a diurnal cycle function d is
applied to fire intensity and size. The function proposed by
Kaiser et al. (2009); Andela et al. (2015) and applied by Wal-
ter et al. (2016) in COSMO-ART is also used in ICON-ART.
The plume-rise model returns plume bottom and top heights,
with a parabolic emission profile f describing the vertical
distribution of emissions. The emission rate E of a species in

kgm~2s~! is calculated for each grid cell based on height z
and time 7.
Ex(z,t) = Mx(t)-d(1)- f(z,1) 3)

M is the daily mean emission flux of species X from CAMS
GFAS (Kaiser et al., 2012), d is the diurnal cycle, and f is the
parabolic emission profile between upper and lower injection
heights.
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CAMS GFAS relies on Fire Radiative Power (FRP) from
the NASA MOD14 product, which includes thermal radia-
tion observations from the MODIS instrument (Kaiser et al.,
2012). To address data gaps due to, e.g. cloud cover, fire data
is assimilated using a Kalman filter and statistics. FRP den-
sity is updated based on previous and current observations,
with sampling limited to four times per day to represent the
diurnal fire cycle (Kaiser et al., 2012). GFAS data is provided
at a resolution of 0.1°.

2.3 Volcanic eruptions

The rise of volcanic plumes during eruptions depends on
both volcanic and atmospheric conditions. Volcanic condi-
tions are the exit temperature, exit velocity, exit volatile frac-
tion, and the vent diameter. The exit velocity and the vent
diameter control the mass eruption rate (MER). The height
of the plume depends on volcanic conditions due to effects
on the MER as well as on the plume density and atmospheric
conditions. Due to the complexity of plume dynamics, sim-
ple relationships (e.g., Mastin et al., 2009), which only de-
pend on plume height and are often used in dispersion mod-
els, can lead to large uncertainties in emissions (e.g., Marti
et al., 2017; Bruckert et al., 2022).

Volcanic emissions in ICON-ART are calculated online
using the 1-D volcanic plume model FPlume by Folch et al.
(2016), which considers the volcanic conditions as well as
processes during the plume rise such as ambient air entrain-
ment, plume bending due to wind, particle wet aggrega-
tion, energy supply due to water phase changes, and particle
fallout and re-entrainment. Bruckert et al. (2022) described
the coupling of FPlume with ICON-ART in detail. In short,
FPlume requires atmospheric profiles for temperature, pres-
sure, density, zonal and meridional wind speed, and specific
humidity at the volcanic vent. In addition to meteorological
data, FPlume needs estimates of the exit temperature, exit
velocity, and exit volatile fraction, which depend on the type
and setting of the volcano. FPlume can either calculate the
MER based on a given height or the height based on a given
MER. During every time step when the volcano is active,
FPlume first calculates the plume properties, i.e., the total
MER in the case of a given plume height or plume height
in the case of a given MER. Second, the fraction of very
fine ash, which is relevant for long-range transport, is de-
termined based on the plume height and the total MER by
using the relationship of Gouhier et al. (2019). Third, very
fine ash is emitted along a profile that has initially been de-
fined by Suzuki (1983) and applied by Marti et al. (2017) for
the coupling of FPlume to NMMB-MONARCH-ASH trans-
port model (Nonhydrostatic Multiscale Model on the B-grid
— Multiscale Online Nonhydrostatic AtmospheRe CHemistry
model — ASH). The distribution of the very fine ash mass into
the ICON-ART modes is prescribed in the FPlume input file.

SO; can be emitted alongside with ash using the same tim-
ing and profile, however, the MER of SO, is prescribed in
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the FPlume input file, as FPlume does not differentiate be-
tween gaseous compounds and water vapor. Bruckert et al.
(2025) extended the coupling of ICON-ART and FPlume by
water vapor emission. Here, the MER of water vapor is cal-
culated from the exit water mass fraction and the total MER
and is emitted through the same profile as ash. This simplifi-
cation neglects the entrainment of water vapor and was so far
only tested for the water-rich 2022 Hunga eruption (Bruckert
et al., 2025).

The advantages of the coupling are (1) a more accurate
MER and therefore better agreement with observed mass col-
umn loadings as shown for the 2019 Raikoke eruption, Kuril
Islands (Bruckert et al., 2022) and (2) an easy consideration
of eruption phases, which allows a comparison to observa-
tions in the near-field of complex volcanic emissions such as
the 2021 La Soufriere eruption, St. Vincent (Bruckert et al.,
2023).

2.4 Seasalt

For the emission of sea salt, [CON-ART offers two options.
The first option is based on the parameterizations of Mon-
ahan et al. (1986), Martensson et al. (2003), and Smith and
Harrison (1998) (hereafter referred to as MMS scheme) as
described by Rieger et al. (2015). Another option is based
on Grythe et al. (2014) (hereafter referred to as G14 scheme)
which is described below.

Numerous studies have shown that sea surface tempera-
ture (SST) significantly influences the emission rates of sea
salt by affecting the physical properties of foam and droplet
formation at the ocean surface. To develop a globally appli-
cable source function that can also represent realistic sea salt
concentrations in tropical regions, incorporating this temper-
ature dependence is essential (Grythe et al., 2014). To ad-
dress this, we implemented an alternative scheme for sea salt
emission in [CON-ART based on Grythe et al. (2014), which
in addition to wind speed includes SST as a key parameter:

dF(Dp, U0, T)
dD, -

2
T, - (235 . Uﬁ')s exp <—0.55 <1n <%>> )
D 2
+0.2- U1305 exp (—l.S(ln <Tp>> )
2
+6.8x 1077 - Ujyexp <—1<ln <%>> )) 4)

In this equation, F(Dp, Uy, T) is the sea salt emission
flux in particlesm=2s~!, D, is the dry particle diameter in
um, Ujg is the 10 m wind speed in ms~L, T is the SST in
K, and T, is an empirical temperature correction factor (di-
mensionless), accounting for the effect of SST on sea salt
emissions. This parameterization is applied to three sea salt
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modes with median diameters of 0.1, 3.0 and 30 um, with
standard deviations of 1.9, 2.0 and 1.7, respectively (Grythe
et al., 2014). This enhancement enables a more accurate rep-
resentation of the regional and seasonal variability of sea salt
concentrations, especially in tropical and subtropical ocean
regions where conventional parameterizations often underes-
timate emissions. The new parameterization thus represents
an important step towards a more physically consistent mod-
eling of marine aerosol sources on a global scale. We note
that the factor 1073 in the last term of the equation is mis-
takenly missing in the original publication by Grythe et al.
(2014) and is corrected in Eq. (4).

MMS and G14 sea-salt emission schemes differ not only
in their whitecap formulations but also in their treatment of
particle-size distributions and SST-dependent scaling (Gry-
the et al., 2014; Barthel et al., 2019; Li et al., 2024). Barthel
et al. (2019) demonstrated that SST corrections can substan-
tially reduce coarse-mode concentrations and may even have
a larger impact than switching between source functions.
They also found the strongest divergences for particles larger
than PMj 5, with SST effects further amplifying these differ-
ences. These insights highlight that the structural contrasts
between MMS and G14 schemes, particularly the inclusion
of SST dependence and the size-resolved flux formulation,
can significantly influence emitted mass. While a quantita-
tive evaluation is beyond the scope of this study, this context
helps to clarify the expected behavior of the new G14 imple-
mentation.

2.5 DMS

DMS has multiple sources with one large contribution from
oceanic biogenic emissions (Lana et al., 2011). As such,
these emissions are highly dependent on the exchange be-
tween ocean and atmosphere and hence on wind speed.
Therefore, an online calculation is needed to account for
DMS emissions from the ocean.

Lana et al. (2011) provided a 1° x 1° monthly climatol-
ogy of DMS ocean surface concentrations (Cy) based on
measured data. These climatological values are converted
in ICON-ART to the DMS emission flux Fpys using the
following parameterization (Lundgren et al., 2013; Ullwer,
2018):

Cyw - Mpms
3.6 x 102

In this equation, Mpvs = 6.21 gmo]fl is the DMS molar
weight, Cy, has the unit molL~! and u10m is the wind speed
at the altitude of 10 m above sea level in ms~!. The emission
flux is added to the DMS tracer mixing ratio using the same
procedure as for other emissions (Weimer et al., 2017).

Fous = (o.zzzu%Om + 0.333u10m> . )

2.6 Pollen

The pollen emission model is based on the EMPOL approach
(Zink et al., 2013). The basic idea is that the emission process
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can be divided into two steps: (1) opening of the anthers and
the accumulation of pollen in a reservoir; (2) release of pollen
from the reservoir into the air, driven by turbulence.

The opening of the anthers is controlled by phenology,
temperature and humidity. The phenology is modeled using
a temperature sum approach, as described by Pauling et al.
(2014). In general, warm and dry conditions favor opening of
the anthers. To calculate the amount of pollen released into
the reservoir, a plant distribution map is required. When tur-
bulence is sufficiently strong, the pollen reservoir is emptied
and the pollen becomes airborne. This process is parameter-
ized using the Turbulent Kinetic Energy (TKE). Once air-
borne, pollen is treated as a passive tracer and can be re-
moved by dry and wet deposition. Re-suspension of pollen
is not considered by the model.

The pollen emission model was originally designed for
COSMO-ART and later implemented in ICON-ART. Cur-
rently, implemented plant species include hazel, alder, birch,
grasses and ambrosia. Each species is handled slightly dif-
ferently within the model. Recent developments include an
emission implementation for hazel and the integration of
real-time pollen data. The approach is described by Adamov
and Pauling (2023). The real-time pollen data is used in two
ways. First, the start of the flowering season is set to the date
when the first pollen are observed. Second, the emission flux
is scaled so that the modeled concentrations match the ob-
served values.

3 Chemistry processes

In ART different types of tracers and solvers for them can
be chosen. Passive tracers are inert and are only changed
by emission and transport processes. Region tracers are a
specific subset of passive tracers that originate from prede-
fined regions. Chemtracers are tracers that have a simpli-
fied solver scheme, e.g. Linoz for ozone. The most com-
plex tracers in ICON are those participating in chemical reac-
tions described by a coupled system of Ordinary Differential
Equations (ODE). These tracers are called meccatracers, be-
cause they are solved by the atmospheric chemistry module
MECCA as described in Sect. 3.2. An overview is given in
Table 2.

3.1 Simplified chemistry options
3.1.1 Region tracers

Understanding the origin and subsequent pathways of air
masses is fundamental to interpreting atmospheric compo-
sition and evaluating the transport characteristics of atmo-
spheric models. To facilitate these investigations within the
ICON-ART modeling system, a suite of passive “region trac-
ers” has been incorporated.

These tracers serve as computationally efficient diagnos-
tic tools, each representing a distinct geographical source
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region. The defined regions encompass a variety of scales
and types, including continental regions (e.g., Europe, North
America, East Asia), oceanic basins (e.g., Tropical Pacific,
Tropical Atlantic) and broad hemispheric backgrounds. Be-
sides region tracers described in Vogel et al. (2015), addi-
tional tracers used in the PHILEAS campaign and ASCCI
campaign are implemented. Those tracers are set to 1 inside
and 0 outside their source region at the lowest level within
ICON-ART.

Conceptually, air originating within the lowest model layer
of a specific source region is “tagged” with its correspond-
ing tracer. Those tracers are then transported throughout the
model domain solely by the simulated atmospheric dynam-
ics. These tracers are inert; they do not undergo chemical
transformation or deposition processes. As a result, the con-
centration of a specific region tracer at any location and time
within the simulation directly quantifies the fractional contri-
bution of air that originated from that source region. In con-
trast to Vogel et al. (2015) in ICON-ART a land-sea mask is
added to the tracers.

