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EXECUTIVE SUMMARY

This document is the deliverable “D3.1: Model improvements for physico-chemical processes of non-CO2
radiative forcers” for the European Union project “FOCI: Non-CO2 Forcers and their Climate, Weather, Air
Quality and Health Impacts” (hereinafter also referred to as FOCI, project reference: 101056783).

The report describes the development and integration of a new aerosol scheme in EC-Earth4 and the
implementation of improvements for physico-chemical processes of non-CO2 radiative forcers in EC-Earth4
and EMAC. In addition to the upgrade from IFS 36r4 to OpenlFS 48r1 bringing a major improvement in terms
of the representation of the general circulation, the development activities introduced in this Deliverable have
improved the treatment of multiple physico-chemical processes compared to how these were described in
previous EC-Earth3. The most noteworthy improvements are an updated description of aerosol wet scavenging,
both in and below clouds, a more direct computation of longwave radiative properties of tropospheric aerosols;
the introduction of an improved activation scheme; an updated tropospheric chemical mechanism, and the
addition of a comprehensive stratospheric chemistry scheme. Concerning the EMAC, this Deliverable describes
the developments accomplished within the project aimed at the improved EMAC representation of tropospheric
sulphate formation. These include implementation of comprehensive kinetic chemistry of sulfuric acid
formation from natural precursors and relevant intermediates, and of the new particle formation scheme based
on the recent lab experimental data.

Some basic evaluations have been performed as part of the development cycle, and more detailed evaluations
against a larger set of observational data sets will be performed within the other tasks of the work package
(WP3), in particular Task 3.4.

CONTRIBUTION TO THE FOCI OBJECTIVES

This deliverable is the first of a series of reports on the Earth system model development activities in WP3.
The work described in this report contributes to the project objective O4:

“To improve and evaluate state-of-the-art global ESMs (WP3) and regional climate and atmospheric
composition models (RCMs) (WP4), targeting specific critical processes with the largest uncertainties
(WP6) for improving future next generation climate projections.”

Through this, it will contribute to the aims of WP8 under objective O7 to implement a global outreach on the
overall improvement of chemistry-climate interaction in new CMIP7 cycle and up-to-date capability of the ESM
to capture aerosols interaction in these processes.
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1. INTRODUCTION

The work described in this report was aimed to advance the implementation of key processes associated with
non-CO2 climate forcers in two ESMs, EC-Earth4 and EMAC. EC-Earth4 is the next version of the European
consortium ESM EC-Earth, which is currently under development and being prepared for application in the
Coupled Model Intercomparison Project phase 7 (CMIP7). The atmospheric general circulation model of EC-
Earth4 is based on the OpenlFS model from the ECMWF. EMAC (ECHAMS/MESSy for Atmospheric
Chemistry) is a multi-institutional project, which uses the Modular Earth Submodel System (MESSy) to link
multi-institutional computer codes, in order to develop a comprehensive ESM, with special focus on
atmospheric chemistry and its interactions with and feedbacks on the climate system. New modules providing
more advanced descriptions of aerosols and atmospheric chemistry have been integrated in EC-Earth4 and
EMAC within FOCI Project. Some basic evaluations have been performed as part of the development cycle,
and more detailed evaluations against a larger set of observational data sets will be performed within the other
tasks of the work package (WP3), in particular Task 3.4. In this report we aim to document the new model
developments.

2. DESCRIPTION OF MODEL REVISIONS

2.1 EC-Earth4

EC-Earth is a global climate and Earth system model developed by a European consortium of national
meteorological services, universities and other research institutes. The EC-Earth3 modelling framework used in
the Coupled Model Intercomparison Project Phase 6 (CMIP6) consisted of the following components (Ddscher
et al., 2022):

e An atmospheric component based on the model used in the ECMWF Integration Forecasting System
(IFS) cycle 36r4. This also includes the land surface model H-TESSEL.

e The NEMO-LIM3 global ocean—sea-ice model from the Nucleus for European Modelling of the Ocean
(NEMO) release 3.6.

e The dynamic vegetation model LPJ-GUESS

e The atmospheric chemistry and transport model TM5

e The ocean biogeochemistry model PISCES from NEMO3.6
e The ice sheet model PISM for Greenland

Various configurations using different combinations of components were applied in different model
intercomparison projects (MIPs). Most relevant for FOCI is the configuration with interactive aerosols and
atmospheric chemistry, which uses an online two-way coupling between IFS and TMS5 for simulating aerosols,
ozone and methane and their interactions with the physical climate system. This configuration, called EC-
Earth3-AerChem, is described in van Noije et al. (2021).