An example usage of those tracers used during the AS-
CCI campaign is shown in Fig. 1. On the left, the source re-
gions of the tracers are displayed. On the right, the distribu-
tion at 300 hPa of the region tracer originating from Europe
is shown for 23 March 2025. The simulation was started on
1 December 2024 and reinitialized each day with the current
meteorological conditions provided by DWD. In the figure a
distinct narrow filament can be seen over the north-west of
Scandinavia. The blue lines with red dots depict the corre-
sponding flight path of the research aircraft HALO, where
in-situ and remote sampling of the structure has been con-
ducted.

3.1.2 Lifetime tracers

Lifetime tracers in ICON-ART should be used when a very
fast chemistry, but not the highest accuracy is needed. Some
tracers in [CON-ART get a special treatment when they have
specific names and when “lifetime* is chosen as solver. Trac-
ers with lifetimes changing vertically as a function of pres-
sure or overlaying O, column are those presented in Fig. 2.
The corresponding formula are summarized in Appendix G.
For other tracers with “lifetime” chosen as solver, the glob-
ally constant lifetime given in an XML file is used.

Combined effects on TRCO2 compared to a tracer named
CO» of the lifetime approach and CO; deposition in the
ocean can be found Fig. 7.

3.1.3 Linoz v2: simple atmospheric ozone scheme

One way to calculate ozone concentrations in ICON-ART
is the implementation of the LINearized OZone scheme as
described by Mclinden et al. (2000). It is a fast online cal-
culation of ozone as a chemical tracer using a linear ap-
proximation for the ozone change depending on temperature,
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Table 2. Types of chemistry in ART including reference to their main technical/scientific descriptions and the first published implementation

in the ICON-ART framework.

Chemistry Type  Basis Reference(s)

Implementation in ART

Region tracers
Passive tracers

Vogel et al. (2015)
Rieger et al. (2015)

Rieger et al. (2015)
Rieger et al. (2015)

Lifetime Rieger et al. (2015) Rieger et al. (2015)

Linoz v2 Mclinden et al. (2000) Schréter et al. (2018)

Linoz v3 Hsu and Prather (2010) Ramezani Ziarani et al. (2025)
SimNOY Diekmann (2021) Diekmann (2021)

UBCNOy Funke et al. (2016); Matthes et al. (2017) Ramezani Ziarani et al. (2025)
OH chemistry Weimer et al. (2017) Weimer et al. (2017)

MECCA Sander et al. (2019) Schréter et al. (2018)

0° 0°

o

5

>

q,
120°W 2

N

90°W

Europe

" North America

60°W Central Asia :

il Northwest Pacific &

i Northeast Pacific
= North Atlantic

§ Tropical regions
= Central Arctic

30°W 0° 30°E

o

ICON-ART surface_origin_tracer_from_europe (dimensionless) ( full_tracer_range ) at 300.0 (hPa)
Valid: 2025-03-23T12:00:00Z (initialisation: 2025-03-23T712:00:00Z)

20°wW 0° 20°E

Figure 1. Left: source regions for region tracers used during the ASCCI airplane measurement campaign; Right: Distribution of tracer
originating from Europe in 300 hPa, as well as the charted flight path of Flight 09 of the ASCCI campaign.

overhead ozone column, local mixing ratio, and optionally,
as described in more detail below, polar depletion. An in-
depth explanation of the implementation in ICON-ART can
be found in Schroéter et al. (2018). Since the publishing of the
aforementioned paper, several bug fixes have been applied to
LINOZ as well as an adjustment to include the near-surface
relaxation to a globally constant ozone volume mixing ra-
tio of 25 ppb, as proposed already by Mclinden et al. (2000).
Comparing the same setup (40 km horizontal resolution, 90
height levels, 48 h lead time, 10 test runs) with and without
LINOZ shows an increase in computational runtime for the
entire model run of up to 7 %.

LINOZ provides the possibility to include an additional
parametrization for polar ozone loss due to catalytic ozone
depletion by chlorine and bromine. This parametrization is
activated in model cells that are located in polar regions
(|lat] > 45°), have a temperature below 195K and a solar
zenith angle smaller than a fixed value of 85° (cold tracer
parametrization) or 90° (lifetime parametrization). The cold
tracer parametrization contains an additional tracer that emu-
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lates the prolonged activation time of these species after their
initial activation. Figure 3 shows ozone columns when using
LINOZ with polar loss parametrization and coldtracer acti-
vated. In addition to that, the chlorine and bromine loading
used in the parametrization of LINOZ has been adapted ac-
cording to Hossaini et al. (2019). Ozone is initalized with
CAMS EAC4 data (Inness et al., 2019) and then runs ac-
cording to the LINOZ calculation for four months with me-
teorological reinitialization every 24 h.

3.1.4 Linoz v3 and UBCNQOy: Solar forcing of
stratospheric ozone

To include variable solar forcing by energetic electron pre-
cipitation (EEP) and spectral solar irradiance (SSI) via strato-
spheric ozone into ICON-ART, the following adaptations
were made:

— UBCNOy. An upper boundary condition of NO,, (NO,
NO3, NO3, 2 N,Os, HNO3, HNO4, CINO3) was im-
plemented at three model levels below the model top

Geosci. Model Dev., 19, 1645-1681, 2026
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Figure 2. Lifetimes from left to right for the tracers TRCH4, TRCO, TRH20 and TRCO2.
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Figure 3. Comparison of Ozone Columns Calculated by LINOZ (top) and Satellite Data (bottom). The top row shows a model run that was
initialized daily (start date 11 February 2022, 40 km horizontal resolution, 90 height levels) with meteorological reanalysis data by DWD,

while ozone was initialized from CAMS EAC4 data (Inness et al., 2019) on 11 February 2022 and then passed on. The bottom row shows
satellite data provided by NASA Ozone Watch (NASA, 2025).

boundary. UBCNOYy is based on a semi-empirical model
of the auroral and magnetospheric electron precipitation
into the mesosphere and lower thermosphere using the
geomagnetic Ap-Index as prognostic variable and con-
strained by MIPAS satellite observations (Funke et al.,
2016) also part of the solar forcing recommendations for
chemistry-climate models, e.g., for CMIP6 and CMIP7
(Matthes et al., 2017; Funke et al., 2024). The upper
boundary NO, was added to the stratospheric NO,
background derived from SimNOy (see Sect. 3.1.5).
The SimNOy tables were extended to the mesopause by

Geosci. Model Dev., 19, 1645-1681, 2026

using output from the EMAC model to account for the
mesospheric lifetime of NO,,.

Linoz v3. To account for the impact of NO, on strato-
spheric ozone, Linoz version 3 (Hsu and Prather, 2010)
was implemented into ART, using the linearized terms
of temperature, NO,, and ozone column.

Solar Spectral Irradiance variability was incorporated
by generating two distinct sets of LINOZ coefficients
corresponding to solar maximum and solar minimum
conditions. The model interpolates between these coef-
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Figure 4. Left: NO,, averaged over 8 years of model time. Colors:
model experiment with variable EPP-NOy, for 2002-2009 and con-
stant solar maximum SSI. Lines: no EPP-NOy, and constant solar
minimum SSI. Right: percentage difference of ozone for the same
period and model experiments, highlighting enhanced ozone forma-
tion around the tropical stratopause for solar maximum conditions,
as well as strong ozone loss in polar regions due to the EPP-NO,,.
Model experiments following Ramezani Ziarani et al. (2025) using
ICON-ART version 2025.10

ficient sets based on the daily F10.7 index (solar radio
flux at 10.7 cm).

A comparison of NO,, and ozone from model experiments
with and without UBCNOy and with constant solar maxi-
mum respectively solar minimum SSI is provided in Fig. 4,
highlighting the impact of EEP-NO,, on NOy, and the com-
bined impact of EPP-NO,, and variable SSI on ozone. A more
detailed description and evaluation against observations are
given in Ramezani Ziarani et al. (2025).

3.1.5 Stratospheric N;O-NO, scheme

Tropospheric N>O is the main source of reactive nitrogen
compounds in the stratosphere, which are summarised as
NOy (Seinfeld and Pandis, 2016): NO, = NO + NO; + NO3
+ HNO3 + HNO4 + 2 N»Os5 + CIONO; +...

N»O is chemically inert in the troposphere and very long-
lived due to its estimated lifetime of 120 years (Prather et al.,
2015), so that it can be transported into the stratosphere. 90 %
of the stratospheric N, O is destroyed via photolysis:

N,O + hv — N, + 01 (D) (R1)

The remaining N>O molecules react with excited oxygen
atoms O! (D), which originate from ozone photolysis:

N,O+0'(D) = Ny + 0, (R2)
N,0 +0'(D) - NO +NO (R3)

Reaction (R3) leads to the production of two NO
molecules, which initiate the NO, cycle through photolysis
and oxidation:
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NO + hv — N + O3 (P) (R4)

N+0; - NO+ O (P) (R5)
NO, is destroyed via

N +NO — N, + O (P) (R6)

N+NO; - N0+ 0’ (P) (R7)

Since the production and destruction of NO according to
the Reactions (R3) and (R5)-(R6) are in a first approxima-
tion the only chemical sources and sinks for NO,, the simu-
lation of NO,, with N;>O as a source takes place via the Re-
actions (R1)—-(R7) (Olsen et al., 2001).

The N>O-NO,, scheme of Olsen et al. (2001) is based on
five parameters, which were determined in a photochemical
box model at 20 pressure altitudes between 14—52 km, 18 lat-
itudes between 85° S—85° N and for 12 months and are avail-
able as parameter tables:

— C1: 24 h — mean of N>O loss frequency

— C2: 24h — mean of NO photolysis frequency per NO,,
molecule

— C3: proportion of NO formation during N,O degrada-
tion

— C4: proportion of N reacting with NO or NO,
— C5: N»O production rate

In order to interpolate the coefficients onto the ICON grid,
the nearest neighbour method is used for horizontal interpo-
lation and linear interpolation is used for vertical interpola-
tion based on geometric height. As the coefficients are only
defined between the heights of 14-52 km, the corresponding
boundary values at 14 and 52 km are used for the layers be-
low and above.

3.2 Detailed chemistry mechanisms

ICON-ART supports comprehensive and scalable gas-phase
chemistry simulations through the integration of the atmo-
spheric chemistry module MECCA (Module Efficiently Cal-
culating the Chemistry of the Atmosphere), which is part
of the CAABA (Chemistry As A Boxmodel Application)
framework (Sander et al., 2019). MECCA provides a flexi-
ble and extensible platform for representing detailed chemi-
cal processes in the troposphere and stratosphere, including
oxidation pathways, radical chemistry, and heterogeneous re-
actions.

The numerical integration of the chemical system is per-
formed using the Kinetic Pre-Processor (KPP) (Sandu and
Sander, 2006), which generates optimized code for solv-
ing systems of ordinary differential equations representing
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chemical kinetics. ICON-ART uses the Rosenbrock solver
(Sandu et al., 1997) within KPP for efficient and stable time
integration, particularly suitable for stiff chemical systems.

Photolysis rates, a critical component of atmospheric
chemistry, are computed using Cloud]J (Prather, 2015), an
advanced photolysis scheme that accounts for the effects
of clouds, aerosols, and molecular absorption in a multi-
wavelength approach. CloudJ can be used in offline or online
configurations, depending on the application and computa-
tional cost considerations.

A key feature of the ICON-ART tracer framework is
the use of MECCA as an external preprocessor, which en-
ables users to define and compile custom chemical mecha-
nisms tailored to specific scientific questions or case studies.
This modular approach allows for the integration of prede-
fined standard mechanisms as well as user-defined chemical
schemes. The integration of MECCA into ICON-ART has
been previously described in detail by Schréter et al. (2018).
In this section, we summarize the available chemistry mech-
anisms currently implemented in ICON-ART and provide
guidance on their configuration and application domains.
3.2.1 MOZART-4 Chemistry
In CAABA/MECCA version 4.0 (available in the supple-
mentary material of Sander et al., 2019), the MOZART-4
chemical mechanism (Model for Ozone and Related chem-
ical Tracers, version 4) from Emmons et al. (2010) has
been integrated. Figure 5 presents a schematic overview of
the steps required to run an ICON-ART simulation with
MOZART-4 chemistry. This includes processing the chem-
ical reaction mechanism in MECCA and generating For-
tran90 code via KPP for numerical integration. The imple-
mentation of MOZART-4 into ART utilizes additional scripts
provided in the Supplement. A detailed user guide for these
preprocessing steps is available in Appendix D.

3.2.2 MOZART-T1 Chemistry

In Emmons et al. (2020), a new MOZART tropospheric
chemistry scheme (MOZART-T1) was introduced, incor-
porating several improvements over the previous version
(MOZART-4), including improved oxidation of isoprene and
terpenes, refined organic nitrate speciation, and more accu-
rate aromatic speciation and oxidation, among others. As a
result, MOZART-T1 provides an improved representation of
ozone in the troposphere. For more details on how to imple-
ment the MOZART-T1 chemistry scheme in ART, the reader
is referred to Appendix D.

Figure 6 presents ground-level ozone pollution from a full
chemistry simulation using the MOZART-T1 mechanism.
The figure shows the modeled mean afternoon ozone mixing
ratios for winter and summer 2019, alongside observed val-
ues from the EMEP monitoring network (European Monitor-
ing and Evaluation Programme, data retrieved from Tgrseth
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et al., 2012). The ICON-ART simulations were conducted in
limited-area mode over Europe using a R3B07 grid (Ax =
13.2 km). Initial and boundary conditions for trace gases and
aerosols were derived from CAM-Chem output (Buchholz
et al., 2024). Anthropogenic emissions were generated from
the TNO CAMS-REG-v4 air pollutant inventory (Kuenen
et al., 2022).

Figure 6 demonstrates that the model accurately repro-
duces seasonal variations in ozone levels and effectively
captures spatial variability. A comparison of hourly after-
noon ozone concentrations with data from EMEP monitor-
ing stations shows a RMSE of 12.4 ppb and a mean bias of
—0.27 ppb for winter, and 11.85 and 1.92 ppb, respectively,
for summer. The corresponding correlation coefficients are
r =0.57 (winter) and r = 0.62 (summer). These results are
in good agreement with findings from other studies em-
ploying comparable modeling setups, for instance Mar et al.
(2016), who used the WRF-Chem model with the MOZART-
4 chemical mechanism and compared simulated hourly O3
concentrations with the same EMEP monitoring network.
Similar to our findings, their study also reported a slight over-
estimation of O3 concentrations during summer.

A full-chemistry simulation with MOZART-T1 increases
the total runtime by roughly a factor of 10 compared to an
ICON simulation without ART (tested on an HPC system
with AMD Rome nodes with two AMD Epyc 7742 64-core
CPU sockets each), reflecting not only the computational
cost of the chemical mechanism but also the additional over-
head from tracer transport, emissions, deposition processes,
and model output.

3.3 Scheme for polar stratospheric clouds

Polar stratospheric clouds (PSCs) are an essential part for
polar ozone depletion (e.g., Solomon, 1999), and therefore
have to be accounted for in atmopsheric chemistry models.
In ICON-ART, the three major known types of PSCs are im-
plemented. Nitric acid trihydrate (NAT) particles are calcu-
lated based on the scheme introduced by van den Broek et al.
(2004) using a fixed measured size distribution where each
size bin is transported as a passive tracer. Size changes are
based on the saturation conditions for NAT particles, based
on Hanson and Mauersberger (1988). The calculation of su-
percooled ternary solution (STS) particles uses the diagnos-
tic scheme by Carslaw et al. (1995) with an adapted volume
concentration (Hervig and Deshler, 1998). For ice particles,
it has been found that lifting the altitude where the ICON mi-
crophysics are calculated to the lower stratosphere leads to
realistic formation and transport of these particles (Weimer,
2019). Further details can be found in Weimer et al. (2021)
where the scheme has also been applied to local grid refine-
ments around the Antarctica.
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Figure 6. Mean afternoon ground-level O3 mixing ratios from ICON-ART simulations for winter (JF, left) and summer (JJA, right) 2019.
Filled circles indicate observations from EMEP monitoring stations. Elevated sites and stations with less than 75 % valid data were excluded.

3.4 Removal processes
3.4.1 Parameterization of CO; deposition in the ocean

CO; is the major driver of anthropogenic climate change
(Solomon et al., 2009), so that it should be accounted for in
atmospheric chemistry simulation. One large sink of CO> is
the deposition in the ocean which is implemented in ICON-
ART in a simplified way. Jacob (1999) conclude that 50 %
of the emitted CO;, remains in the atmosphere, which we
incorporated in ICON-ART as a possibility for deposition
in the ocean. We assume an average emission of Eco, =
2.77 x 1072 kg m~2s~!, divide this value by the fraction of
ocean surface on Earth roceqn = 0.707 and multiply it by the
deposition factor rgepo = 0.5 based on Jacob (1999) to get the
effective deposition fefr,co, of CO> in the ocean:

E CO, "'depo

(6)

Jeft.co, =
? Tocean

This deposition is then converted to mixing ratio and sub-
tracted from the atmospheric CO, mixing ratio in the lowest
model layer.
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The constant value of Ecq, is based on the external emis-
sion datasets of the year 2012. It is increasing and should
be adapted in the future to be time-dependent based on the
current emissions of CO,. However, taking global averages
needed for this case will decrease the model performance, be-
cause all parallel processes have to wait for each other, which
is why a constant value is used as a first approximation. An-
other possible improvement of this could be to use the yearly
global growth rates of CO;. This deposition is automatically
applied when the tracer is called TRCO2. Combined effect
of this deposition and the non-globally-uniform lifetime is
shown in Fig. 7.

3.4.2 Dry deposition

The gaseous dry deposition parameterization follows the
widely used resistance-in-series approach introduced by We-
sely and Hicks (1977). This method expresses the deposition
velocity as vg = —F/ C (zref), Where F is the flux to the sur-
face, and C(zgr) is the concentration at a reference height
Zref. The deposition velocity is then modeled using resis-
tances

Geosci. Model Dev., 19, 1645-1681, 2026
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Figure 7. Percentage change in lifetime tracer for column-averaged carbon dioxide when tracer is called TRCO?2 instead of CO,. Effects due
to lifetime parameterization and deposition in the ocean after 2 years of simulation.
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where r,, rp and r, are the aerodynamic, boundary layer and
canopy resistances, respectively. The aerodynamic resistance
(ra) is the same for all gases and depends on surface prop-
erties, wind speed, and atmospheric stability. The boundary
layer resistance (r,) accounts for gas transport through the
quasi-laminar layer to the surface and is influenced by the
molecular diffusion coefficient (D;) of the chemical species
i in air (e.g. Seinfeld and Pandis, 2016).

The canopy resistance parameterization in ICON-ART
follows Baer (1992), incorporating the influence of plant
species composition, vegetation physiological state, and the
chemical properties of the trace gases. Based on Baer
(1992), ICON-ART distinguishes npy =7 deposition land
use classes, each with tabulated plant specific constants and
leaf area indices (LAI). The total canopy resistance is cal-
culated as a combination of stomatal (r), mesophyll (rmes),
cuticular (rcy), and soil (rgoi) resistances, as described in
Eq. (10) below.

The uptake of trace gases through stomata occurs by diffu-
sion and is therefore inversely proportional to their molecular
diffusivities. In ICON-ART, stomatal opening is influenced
by photosynthetically active radiation (I/par) and tempera-
ture, following the multiplicative model by Jarvis (1976):

b 1
= 14+ — . 8
Fst =T st,mm( + IPAR) fT fD )
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Here, rg min 1S an empirically determined minimum resis-
tance (Korner et al., 1979), and b an empirical constant, both
tabulated for each deposition land use class. The correction
factor fr accounts for temperature effects, particularly stom-
atal closure at excessively low or high temperatures. The
term

D;
fp= Do
represents the dependence on the diffusivity D; of the trace
gas, where Dg is the molecular diffusivity of the reference
species for which rg min Was determined (usually H,O or
CO,). Once inside the stomata, trace gases are either de-
posited onto the hydrated surface of mesophyll cells or un-
dergo chemical destruction. These processes are represented
by the mesophyll resistance rpyes, which thus depends on the
solubility and reactivity of the gas. Total stomatal resistance
is then given by the sum rg = rg + ripes. In ICON-ART, two
additional uptake processes are considered: direct deposition
onto the leaf cuticle and deposition to soils, represented by
reur and rgoil, respectively. Both processes depend on the sol-
ubility and reactivity of the trace gases and are parametrized
using empirical values for SO, and O3. The total canopy re-
sistance in each grid cell is computed as

€))

n
LU xj

, 1 1 : 1
j=l (m + rcut(]))LAI(‘]) + Tsoil (J)
where x; represents the land use fraction. This formula ap-

plies to any trace gas species, except for H2SO4, SO; and O3,
for which adapted parametrizations are implemented.

, (10)

re =
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3.4.3 Wet deposition

The removal of trace gases from the atmosphere via wet de-
position is typically divided into two processes: in-cloud and
below-cloud scavenging. In ICON-ART, both processes are
parameterized using scavenging ratios, following the formu-
lation by Simpson et al. (2012). Specifically, the in-cloud
scavenging of a soluble trace gas with mixing ratio x is de-
scribed by

dyx WinP 1

=— , 11
dr X Az pw (an

where Wi, is the in-cloud scavenging ratio, P is the surface
precipitation rate (kgm~2s~!), Az is the scavenging depth
(assumed to be 1000m), and pw is the density of water.
Below-cloud scavenging is treated analogously, with the in-
cloud ratio Wj, replaced by the below-cloud scavenging ra-
tio Wout. Scavenging ratios for the main soluble trace gases
are provided in the supplementary material of Simpson et al.
(2012).

4 Aerosol processes

Aerosol processes in ART are represented using a flexible
log-normal modal framework (Rieger et al., 2015). Each
mode can belong to the Aitken, accumulation, coarse, or gi-
ant size ranges, with mean diameters spanning from below
0.01 um to above 10 um. ART allows both externally (single-
component) and internally mixed (multi-component) modes.
The transport equations in ICON-ART are Hesselberg-
averaged (indicated by a hat) meaning a variable ¥ can be
decomposed into a barycentric mean with respect to the air
density p, and its fluctuations:

gy =¥ (12)
Pa

The bar over a variable indicates Reynolds-averaging. The

prognostic equations for number density (\flo,l) and mass

mixing ratio (\ilgyl) are solved at every fast physics time step

and are given then by:

e

=V (o) - - (79
9 .

% (vsed,o,l,oa‘lfo,l) —Wag; —Cag,

—Nug,; —Emg (13)
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d (Pa 3.1 — v (550 v, o7
a1 = Pa¥3,1 PaV" 3

3 .
% (vsed,3,1pa‘1’3,1> — Waz; —Cagz

—NU3,1 —Em3,1 —C03,] —Ch3,l _Eq3,l (14)

where p, is the air density, V~(ﬁm\i/MJ) and V-

(,oav” v [) denote the changes of the Mth moment of

mode / due to advection and turbulent fluxes, respectively,

% (vsed, MJE@MJ) describes the sedimentation flux with

Vsed, M1 being the sedimentation velocity, Ways; denotes
washout due to wet scavenging below-cloud, Nuys; denotes
the nucleation, and Emy,; denotes the emission flux. The
terms Cos;, Chs; and Eqs; are relevant for the third mo-
ment only and denote condensation, chemical transforma-
tion and equilibrium gas-aerosol partitioning, respectively.
The aerosol dynamics processes (nucleation, coagulation,
condensation, chemical transformation and gas-aerosol par-
titioning) are relevant when considering internally mixed
aerosols and are briefly explained in the following section.
Dry deposition is considered as a lower boundary condition
for tracer transport in the lowest model layer. The surface flux
is determined using a one-dimensional turbulence scheme,
where dry deposition is represented through a parameterized
deposition velocity (Rieger et al., 2015).