In recent years, several partners within the consortium have been putting efforts into the development of a new
model generation called EC-Earth4, aimed at the next phase of CMIP (CMIP7). The first version of EC-Earth4,
released in September 2024, is an atmosphere-ocean general circulation model (GCM) consisting of the
following components:

e An atmospheric model based on OpenlIFS 4313
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e The NEMO-SI3 global ocean—sea-ice model from NEMO 4.2

Several improvements and extensions are envisioned for future releases of EC-Earth4. FOCI contributes to these
developments by improving the representation of non-CO, forcers in the atmospheric component of EC-Earth4,
specifically of aerosols and chemically reactive trace gases.

Concerning the representation of aerosols, we have introduced a modal scheme based on the Hamburg Aerosol
Model version 2.3 (HAM2.3; Tegen et al., 2019) and the M7 microphysical core (Vignati et al., 2004) to replace
the AER bin-bulk scheme that comes with OpenlIFS. This constitutes a major advancement. AER has evolved
from the scheme developed by Morcrette et al. (2009), which simulates sulphate, hydrophilic and hydrophobic
black carbon and organic matter, sea salt and mineral dust. Three bins are used for sea salt and dust, while the
other components are simulated by a single tracer representing the total mass (or number of particles). In AER,
the different aerosol components are externally mixed. The M7 scheme, on the other hand, describes sulphate,
black carbon, organic matter, sea salt and mineral dust using seven lognormal modes, with internal mixing
within the modes. Thus, by providing a more detailed description of aerosol size and composition, the new
aerosol module enables a more accurate simulation of aerosol-radiation and aerosol-cloud interactions.

Regarding atmospheric chemistry, two configurations with different levels of complexity are foreseen: a
standard configuration with a strongly simplified representation of what we think are the most essential chemical
processes, and a configuration with a more explicit, interactive description of tropospheric and, optionally,
stratospheric chemistry. The standard configuration will be the consortium’s workhorse for the CMIP7 Fast
Track; the chemistry configuration will be used for specific applications, such as the Aerosols and Chemistry
Model Intercomparison Project (AerChemMIP) of CMIP7.

As in many other climate models, the simplified-chemistry configuration uses prescribed climatologies of the
oxidants OH, H,O,, and O to calculate the production of sulfate from oxidation of sulfur dioxide (SO,) by the
hydroxyl radical (OH) in the gas phase and from oxidation of total dissolved sulfur dioxide, S(IV), by dissolved
hydrogen peroxide (H,0O,) and ozone (Os) in cloud droplets. In this configuration, the contributions from
dimethyl sulfide (DMS) to the production of SO2 and sulfate are accounted for in a simplified way as in IFS-
AER (Rémy et al., 2019). Similarly, the production of secondary organic aerosols (SOA) is accounted for
following a simplified approach by enhancing the primary emissions of organic aerosols (OA).

The interactive-chemistry configuration of EC-Earth4 makes use of the tropospheric and stratospheric chemistry
schemes from the IFS-COMPO model developed within the Copernicus Atmosphere Monitoring Service
(CAMS). The atmospheric chemistry modules from IFS-COMPO have recently been integrated in OpenlFS
4313 (Huijnen et al., 2022), together with the AER aerosol scheme.

Building upon this development, FMI started efforts to introduce a new, modal aerosol module based on HAM-
M7 in OpenlFS 43r3. This work was continued within FOCI (Task 3.1). Meanwhile, a new version of OpenlFS
based on IFS cycle 48r1 was released in January 2024. This release includes the CAMS chemistry and aerosol
modules as implemented in the corresponding IFS-COMPO cycle, i.e. 48rl, by default. The EC-Earth
consortium is currently working on upgrading the atmospheric component of EC-Earth4 to OpenlFS 48r1. The
re-integration of the HAM-M7 based aerosol module in OpenlFS 48r1 started shortly before the official release
of the new OpenlFS version and is now nearing completion. This work has been carried out as part of Task 3.1.

In the following subsections we document some of the main aspects of the new aerosol module.