The standard deviation of the modes is kept constant dur-
ing the whole simulation. The median diameter of modes can
change during atmospheric transport and be diagnosed from
the zeroth and third moment (Rieger et al., 2015; Muser et al.,
2020).

4.1 Aerosol types and properties

It is crucial for an aerosol model to account for key dimen-
sions of aerosol variability, such as chemical composition,
size distribution, and mixing state (Riemer, 2002). ART is
capable of representing these aspects, allowing for a com-
prehensive description of aerosol interactions and impacts.
It considers a diverse range of aerosol types, including car-
bonaceous particles, mineral dust, volcanic ash, sea salt, and
water-soluble species such as sulfates, nitrates, and ammo-
nium. Table 3 categorizes these aerosols based on their prop-
erties such as size modes, mixing states, and solubility. It dis-
tinguishes between externally and internally mixed aerosols,
with some species exhibiting a mixed state depending on at-
mospheric conditions. The listed aerosols span a range of size
modes from Aitken to giant, reflecting their diverse sources
and transport characteristics. While sulfate, nitrate, ammo-
nium, and water are fully or partially soluble and internally
mixed, other aerosols, such as carbonaceous particles, dust,
volcanic ash, and sea salt, tend to be less soluble and can exist
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in both external and internal mixtures. If the mixed model in-
cludes only soluble species, the composition is assumed to be
volume-averaged. However, if insoluble species are present
in the mixed mode, the model assumes a core-shell structure.
This assumption is critical for the aerosol optical properties,
which are addressed in Sect. 5.1.

4.2 Aerosol dynamics

The ICON-ART model considers aerosol dynamical pro-
cesses using its AERODYN module (Muser et al., 2020),
which simulates key processes such as nucleation, condensa-
tion, coagulation, and gas-aerosol partitioning. AERODYN
allows to consider a flexible number of log-normal modes
(up to 10) to represent various aerosol sizes (Aitken, accumu-
lation, coarse) and three different mixing states (soluble, in-
soluble, mixed) as well as an insoluble giant mode, which is
not involved in the aerosol dynamic processes. Table 3 sum-
marizes all possible compounds in the different modes. As
aerosol dynamics changes the sizes and mixing states of par-
ticles, two mechanisms shift particles to other modes: (1) a
shift to larger modes, when a threshold diameter is exceeded,
and (2) a shift to the corresponding mixed mode when the
soluble components in the modes exceed a 5 % mass thresh-
old (Muser et al., 2020).

Nucleation forms new soluble Aitken particles from
gaseous HySOy4 increasing the zeroth and third moment of
the Aitken mode. The parametrization used in AERODYN is
based on Kerminen and Wexler (1995). It calculates a criti-
cal H,SO4 concentration which depends on temperature and
relative humidity and above which it is assumed that H>SO4
nucleates. In addition to forming new particles through nu-
cleation, H,SO4 can condense in all modes (except the insol-
uble giant mode) leading to an increase of the third moment
of a mode and a particle growth. The condensation is param-
eterized based on Whitby et al. (1991) and was adapted in
ART from Riemer (2002).

Intermodal and intramodal coagulation can be activated
between all aerosol modes. Coagulation increases the median
diameter and reduces the total number concentration within
the aerosol size distribution. The parameterizations for the
coagulation rates of the zeroth and third moments are based
on Riemer (2002) and references therein, particularly Whitby
et al. (1991).

Although the coagulation matrix is flexible and can be
user-defined, several key aspects should be considered re-
garding the assignment of particles to modes after coagula-
tion:

— In the case of intramodal coagulation, particles remain
within the same mode.

— For intermodal coagulation, particles are assigned to the
mode with the larger median diameter.

— If a mixed mode is involved, the resulting particles are
assigned to the mixed mode.
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— Coagulation between an insoluble and a soluble mode
results in particles initially remaining in the insoluble
mode. These particles may later be transferred to the
mixed mode if the mass of soluble material exceeds a
predefined threshold.

The equations for nucleation, condensation, and coagulation
are given in Appendix B.

The ISORROPIA-2 model by Fountoukis and Nenes
(2007) is coupled to ART to calculate gas-aerosol partition-
ing according to thermodynamics equilibrium. Its aerosol
system considers the species potassium (K), sodium (Na™),
magnesium (Mg?*"), calcium (Ca?*), ammonium (NH),
sulfate (SOi_), nitrate (NO3'), chloride (CI™), water (H>0)
and derives an equilibrium state for these species in the gas,
liquid, and solid phase. The processes are called in the fol-
lowing order: coagulation, aerosol-gas partitioning, conden-
sation, nucleation, and shifting.

4.3 Aerosol water uptake

The water uptake by aerosols in the atmosphere depends on
the ambient relative humidity and the chemical composition
of the aerosol. The chemical composition is determined by
the molality, which is the amount of a component per kg of
solvent. As molality or relative humidity increases, the lig-
uid water content also increases. Conversely, crystallization
can occur when the relative humidity falls below the efflo-
rescence relative humidity (ERH). The relative humidity at
which no further water uptake occurs depends on the aerosol
components and their efflorescence properties. Therefore,
determining the crystallization point for an internally mixed
aerosol is significantly more complex compared to an exter-
nally mixed aerosol.

The thermodynamic model ISORROPIA-2 (Fountoukis
and Nenes, 2007) is used to calculate the water uptake by
aerosols. However, this comes with computational overhead,
which is undesirable, especially when focusing solely on
water uptake on aerosols like sea salt. Due to the high hy-
groscopicity of sea salt aerosol, which increases aerosol
particle mass and consequently affects processes such as
removal mechanisms and optical properties, an alternative
method for water uptake has been implemented in ICON-
ART. This alternative method, previously applied in the
COSMO-ART, is described in Lundgren et al. (2013). In con-
trast to ISORROPIA-2, this approach bypasses full thermo-
dynamic equilibrium calculations and instead uses an empir-
ical hygroscopic growth formulation for sea salt. This greatly
reduces computational cost while retaining the key impact of
water uptake on particle mass and related aerosol processes.

4.4 Subpollen particles (SPPs)

As explained in Sect. 2.6, ART employs a parameterization
for pollen emission (based on EMPOL-parameterization,
Zink et al., 2013) and uses it to forecast alder, birch, grass and
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Table 3. Aerosol components considered in ICON-ART, along with their standard mode sizes, mixing states, and solubility. Choices of
components, their modes and mixing state are flexible and can be user-defined.

Aerosol Component  Modes Mixing State Solubility
Carbonaceous Accumulation External/Internal  Insoluble/Mixed
Mineral Dust Accumulation, Coarse, Giant*  External/Internal  Insoluble/Mixed
Volcanic Ash Accumulation, Coarse, Giant External/Internal ~ Insoluble/Mixed
Sea Salt (NaCl) Accumulation, Coarse, Giant External/Internal ~ Soluble/Mixed
Sulfate (SOi_) Aitken, Accumulation, Coarse  Internal Soluble/Mixed
Nitrate (NO3_ ) Aitken, Accumulation, Coarse  Internal Soluble/Mixed
Ammonium (NHI) Aitken, Accumulation, Coarse  Internal Soluble/Mixed
Water (H,O) Aitken, Accumulation, Coarse  Internal Soluble/Mixed

* Note that giant here does not refer to giant dust particles with diameters > 62.5 um (Adebiyi et al., 2023).
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Figure 8. Schematic of the modes and aerosol dynamics processes in ICON-ART. Modes and processes can be configured by the user as
needed, allowing for flexible configuration based on modeling requirements.

ragweed pollen at MeteoSwiss and DWD operationally. Due
to their large size, pollen are not considered in the majority of
processes in ICON-ART. Although they seem to be quite ef-
ficient in nucleating ice or as cloud condensation nuclei, they
do not reach relevant altitudes in sufficiently large numbers
to actually impact microphysical processes. In recent years,
so-called subpollen particles (SPPs), released by those large
pollen grains rupturing and bursting, have received increas-
ing attention, since their significantly smaller size enables
them to reach those altitudes in larger numbers. To reflect
this increased interest, Werchner et al. (2022) implemented
a pollen bursting parameterization into ICON-ART based on
physical assumptions, observations and processes (according
to Zhou, 2014), enabling it to emit SPPs.

The parameterization’s driver is the turgor pressure that
builds up inside each pollen grain. Once this turgor pressure
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reaches a pollen specific critical value that the pollen walls
can no longer withstand the pollen bursts and releases SPPs
into the atmosphere. The turgor pressure’s temporal develop-
ment is formulated to be:

PT(tm) = pa+ A [1 —exp (—ﬁp—wzmﬂ .
rpo

In Eq. (15), pt and p, are the turgor pressure and the ambi-
ent pressure, respectively, in Pa, #,, is the model time step in
s, A is the difference in water potential in Pa, E is the com-
pression module of water in Nm™2, k is the pollen grain’s
water permeability in ms~! Pa~!, r is the pollen grain’s ra-
dius in m and py, and pg are water and pollen density, respec-
tively, in kgm ™3,

A complete description of this parameterization is given
in Werchner et al. (2022). Werchner et al. (2022) reported
that SPP concentrations (used only as INP, not as CCN) vary

15)
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between 10% x 10° m~3, with a mean value of 4 x 103 m™3
(particularly relevant in warmer levels suitable for biological
ice nucleation) while mean pollen concentration amount to
3.4 x 1073 m~3.

5 Interactions and feedback mechanisms
5.1 Aerosol-radiation interaction

ICON uses ecRad (Hogan and Bozzo, 2018) as the standard
radiation scheme for numerical weather prediction (Rieger
et al., 2019). To account for ARI, ART computes the lo-
cal radiative transfer parameters based on the aerosol opti-
cal properties — mass extinction coefficient, single scattering
albedo, and asymmetry parameter — as well as the prognos-
tic aerosol mass concentrations at each grid point and model
level. These parameters are then passed as input to the radia-
tion scheme (Rieger et al., 2017).

In addition to the prognostic ARI calculations, ART in-
cludes forward operators to diagnose aerosol optical depth
(AOD) and attenuated backscatter at different wavelengths.
These diagnostics are derived by multiplying the prog-
nosed aerosol mass concentrations with mass extinction and
backscatter coefficients (Hoshyaripour et al., 2019).

ART provides two approaches for specifying aerosol opti-
cal properties. In the first, these properties are precomputed
offline and stored in lookup tables for use in both prognos-
tic and diagnostic calculations (Hoshyaripour et al., 2019;
Muser et al., 2020). This method accounts for the variability
in aerosol size distribution by applying polynomial fits to the
optical properties (Gasch et al., 2017). However, it is limited
in capturing variations in particle composition and mixing
state (e.g., coating), particularly when aerosol dynamics lead
to the formation of internally mixed particles during simula-
tions.

To address these limitations, the second approach com-
putes aerosol optical properties online using MieAl (Kumar
et al., 2024), enabling a more flexible and physically con-
sistent representation. Further details on both approaches are
provided below.

5.1.1 Prescribed aerosol optics

In ICON-ART, the prescribed optical properties for aerosols
were originally implemented as hard-coded tables within the
model code (Gasch et al., 2017; Rieger et al., 2017). This
static approach limited flexibility and made updates or exten-
sions to the optical property datasets cumbersome. To over-
come these limitations, the optical properties have been tran-
sitioned to external NetCDF files, allowing for a more mod-
ular and user-configurable setup. This change enables users
to easily update or switch between different aerosol optical
property datasets without modifying the source code, facil-
itates consistency across simulations, and supports the use
of more detailed and physically representative optical data,
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including properties for varying size distributions, composi-
tions, and wavelengths.

The NetCDF database consists of extinction coefficients,
single scattering albedo values, asymmetry parameters, and
backscattering coefficients in three different wavelength
groups:

— 30 prognostic wavebands, as used by ecRad

— 9 diagnostic wavelengths from AERONET: 340.0,
380.0, 440.0, 500.0, 550.0 , 675.0, 870.0, 1020.0 and
1064.0 nm

— 3 diagnostic wavelengths for lidar (ceilometer or satel-
lites): 355.0, 532.0 and 1064.0 nm

An overview of all available modes and their microphysi-
cal properties can be found in Appendix C.

5.1.2 Online aerosol optics with MieAl

Accurate and efficient estimation of aerosol-radiation inter-
action is paramount for precise weather and climate predic-
tion. The interaction between aerosols and radiation is gov-
erned by their optical properties, which are determined by
various aerosol attributes such as morphology, size distribu-
tion, and chemical composition. These properties undergo
significant changes due to chemical reactions and microphys-
ical processes as aerosol particles are transported through the
atmosphere. Traditional methods for computing aerosol op-
tical properties rely on precomputed look-up tables (LUTSs),
which are computationally inexpensive but prone to substan-
tial errors.

To address this limitation, we have integrated MieAl, a
recently developed neural network-based approach, to com-
pute the optical properties of internally mixed aerosol parti-
cles with ICON-ART (Kumar et al., 2024). MieAl is a fully
connected feed forward neural network with 4 hidden lay-
ers, each layer having 64 neurons and uses Gaussian Error
Linear Unit (GELU) as the activation function. It emulates
Mie theory, enabling on-the-fly optical properties calcula-
tions that account for variations in aerosol size distribution
and chemical composition. MieAl takes aerosol mass con-
centration of aerosol components from ICON-ART simula-
tions as input and outputs key optical properties, including
the mass extinction coefficient, single scattering albedo, and
asymmetry parameter. These estimated optical properties are
then used in radiative transfer calculations to calculate the
radiative effects of aerosols more efficiently and accurately.
Fortran-Keras bridge (FKB) was used for online coupling of
MieAl with ICON-ART (Ott et al., 2020). See Kumar et al.
(2024) for detailed discussion about MieAl.

An example usecase is shown in Fig. 9 for an ICON-
ART simulation involving the La Soufriere volcanic eruption
event in April 2021. Here, Fig. 9a shows the net shortwave
flux at the surface estimated using traditional LUT approach
whereas Fig. 9b shows the same using MieAl apporach and
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Figure 9. Comparison of net shortwave radiative flux estimated using MieAl against those estimated using Look-up table (LUT) approach
for a case study involving the La Soufriere volcanic eruption (denoted by the black triangle) event simulated using ICON-ART. Here, panel
(a) shows the net SW flux estimated using LUT, (b) shows the same estimated using MieAl and (c) shows the absolute difference between
them. The volcanic plume is depicted in panel (d) whereas panel (e) shows the mixed mode aerosols within the plume. Panel (f) zooms panel

(c) over the plume region.

the difference between them are shown in Fig. 9c. As can
be seen clearly from Fig. 9c and f, MieAl estimates lower
SW flux (> 8 Wm™2) at the surface over the region contain-
ing the volcanic plume depicted in Fig. 9d. A large part of
this reduction in SW flux is due to the presence of mixed
modes in the plume captured realistically by MieAl, causing
enhanced extinction of solar radiation reaching the surface.

5.1.3 Multiple radiation call

Apart from including aerosol-radiation interactions in the
modeling of atmospheric dynamics and composition, its di-
agnostic quantification is key to understanding aerosol im-
pacts. To quantify the direct radiative effect (DRE), it is im-
portant to impose a technique that does not alter meteorolog-
ical conditions, which would induce feedback processes and
ultimately modify the aerosol effect. To diagnose the DRE,
we therefore implemented a radiation multiple call scheme in
ICON-ART, as it is also implemented in other models (e.g.
HadCM (Woodward, 2001), LMDz-INCA (Balkanski et al.,
2007), WRF-Chem (Zhao et al., 2013), MONARCH (Klose
et al., 2021)). This approach executes calls of the radiation
routine not just once (as needed to include aerosol-radiation
interactions in the simulation), but multiple times for diag-
nostic purposes. In the first call, all aerosols are neglected
and the radiation fluxes are stored. In optional intermediate
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calls, the effect of a single aerosol mode (and thus aerosol
species) on the DRE can be quantified by either including or
omitting the respective mode (see below). In the last call, all
aerosol-radiation interactions are accounted for, just as in the
conventional model run. Therefore, the model integration is
not impacted by execution of the multiple call scheme. The
aerosol DRE is then directly obtained as the difference of the
radiation fluxes between the two (or multiple) calls.

In ICON-ART, three different types of the radiation multi-
ple call are available, following the concept implemented in
Klose et al. (2021):

Type I — Double call: two calls, one without aerosols, one
with all aerosols

Type II - Inclusive multiple call: first call without
aerosols, one call per mode considering only that
mode, last call with all aerosols

Type III - Exclusive multiple call: first call  without
aerosols, one call per mode considering all aerosols
except that mode, last call with all aerosols.

The double call includes in total n = 2 calls per radiation
timestep. The inclusive and exclusive multiple calls entail
n = Npodes +2 calls, with npges being the number of aerosol
modes, as for each mode there is one intermediate call. The
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DRE for each mode depends on the aerosol distribution of all
modes in the column, such that the total DRE for all modes
is not exactly equal to the sum of the individual contributions
per mode, especially in regions with high aerosol load. Thus,
call types II and III yield similar, but not equal results, es-
pecially in those regions. As call type III includes effects of
other aerosol modes, we consider this type preferential over
the conceptually simpler type II.

For the first two call types (double call and inclusive multi-
ple call), the DRE for a specific mode m is evaluated for both
shortwave (wb=sw) and longwave (wb=Iw) radiation, and at
the surface (lev=sfc) and the top of atmosphere (lev=toa),
DRE} liev. It is calculated from the radiative flux F} |jev as

DREalbhev = Vr\ﬁ)hev - Fxgnehev s (16)

where Fp"|ey denotes the flux without any aerosol-
radiation interactions, obtained from the first call. For call
type 111, the exclusive multiple call, the DRE for all aerosols
is calculated in the same manner as

DREM |1y = Fll|joy — FIO0C|je, (17)

To obtain the DRE for individual modes, the situation is
slightly different for type IIl. The flux obtained from the call
for a specific mode m, F;lé'mhev, includes the effect of all
modes except the desired mode. Thus, the reference flux for
the DRE in this case is the one including the effect of all
aerosols, yielding

1 1l 11-
DREgvbhev = F\i,bhev - v?/b m|lev . (18)

All calculated DRE:s are available as output, yielding four di-
agnostic variables (2 wavebands and two levels) for the dou-
ble call (type I) and another four per mode for the multiple
calls, e.g. 16 for the case of a multiple call with the three
default dust modes dust,ce, dustco, and dustg, (cf. Table 3).
They are available both as instantaneous values and as accu-
mulated quantities. For the latter, note that the accumulation
occurs between times at which the DRE is evaluated, i.e. with
the radiation time step.

An example of the short wave DRE for dust is presented
in Fig. 10. Shown is the annual average DRE for all three
default dust modes (Fig. 10a—c), and the total DRE for all
modes (Fig. 10d), obtained using the exclusive multiple call.
As expected, the main contribution to the short wave dust
DRE stems from the accumulation dust mode, which yields
a strong cooling effect of up to 8.4 W m~2 near the horn of
Africa. In contrast, the giant dust mode features a positive
short wave DRE at the top of the atmosphere over land in ar-
eas of high dust loading due to the stronger absorption. Dust
in the coarse mode contributes with an intermediate signal
to the total DRE, which is overall negative in our example.
Note that the size mode terminology used here follows the
mode definitions given in Table 3 and differs from the dust
size classification proposed in Adebiyi et al. (2023).
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5.2 Aerosol-cloud interaction

To investigate aerosol—cloud interactions (ACI), ART is cou-
pled with the two-moment cloud microphysics scheme of
ICON (Seifert and Beheng, 2006), which provides a de-
tailed and physically consistent representation of cloud pro-
cesses. This scheme includes six hydrometeor categories —
cloud droplets, ice crystals, rain, snow, graupel, and hail
— and predicts both their mass and number concentrations
through a set of prognostic budget equations. The evolution
of liquid-phase hydrometeors is governed by processes such
as condensational growth, autoconversion, accretion, self-
collection, breakup, and freezing. In contrast, ice-phase hy-
drometeors are subject to diffusional growth, aggregation,
self-collection, riming, secondary ice production (ice mul-
tiplication), and melting. The two-moment formulation en-
hances the model’s ability to capture the sensitivity of cloud
development and precipitation formation to aerosol perturba-
tions, making it well-suited for studies of ACI (Rieger et al.,
2017; Gruber et al., 2019).

5.2.1 CCN and IN activation

A physically-based parameterization for cloud condensa-
tion nuclei (CCN) activation, following Abdul-Razzak et al.
(1998) and Abdul-Razzak and Ghan (2000), is imple-
mented within the two-moment cloud microphysics scheme
of ICON-ART. This approach enables a more realistic cou-
pling between aerosols and cloud droplet formation by us-
ing grid-scale vertical velocity and a parameterized subgrid
contribution, available moisture, and soluble aerosol con-
centrations to compute the number concentration and mass
mixing ratio of newly formed cloud droplets. The activation
is computed only under appropriate atmospheric conditions,
such as the presence of updrafts and supersaturation with re-
spect to liquid water. With this implementation, microphys-
ical computations are removed from the ART module; ART
now supplies the activation parameterization and outputs the
newly formed cloud droplets, which are then further pro-
cessed by ICON’s native two-moment microphysics scheme
Seifert and Beheng (2006). Initial testing and validation of
the parameterization are performed successfully.

Figures 11 and 12 show preliminary results from ideal-
ized simulations of a warm bubble. The model setup follows
the Weisman Klemp test case (Weisman and Klemp, 1982).
A predefined sea salt concentration of 2 x 107 #kg~! is uni-
formly distributed throughout the domain and equally dis-
tributed between the accumulation and coarse mode.

Figure 11 displays the number of activated cloud conden-
sation nuclei (nccn) in #kg’l, accumulated over 640 s from
the start of the simulation. Sea salt aerosols are activated
within the updraft region generated by the warm bubble. Fig-
ure 12 illustrate the ratio of activated particles to available
sea salt aerosols as a function of vertical velocity, for (a) ac-
cumulation and (b) coarse mode. The results indicate that a
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Figure 10. Direct radiative effect (DRE) for shortwave radiation at the top of atmosphere. Panels show the DRE for the different dust modes,
i.e. (a) accumulation mode, (b) coarse mode, (¢) giant mode (see Table 3), and (d) all aerosols. Note that the color scales differ between

panels.
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Figure 11. Number of activated sea salt aerosols from an idealized
warm bubble simulation based on the Weisman Klemp test case
(Weisman and Klemp, 1982).

substantial fraction of sea salt in coarse mode gets activated,
whereas, only a small portion of sea salt in accumulation
mode undergoes activation. This outcome aligns with Koh-
ler theory, which predicts that larger particles are more likely
activated due to their lower critical supersaturation.
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For heterogeneous ice nucleation, the calculation of the
total surface area of all dust aerosol modes is fully imple-
mented on the ART side and serves as the basis for determin-
ing the number of ice nucleating particles according to the ice
nucleation active site (INAS) density approach (Hoose and
Mohler, 2012), following the empirical parameterizations for
immersion freezing and deposition ice nucleation (e.g., Ull-
rich et al., 2017). This enables the prognostic treatment of
heterogeneous ice nucleation in accordance with the evolving
aerosol size distribution and composition within the model.
Coupling of this INAS-based ice nucleation treatment with
the two-moment microphysical scheme of ICON Seifert and
Beheng (2000) is currently in progress. Once completed, this
coupling will allow for a consistent representation of aerosol-
cloud interactions, including the formation of ice crystals
from mineral dust under mixed-phase and cirrus conditions.

5.2.2 Dusty cirrus parametrization

In addition to the ACI on the grid-scale, ICON-ART in-
cludes a sub-grid parametrization of dusty cirrus. This spe-
cial parametrization is beneficial or even necessary because
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Figure 12. Ratio of activated particles to available sea salt aerosols as a function of vertical velocity, shown for (a) accumulation mode and

(b) coarse mode.

dusty cirrus clouds can form due to a small-scale mixing in-
stability, which is difficult to represent in model configura-
tions that are not eddy resolving (Seifert et al., 2023).

The dusty cirrus parametrization uses the mass concentra-
tion of mineral dust c¢poge assuming three dust modes with
mode € {dustA, dustB, dustC}. Humidity is quantified by the
ice saturation ratio Sice = pv/ Psatice» Where py is the vapor
pressure and psacice 1S the saturation vapor pressure over
ice. Atmospheric stability is characterized by the tempera-
ture lapse rate

aT N T — Tk41

- 19
8Z k AZ ( )

Yk =

Note that ICON uses top-down indices, i.e., level kK + 1 is
below level k. Dusty cirrus occurs in model level & if the
following conditions are fulfilled:

Ty <240 K (20)
6dust,k = kj-lriljl\égll (CduStB’j + zchStC,j) > Czust 2
§ice,k = %]}:( Sice,j > Site (22)
Vi = r],;:;flc’ vi<v' @3)

with empirically determined thresholds ¢}, = 50 ug kg3,
s¥.=0.7, and y*=—6.5Kkm™! and with N =4 corre-
sponding to a vertical depth of approximately 1500 m. That
the scheme uses information from 4 layers below to predict
dusty cirrus layers corresponds to the convective overturning
and the mixing instability. Note that cj , does not include
that smallest dust mode dustA, and the largest mode dustC
has double the weight of dustB. The fact that the larger dust
modes, dustB and dustC, are better predictors for the occur-
rence of a dusty cirrus than dustA is consistent with the in-
creased ability of large mineral dust particles to act as INPs,
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whereas smaller particles are less relevant for the formation
of ice clouds by heterogeneous nucleation (DeMott et al.,
2010, 2015). For the sub-grid dusty cirrus a cloud fraction
of one is assumed and the sub-grid ice water content is set to
80 mgm—3 with a linear tapering at the boundaries.

Figure 13 shows the results of a global ICON-ART simula-
tion of a Saharan dust event over Europe leading to dusty cir-
rus cloud formation. The simulation uses the RO3B06 icosa-
hedral grid with a equivalent grid spacing of approximately
20km. The satellite observations show an extended cirrus
deck over central Europe with outgoing longwave radiation
(OLR) of 200 W m~2 and lower. Without the dusty cirrus pa-
rameterization underestimates the extent of the dusty cirrus
cloud. With the sub-grid parameterization the simulation is
improved but OLR is underestimated at the boundary of the
cirrus cloud deck. This suggests that the simplistic threshold
based parametrization needs to be further improved in the
future.

Dusty-cirrus parameterization performs robustly from
mesoscale model resolutions (~10-20km) down to
convection-resolving scales (~1-3km), as long as dust
mass and number concentrations are physically reasonable.
Coarser grids capture the large-scale cirrus response, while
finer or convection-resolving scales benefit from enhanced
representation of vertical motions and aerosol gradients.

6 Code infrastructure and periphery
6.1 Coupling ART with ICON

ART is currently designed as a submodel for ICON such
that the development and organization of ART is indepen-
dent from the base model in most aspects. Its coupling to
ICON, however, is extensive, as Fig. 14 shows. Apart from
several points within the time loop where ART provides
additional processes, ART also influences some ICON
processes directly. Beyond this process-based coupling,
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20220506, 00 UTC + 12.00 h, overpass time: 20220506, 12:01-12:09 UTC
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Figure 13. Comparison of global ICON-ART simulation for 12:00 UTC of 6 May 2022 with CERES Level 2 satellite data of outgoing
longwave radiation at the top of atmosphere. Observations (left), ICON-ART without dusty cirrus parametrization (center), and I[CON-ART

with dusty cirrus parametrization (right).

ART actively uses some structures introduced in the ICON
code. The most prominent example for this is the tracer
array, which ART extends to accommodate the additional
tracers, whose set is defined by the user with ICON-ART’s
flexible tracer framework (Schroter et al., 2018). Accessing
ICON’s tracer array allows the ART tracers to be treated
the same way as the base ICON tracers with regard to
processes like advection or turbulent diffusion. Additionally,
ART uses and extends structures that represent tracer
metadata and requires grid information provided by ICON.
For the bulk of the communication between ICON
and ART, a set of interface modules are used. The
interfaces enable ICON to call process and other rou-
tines in ART altering the model state, and ART to
retrieve crucial information and structures to fulfill
its tasks. The separation of the different modules is
based on the general stages of the model (examples:
mo_art_init_interface.f90, mo_art_general_interface.fo0
and mo_art_diagnostics_interface.f90) and the processes
provided (examples: mo_art_sedimentation_interface.f90,
mo_art_aerodyn_interface.f90,
mo_art_coagulation_interface.f90 and
mo_art_reaction_interface.f90). ~While previously the
interfacing between ICON and ART was managed in the
host model, it moved to the ART codebase in recent devel-
opments. This reduces the additional infrastructural burden
when developing ART, since the ICON codebase is only
altered if actually required.

6.2 Flexible tracer and mapping framework

ART showed great success using its flexible tracer frame-
work introduced by Schréter et al. (2018) in such a way that
further development was conducted to extend this flexibility
to processes. One of these processes is coagulation, which re-
quires a coagulation-matrix describing potential mode shifts
when coagulation occurs. This matrix is to be provided to

https://doi.org/10.5194/gmd-19-1645-2026

ART via a corresponding XML-file, while also adding a
new XML-tag for the tracers indicating whether or not they
should be considered for coagulation. An important part for
the consideration of aerosols and tracers is their emission into
the atmosphere. Emission parameterizations were initially
assigned hardcoded by their and the corresponding tracers’
name. This put a strain to the actual flexibility achieved,
so a new method was introduced. By storing information
(like number of emission fluxes or sizes of the emitted mate-
rial) about a specific emission parameterization and assign-
ing substances to it in a new XML-structure, a mapping rou-
tine can map the emission fluxes to the correct mode of the
specific substance before calling the emission parameteri-
zation itself. Also the new OEM uses XMLs to control its
behaviour in ART. The usability of the underlying XML-
structure for providing the model with information also goes
beyond the actual tracers, modes and processes, since diag-
nostic variables can also be defined with it.

6.3 GPU and exascale readiness

Since the development of ART has been largely driven by sci-
entific motivations, particularly in the implementation of new
processes and features, the resulting historically grown code-
base contains numerous cross-dependencies between mod-
ules. This complexity makes it difficult to trace the code
flow and hinders further development and maintenance. To
address this issue, modularization efforts have been under-
taken in recent years, streamlining the codebase, reducing
inter-module dependencies, and providing a more intuitive
interface. An additional benefit of these modularization ef-
forts is the simplified parallelization and the potential to ex-
tend ART for use on new heterogeneous and future exascale
HPC architectures.

Due to both its scientific design and historically evolved
codebase, most processes, features, and modules have been
developed exclusively for CPU usage. Although CPU paral-
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Table 4. Overview of standard ICON-ART configurations with the relevant tracers, and processes.

Experiment 1 2 3

4 5 6 7

Note Dust  Volcano

Nat. Aero.

Pollen  Simp. Chem. Comp. Chem. OEM

Config.

Grid 40km 40km
Nest v
LAM

80 km

6.5km 80km 16 km 26km

v v

Tracers

Mineral dust v
Bio-burning

Sea salt

Pollen

Volcanic ash v
Radionuclide

Region tracers

Chem. tracers

Mecca tracers

ANENEN

Processes

ARI v v
Aerosol dynamics v
Chemistry

Anthropogenic emissions

lelization is implemented and widely used across large parts
of ICON, ART rarely exhibits comprehensive parallelization
of its features. In recent years, the use of GPUs has gained
increasing interest in scientific fields and is likely to con-
tinue doing so. Hence, more of the ART codebase needs to be
ported to heterogeneous HPC architectures with GPUs to re-
main competitive and future-proof - due to its operational use
at MeteoSwiss pollen-related ART-parts were already ported.
As a first step, the online emissions module (OEM) and the
vegetation photosynthesis and respiration model (VPRM) of
ART have been refactored and ported using OpenACC com-
piler directives, following ICON’s GPU porting approach in
an attempt to accelerate the porting process while maintain-
ing a unified codebase for both CPUs and GPUs. VPRM
was introduced to enable the simulation of atmospheric car-
bon dioxide, which is not only affected by anthropogenic
emissions but also by exchange with the biosphere. A first
application of VPRM in ICON-ART was demonstrated by
Ponomarev et al. (2026). Inverse emission estimation with
ICON-ART as first demonstrated by Steiner et al. (2024)
and Thanwerdas et al. (2025) is now possible with a GPU-
accelerated version of ICON-ART and has already been suc-
cessfully tested and validated on Switzerland’s new HPC
system, ALPS, leveraging NVIDIA’s Grace-Hopper super-
chips. A systematic quantitative evaluation of CPU versus
GPU performance for I[CON-ART with OEM, including de-
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tailed speedup analyses, is currently underway and will be
presented in a forthcoming dedicated study.

6.4 Standard configurations and simulation workflow

In ICON-ART, a set of standard experiment configurations
has been established to ensure consistent testing and val-
idation across model releases. Each configuration, see Ta-
ble 4, combines specific model components, tracer species,
and physical or chemical processes relevant to targeted re-
search or operational applications. For example, “Dust” fo-
cuses on mineral dust and its radiative feedback, while “Vol-
cano” emphasizes volcanic ash and aerosol-radiation inter-
actions. “Nat. Aero.” incorporates a wide range of aerosol
tracers and processes without radiative coupling, provid-
ing a comprehensive base for sensitivity studies. “Pollen”
addresses both pollen and subpollen particles, representing
bio-aerosols, and their relevant processes and the chemistry
experiments (“Simp. Chem.” and “Comp. Chem.”) are tai-
lored for atmospheric composition forecasts, differing in the
complexity of the chemistry scheme being used. “OEM”
is configured for regional applications with full chemistry
and online emission treatment. These standard configurations
are fully supported, regularly maintained, and systematically
tested with every ICON-ART release to ensure model in-
tegrity, reproducibility, and performance across use cases.
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Figure 14. Schematic of the coupling of ICON-ART. The sequence
in which processes of ICON are executed is illustrated by the blue
boxes. Processes of ART are illustrated by the orange boxes. An
orange frame around a blue box indicates, that the according code
is part of the ICON tracer framework but ART tracers are treated
inside this framework. The gray and black loops indicate the se-
quences of the time integration. Some examples of input and output
fields are also show at the top and bottom of the loop.
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All standard experiments are also integrated into the work-
flow management solution auto-icon (Baer et al., 2025a, b),
which enables users to orchestrate a simulation workflow
covering the retrieval of input data, compilation, and execu-
tion of the model as well as post-processing and visualiza-
tion tasks. This integration enables a quick and smooth start
for new users as well as easy-to-use and flexible testing and
evaluation capabilities with the provided experiments during
model development. In more complex model applications,
auto-icon can significantly enhance throughput by executing
all non-dependent tasks in parallel and wrapping individual
tasks into larger allocations on the HPC system, which was
shown to reduce the time-to-solution by 7 % or more (Mar-
ciani et al., 2025).

7 Conclusion and outlook

The current version, ICON-ART 2025.10, supports a wide
range of applications, from air quality and weather forecast-
ing to climate and Earth system simulations. It features a
modular and flexible design, enabling the use of both simpli-
fied and detailed chemistry mechanisms, interactive aerosols,
and online coupling with dynamics, radiation, and cloud mi-
crophysics.

Beside scientific research, ICON-ART is currently used
in operational applications, including mineral dust forecast-
ing at the Deutscher Wetterdienst (DWD), as well as pollen
forecasting at both DWD and MeteoSwiss. These activities
demonstrate the model’s robustness, flexibility, and ability
to support real-time decision-making in environmental and
health-related services.

Ongoing developments focus on further enhancing the
coupling between atmospheric composition and the physical
core of ICON. This includes the integration of ART with the
seamless ICON configuration (Miiller et al., 2025) for uni-
fied weather and climate simulations, which will allow for
consistent aerosol and trace gas treatment across spatial and
temporal scales. In addition, the implementation of organic
aerosol processes is underway to improve the representation
of both primary and secondary organic aerosol formation and
their interactions with radiation and clouds.

Together, these efforts aim to strengthen ICON-ART as
a versatile and comprehensive tool for studying the interac-
tions between atmospheric composition and the Earth system
in a fully coupled, scale-aware modeling framework.

Appendix A: Acronyms

The acronyms used in this study are summarized in Table A1.
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Table A1. Summary of key acronyms used in this study, grouped by topic area.

Acronym Definition

ICON ICOsahedral Non-hydrostatic

ART Aerosols and Reactive Trace gases

OEM Online Emission Module

VPRM Vegetation Photosynthesis and Respiration Model
ARI Aerosol-Radiation Interaction

ACI Aerosol-Cloud Interaction

CAMx Comprehensive Air Quality Model with Extensions
CAABA Chemistry As A Boxmodel Application

MECCA Module Efficiently Calculating the Chemistry of the Atmosphere
KPP Kinetic Pre-Processor

FKB Fortran-Keras Bridge

LAM Limited-Area Mode

MOZART Model for Ozone and Related chemical Tracers
LINOZ LINearized OZone

NMVOC Non-Methane Volatile Organic Compounds

NOx Nitrogen Oxides

NOy Reactive Nitrogen Compounds

PSCs Polar Stratospheric Clouds

NAT Nitric Acid Trihydrate

STS Supercooled Ternary Solution

INAS Ice Nucleation Active Site

SPPs Subpollen Particles

DRE Direct Radiative Effect

EDGAR Emission Database for Global Atmospheric Research
CAMS-REG  Copernicus Atmosphere Monitoring Service Regional inventory
GNFR Gridded Nomenclature For Reporting

GFAS Global Fire Assimilation System

FRP Fire Radiative Power

EMPOL EMission of POLlen

Appendix B: Aerosol Dynamics
B1 Nucleation

Based on the parametrization by Kerminen and Wexler
(1995), new sulfate particles form when a critical concen-
tration of HySO4 (given in ug m~3) is reached:

RH

with temperature 7 in K and relative humidity RH in %. The
concentration above this threshold nucleates into the soluble
Aitken mode with a mass rate of

CH,SO4 — L;r}it
. (B2)
At

Nu3 sol, =

CH,50, 18 the actual concentration of H,SO4. The number
concentration (in kg~!) follows from the assumed size dis-
tribution as

6 . exp (4-5 ’ lnz(osolAn))

3
Pp dO, solajt

NuO,solAit = : Nu3,solAit . (B3)
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B2 Condensation

The condensation rate of the third moment of a mode / is
based on Whitby et al. (1991); Riemer (2002) and is given

by
o0
- 6 6
Coz; = T x(d3,0)V3,(d)dd3 ; = ;XTII- (B4)
0
xt 1s independent of the particle size and depends on ther-
modynamic variables. It will be eliminated later. x (d3 ;) dif-

fers for different size regimes. The expression for the near-
continuum and the free-molecular regime are given by

Xne(d)) = 2 Dg H,50,d) (BS)
and

TACH,SO
Xim(d)) = — F=4d} (B6)

with Dg 1,50, the diffusion coefficient of H,SOy, o the ac-
commodation coefficient, and cy,so, the mean molecular ve-
locity of HSO4. Using these two formulations, the integral
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I; in Eq. (B4) is evaluated separately as
Ilnc =27 Dg,HgSO4 My, B7)
and

fm __
Il

TTOCH,S0, Mo,

) (B8)

With the harmonic mean of the expressions for the near-
continuum and free-molecular regime, Eq. (B4) can be writ-
ten as

~ 6 Itm - 1
CO3’1 =y [,fm * 1] )nc

T————— (B9)
v Il,fm + Il,nc

Assuming a much slower condensation of H>SO4 than its
production leads to an equilibrium state in which the total
condensation rate equals the production rate of HySO4:

Coz =Y Cos; = M3 (B10)
I

with M 3 the third moment production rate of gaseous HySOj.
A third-moment condensation rate can be formulated as

603,1 = 2603,1 = M3Q[ (B11)
I
using a dimensionless coefficient defined as:
C C I
Q = 03, _Cosy _ I (B12)

My X
Thus, the condensation rate is independent from xt now and
can be written for the third moment as:

~ Cos

z IOH2504 M3 Ql

Coz; = (B13)

Pa

In ICON-ART, we approximate M; by the HySO4 mass mix-
ing ratio and the model time step. Thus, for Eq. (B13) it fol-
lows:

(B14)

B3 Coagulation

The parametrizations for the coagulation follow Riemer
(2002) and references therein (mainly Whitby et al., 1991).
The rates for the zeroth and third moment are given by

Cap,; = Caq,i; + Cay,; (B15)
and
Ca3,l' = Ca3,,~j (B16)

with the Cay ;; and Cay ;; for the intra- and inter-modal co-
agulation rates of the kth moment, respectively, and i and j

https://doi.org/10.5194/gmd-19-1645-2026

1669

referring to two different modes. In ICON-ART, only coagu-
lation due to Brownian motion is considered so far and reads
for a system of two modes i and j as (Whitby et al., 1991)

~ 1 [e. oo e}
Cag,;; = E//ﬂ(dl,dZ)WO,i(dl)wo,i(dz)ddlddZ» B17)
0

0

Ca jj ://ﬂ(dl,dz)lﬁo,i(dl)lﬂo,j(dz)ddlddz, (B18)
0 0

and

Cas =//d13,3(d1,dz)lﬂo,i(dl)lﬁo,j(dz)ddlddz- (B19)
0 0

Usually only numerical solutions exist for g for all sizes,
but analytical solutions for certain size regimes exist. The
method by Whitby et al. (1991) uses analytic solutions for
the integrals in Eqgs. (B17) to (B19) for the near-continuum
and free-molecular regime. The following line only derive
the coagulation rates for inter-modal coagulation. The rates
for intra-modal coagulation can be derived analogously.

The coagulation coefficient in the near-continuum is given
by
Pnc(di, Dj) =27 (D;i + Dj)(d; +d;). (B20)

with D; the diffusion coefficient of particles in mode /:
_ kgT C
" 3mpd

Dy (B21)
Here, kg denotes the Boltzmann constant, 7' the temperature,
w the dynamic viscosity of air, C; the Cunningham correction
factor, and the particle diameter d;. The Cunningham factor
C; is approximated by

C;~1+1.246Kn;
2 air
d,

(B22)

with Kn; = the Knudsen number and A; the mean free
path of air. The coagulation rate in the near continuum
regime can now be written as

o0 00

Cay,; =//ﬁnc(dl,dz)lﬁo,i(dl)lﬁo,j(dz)ddlddz
0

0
2 3 B in?(o;
= \IIO,i“I”O,j)Oa Kncd(),i |:2e g (n7(1)
16,2, v doj 4120 4120
+aiKng; <e§1n (o,)_l_%egln () I (aj)>
0,i
36012+ 41n2(
+a;Kngj (e?]" ©))gIn"(0))

+d0,i e%ln%,)egilnz(a,-)) + (do,i n do,f)
do, j do,j  do,

(B23)

e%lnz(aj)e%lnz(a,-)]
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kBT

with the factor K. = . Analogously, the intr-modal co-

agulation rates Ca and Ca{)lc are derived. The coagulation
rate for the third moment in the near continuum regime reads
as:

Ca3,,-j =

0\8

/ d3 Buc(d1, d2) Yo (d1) ¥, j (da)dd ddy
0

4102 (.
= Wi W, jp2Kne {2+uiKng,~ <ex‘“ 1)

dOJ o $1n%(01) , §1n? (a,))
dOl

+a;Kngj (eglnz(g-f) + ZO’L G%I"Z(GI)G%NZ(W))
jKng 0

4+ %0 dO,/ FIn’(0)) i) 4 404 do,i o Fin? (@) 43I0 (o)
dO,l dO J

(B24)

For the free -molecular regime the approximation of the
coagulation coefficient is given by

6kpT
Btm(di,dj) = | ——
e Pp.i+Pp,j
2

d d; d:
/ ! .
Vvd +27+d3/2+d3/2 Z—dj—i-\/dj

: (B25)

The resulting coagulation rate in the free-molecular regime
becomes for the zeroth moment

Cagl}; = //,3fm(d1,dz)K/fo,i(d1)¢0,j(d2)dd1dd2
00

6kpT

—————bo+/dp,i

Pp,i +Pp.j

|: —lnz(a,)_,’_ dO/ 11;12((7)
dOl

doj Ao,
0.i

dz .
+ Ov/eglnz((ri)e%mz(ﬂj)
2

= ‘IJO,i‘IJO,jPe%

2n’(0))

+2

0,i

3

+ do,i e%’lnz(ai)eglnz(qi)
d()’/

+2 do, 210> (0y) élnz(aj)]
do,]
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and for the third moment

o0 0
Cag’; / / d} Bim(d1. d2)¥ro.i (dr ) o, j (dr)dd, dd,
00

6kgT 7
= ‘I‘o,i‘l’o,jpf‘/ Wln(do,i)2
p.i T Pp,j
e F ) 4 do,j e $I0%(01) ,gIn* (@)
dOl

do.j %1 ,41%())
0,i

+2

dg
4 _0J 3% (o), § I’ ()

2
0,i

Py do,i 684ln2(0i)eéln2(0j)i|.
d()]

The values for by and b3 are given by Whitby et al. (1991)
with bg = 0.9 and b3 = 0.9 for inter-modal coagulation and
by = 0.8 for intramodal coagulation.

Finally a harmonic mean is applied, similar to the proce-
dure for the condensation, to receive the coagulation rate for
the full size range. For the conversion to coagulation rate of
the number concentration and mass mixing ratio, the density
of air and mode density are considered:

B27)

fm
1 Caol] Caou

Cap, = (B28)
Pa Cao ij —I—Cax0 i
and
Canc Cafm
Cay = @ % (B29)
Pa Cas, T, + Ca3 T,

Appendix C: Database of prescribed aerosol optics

To represent the optical properties of aerosols in the model,
we use a set of predefined modes that account for typical par-
ticle size distributions and compositions. These modes are
based on lognormal distributions, described by their count
median diameter (cmd) and geometric standard deviation
(og). In addition to the size distribution, each mode specifies
the chemical composition of the particle core and, if present,
a coating layer. The coating fraction is defined as the ratio
of the coating thickness to the core radius. The data are pro-
vided in the model repository and summarized in Table C1.
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Table C1. List of available modes, the corresponding parameters of the particle size distribution and the particle composition, for whitch
the optical properties are precalculated. The assumed particle size distribution is characterized by the count median diameter cmd and the
geometric standard deviation og. “core” and “coating” describe the constituents of the particles’ core and its coating, if one is present. The
coating fraction (coat. frac.) is the ratio of the thickness of the coating shell and the radius of the core. Refractive indices are taken from
Gordon et al. (2022). Data for aerosols with non-sphericity approximation are taken from Hoshyaripour et al. (2019).

name cmd [nm] og  core coating coat. frac.  description

inorg_ait 10 1.70  inorganic sulfate in Aitken mode

inorg_acc 200 2.00 inorganic sulfate in accumulation mode

inorg_coa 2000 2.20 inorganic sulfate in coarse mode

ash_acc 200 2.00 ash basaltic ash in accumulation mode

ash_coa 2000 2.20 ash basaltic ash in coarse mode

ash_giant 12000 2.00 ash giant ash particles

ash_a_mie 1190 1.41 ash ash of mode A

ash_b_mie 2320 1.60 ash ash of mode B

ash_c_mie 3920 1.76 ash ash of mode C

dust_a 644 170  dust dust of mode A with non-sphericity approximation
dust_b 3454 1.60 dust dust of mode B with non-sphericity approximation
dust_c 8672 1.50  dust dust of mode C with non-sphericity approximation
dust_a_mie 644 170 dust dust of mode A

dust_b_mie 3454 1.60 dust dust of mode B

dust_c_mie 8672 1.50 dust dust of mode C

seasalt_a_mie 100 1.90 seasalt seasalt of mode A

seasalt_b_mie 3000 2.00 seasalt seasalt of mode B

seasalt_c_mie 30000 1.70 seasalt seasalt of mode C

soot_ait 20 1.70  soot soot (OC/BC=30) in Aitken mode

soot_acc 150 2.00 soot soot (OC/BC=30) in accumulation mode

soot_dwd 150 2.00 soot coated soot (OC/BC=30) used for weather forecast by DWD
icoatl5_ash_acc 200 2.00 ash inorganic 0.15  ash with sulfate coating in accumulation mode
icoatl5_ash_coa 2000 2.20 ash inorganic 0.15  ash with sulfate coating in coarse mode
ocoatl5_ash_acc 200 2.00 ash organic 0.15  ash with SOA coating in accumulation mode
ocoatl5_ash_coa 2000 2.20 ash organic 0.15  ash with SOA coating in coarse mode
icoat15_dust_acc 200 2.00 dust inorganic 0.15  dust with sulfate coating in accumulation mode
icoatl5_dust_coa 2000 2.20  dust inorganic 0.15  dust with sulfate coating in coarse mode
ocoatl5_dust_acc 200 2.00 dust organic 0.15  dust with SOA coating in accumulation mode
ocoatl5_dust_coa 2000 2.20 dust organic 0.15  dust with SOA coating in coarse mode
icoatl5_soot_ait 20  1.70  soot inorganic 0.15  soot (OC/BC=30) with sulfate coating in Aitken mode
icoatl5_soot_acc 150 2.00 soot inorganic 0.15  soot (OC/BC=30) with sulfate coating in accumulation mode
ocoatl5_soot_ait 20 1.70 soot organic 0.15  soot (OC/BC=30) with SOA coating in Aitken mode
ocoatl5_soot_acc 150 2.00 soot organic 0.15  soot (OC/BC=30) with SOA coating in accumulation mode

Appendix D: Preprocessing for MECCA chemistry
simulations

Figure 5 illustrates a schematic of the preprocessing steps
required to integrate the MOZART-4 chemistry mecha-
nism into ART. The steps are as follows: Within MECCA
(caaba_4.0/mecca), the eqn folder contains various
chemical reaction mechanisms formatted for KPP, with the
corresponding gas-phase species defined in gas.spc. To
activate MOZART-4 chemistry, the xmecca script must
be executed using the mozart .bat batch file, which uti-
lizes the KPP equation file egqn/mozart/mozart.eqn.
The batch file also allows users to select a subset of
the full mechanism - for example, enabling all gas-
phase reactions while excluding those involving halo-
gens. Based on the selected mechanism (mecca.eqn) and
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species list (mecca.spc), KPP generates Fortran90 files
(messy_mecca_kpp_*.£90) for the numerical integra-
tion of the ODEs derived from the reaction mechanism.

The MECCA preprocessing has been extended to cou-
ple KPP routines from the box model to ART. A shell
script (create_icon_code. sh), along with an AWK-
based routine (write_tracers_to_xml.awk), gener-
ates the necessary files and copies them to the corre-
sponding ART directory. Additionally, the tracer XML file
mecca_tracers.xml is created. This process uses the
table caaba_4.0/mecca/process_gas.tbl to de-
fine advection properties: if advection is enabled, the ad-
vection template hadv52aero is selected; otherwise, the
<transport> tag is set to of £f. Users can modify or ex-
tend this table to accommodate their specific mechanism and
setup. The molecular weight of the tracers is computed based
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on the chemical formulas provided in gas . egn. The scripts
for these steps are provided in the supplementary material.

To integrate the MOZART-T1 mechanism into ART,
the following steps should be followed. Using the reac-
tions and rate coefficients provided in the supplementary
material of Emmons et al. (2020), users must create an
equation file, mozart-t1l.eqn, containing the relevant
chemical reactions. The syntax for this file is outlined in
the CAABA/MECCA user manual available in the man-
ual directory of caaba_4.0. Additionally, the species file
gas.spc must be updated accordingly. For convenience,
both mozart-t1.eqgn and the modified gas . spc file for
MOZART-T1 are provided in the supplementary material.

Next, the batch file mozart .bat must be adjusted to
select mozart-tl.eqgn as the active mechanism. The re-
quired KPP files can then be generated as described ear-
lier. Finally, to define the advection properties of trac-
ers in the XML file, users need to extend the table
caaba_4.0/mecca/process_gas.tbl by including
all MOZART-T1 species with their corresponding advection
properties.

Appendix E: XML tags and namelist settings for the
Online Emissions Module

The Online Emissions Module (OEM) has its own namelist
section oementrl_nml, where the paths to the different in-
put files (in netcdf format) need to be defined. Table E1 lists
all possible entries. The last column describes in which case
the file is required. The file hour_of_year_nc, for example, is
only required if for one of the tracers in the tracer XML file
the value of tscale is set to 2.

G. A. Hoshyaripour et al.: ICON-ART 2025.10

In order to prepare a tracer for OEM, a number of tags
need to be defined in the tracer XML file. An overview of
all OEM tags is presented in Table E2. In order to be able
to add emissions to a tracer using OEM, the tag oem_type
needs to be set for this tracer to “emis”. The tag oem_cat lists
all the emission categories, which contribute to emissions of
this tracer. The tags oem_tp and oem_vp need to be lists of
the same length as oem_cat and provide the names of the
temporal and vertical profiles that should be used for each
emission category. Temporal profiles can either be composed
of the product of hour-of-day, day-of-week and month-of-
year profiles (if tag oem_tscale=1) or of a single profile with
scaling factors for each hour-of-year (oem_tscale=2).

Table E1. List of all oemctrl_nml namelist parameters controlling the input for OEM.

Parameter Description Restriction
gridded_emissions_nc  path to the file with gridded emissions

vertical_profile_nc path to the file with vertical profiles

hour_of_day_nc path to the file with temporal profiles for hour_of_day tscale=1
day_of week_nc path to the file with temporal profiles for day_of_week tscale=1
month_of_year_nc path to the file with temporal profiles for month_of_year tscale=1
hour_of_year_nc path to the file with temporal profiles for hour_of_year tscale=2

ens_reg_nc
ens_lambda_nc

boundary_regions_nc
boundary_lambda_nc

path to the region mask for ensemble generation
path to the scaling factors for ensemble generation
path to the region mask for latbc perturbation

path to the scaling factors for latbc perturbation

oem_type=ens
oem_type=ens
use of oem_bg_ens
use of oem_bg_ens

Geosci. Model Dev., 19, 1645-1681, 2026
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Table E2. List of all XML tags available to control the OEM tracers.
Tag Type Restriction Description Remarks
oem_type “char”  emis,ens defines the type of OEM tracer main tag
oem_cat “char” comma-separated list of category names for emissions
oem_tscale “int” 1,2 type of temporal profiles
oem_tp “char”* comma-separated list of category names for temporal profiles
oem_vp “char” comma-separated list of category names for vertical profiles
oem_bg_ens ‘“char”  oem_type=ens name of background tracer that is added to the ensemble member and perturbed

Appendix F: XML tags for deposition of gases
F1 Dry deposition

The dry deposition scheme is available for both parameter-
ized and full chemistry simulations via the tracer XML file
by setting the following tags. To activate dry deposition for a
specific tracer, one needs to set:

<idep type="int">1</idep>

Additionally, the reactivity of the tracer must be specified
using the tag <reac>, which should be a value between
0 and 1. The solubility of the tracer is defined by the tag
<hef £>, which represents its effective Henry’s law constant
in units of Matm™'. To compute the resistances representing
diffusive processes, the molecular diffusivity of the species
must also be provided. The user can specify two values for
this: <vdmol1> and <vdmo12>. The tag <vdmol1l> spec-
ifies the ratio Dy,0/ D; of the molecular diffusivities of H,O
and the specific tracer, while <vdmol2> encodes the ratio
from Eq. (9), more precisely vdmol12 =1/ fp.!

F2 Wet deposition

To activate wet deposition for a given tracer, the following
tag must be set in the tracer XML file:

<iwash type="int">1</iwash>

The scavenging ratios for in-cloud and below-cloud scav-
enging are specified with the tags <win> and <wsub>, re-
spectively.

n the current version of the dry deposition routine, Dg =
Dy, 0, s0 vdmoll = vdmol2.

https://doi.org/10.5194/gmd-19-1645-2026

Appendix G: Lifetime-based tracers

In the following equations, k depicts the destruction rates for
the given tracer, P the pressure in Pascal, COL the column
of the given gas, and z,, the pressure altitude in m.

— TRCH4: parameterization by ECMWF ported to ICON-
ART (Schroter et al., 2018)

keny (P) =

i .
86400x 100 if P <50

L if50 < P <10000 (G1)

19In(10) (In(P/50)%
86400 (100x (14120209 CaCo0) )

0 if P > 10000

— TRCH3CN: parameterization as described in Fischbeck
(2018) and based on Harrison and Bernath (2013) and
Singh et al. (2003):

kcHseN =
172207520000 above tropopause
1/37843200 below tropopause (G2)
1/1814400 in the lowest nine levels

above the ocean

— TRCO2: parameterization from (Schroter et al., 2018)

kco, = 2.20 x 1078 exp(—=1072°COLo,) (G3)

— TRCO: parameterization from (Schréter et al., 2018)

2.0x 1078

1 +exp (—Z” o0 00)

—70000)2
+1077 exp ——(Zp )
70002

_ 2
(z —45000) ) G

kco(zp) =

+2x 10 %exp [ —
p( 14000°
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— TRH2O: parameterization based on Brasseur and
Solomon (2006)

ku,0(P) =
e if P<0.1
L if 0.1 <P <20
86400 (L (1log (4 +0.01) e
, (G5)
~05 (1og(100) +log (; + 0.01)
(14 cos (wlog (55 /10g(0.005)))))—0.01)

0 if P>20
Code availability. The ICON-ART model
is open-source and accessible through
https://doi.org/10.35089/WDCC/IconRelease2025.10 (ICON

Partnership, 2025).

The auto-icon project is open-source and accessible via Zen-
odo (https://doi.org/10.5281/zenodo.15019211, Baer et al., 2025b)
and through the Gitlab repository: https://gitlab.com/auto-icon/
auto-icon (last access: 15 January 2026).

Data availability. CERES SSF Level 2 data were obtained from
the NASA Langley Research Center (LaRC) Atmospheric Sci-
ence Data Center (ASDC) and are available at https://asdc.larc.
nasa.gov/data/CERES/SSF (last access: 15 January 2026) (ac-
cess requires an Earthdata login). The CERES data remapped
to the ICON RO3B06 grid and the ICON-ART simulation out-
puts used to produce the figures in this study are openly
available at https://doi.org/10.35097/yuabhmjtkj38kyen (Hosh-
yaripour, 2025). The data related to Fig. 4 are available
at https://doi.org/10.35097/01n9a0gccv6f2ggk (Ramezani Ziarani,
2025).
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