2.1.1 Microphysical core

The microphysical core of HAM is based on M7 (Vignati et al., 2004). It describes sulphate (SO4), black carbon
(BC), organic aerosols (OA), sea salt and mineral dust using four water-soluble modes and three water-insoluble
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modes in different size ranges. In terms of dry particle diameters, the size ranges considered are 0—10 nm
(nucleation mode), 10—100 nm (Aitken mode), 0.1-1 um (accumulation mode) and >1 pm (coarse mode). The
nucleation mode only exists for soluble particles.

The particle size distribution in each mode is assumed to be a lognormal distribution with a fixed geometric
standard deviation and variable geometric mean (median). The prognostic variables are the number of particle
and the mass of the components contained in each mode.

The microphysical processes considered in M7 are nucleation, coagulation, sulfuric acid condensation and water
uptake. Details on how these processes are described in M7 are given in Vignati et al. (2004). The new particle
formation scheme of M7 has been modified following the approach of Bergman et al. (2022), introduced in
TMS5 and EC-Earth3-AerChem. This approach combines the parameterization from Vehkamaéki et al. (2002) for
binary homogeneous water—sulfuric acid nucleation with a semi-empirical parameterization that produces
enhanced nucleation rates in the presence of low-volatility oxidized organic vapours (Riccobono et al., 2014).
Other aerosol processes including emission, formation in the atmosphere, activation and cloud droplet
formation, wet scavenging by clouds and precipitation, sedimentation and dry deposition, and heterogeneous
chemistry on aerosol surfaces are not considered in M7. In the next subsections we briefly describe how these
processes are represented in the new aerosol module.

2.1.2 Secondary organic aerosols

OpenlFS 48r1 provides an improved description of SOA production when using the AER scheme coupled to
chemistry. The parameterization is taken from IFS-COMPO and describes SOA formation from biogenic,
anthropogenic and biomass burning sources (ECWMEF, 2023).

Biogenic SOA is produced from isoprene and monoterpenes, both of which are oxidized by OH and Os to form
an intermediate, low-volatility gaseous precursor, which subsequently condenses to the particle phase. To
account for SOA production from anthropogenic sources and biomass burning, a simplified aromatic chemistry
mechanism has been introduced that describes the oxidation of toluene and xylenes by OH and O3 to form two
intermediate gaseous precursors of high and low volatility, respectively. The high-volatility precursor ages and
is converted to the low-volatility precursor by reaction with OH. As for biogenic SOA, the low-volatility
precursor condenses to form “anthropogenic” SOA. We have verified that this SOA production scheme is made
available for use in the interactive-chemistry configuration of EC-Earth4.

To couple the SOA production to the new M7 module, five new tracers representing the SOA mass in each of
the water-soluble modes and in the Aitken insoluble mode, have been added to M7. The distribution of the
produced SOA mass over the different modes is calculated following Bergman et al. (2022).

As an alternative to the mechanism described above, the TMS5 SOA production scheme used in EC-Earth3-
AerChem has also been introduced. It describes SOA production from the oxidation of isoprene and
monoterpenes by OH and Os, using two intermediate gaseous precursors representing semi-volatile and
extremely low-volatility organic compounds (Bergman et al., 2022). The partitioning of SOA precursors from
gas phase to particle phase is assumed an irreversible process and thus condensed low-volatile and semi-volatile
organics are combined in the particle phase SOA. This scheme is currently being coupled with the chemistry
module.

2.1.3 Aerosol removal processes

In EC-Earth3-AerChem (van Noije et al., 2021), scavenging of aerosols by precipitation formation in convective
and stratiform clouds is described using prescribed mode-dependent scavenging fractions for convective and
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stratiform clouds, while below-cloud scavenging of aerosols by stratiform precipitation is described using
prescribed scavenging coefficients for the particle number and mass in each mode, estimated from results
presented by Croft et al. (2009).

The HAM-M7 module implemented in OpenlFS provides an improved description of aerosol wet removal. It
describes size-dependent in-cloud nucleation and impaction scavenging following the approach of Croft et al.
(2010) as well as size-dependent below-cloud scavenging by rain and snow following Croft et al. (2009). The
in-cloud scavenging scheme distinguishes between stratiform and convective clouds and warm, cold and mixed-
phase clouds.

The calculation of aerosol dry deposition and sedimentation in OpenlFS has also been updated following the
HAM implementation. Dry deposition is described using a standard resistance approach, where the deposition
velocity is determined by the aerodynamic and surface resistances calculated for different surface types
following Zhang et al. (2012). The surface resistances depend on the size and density of the particles. In the
model, the size dependence is accounted for by using the surface resistance values at the mode number median
and mass mean diameter for deposition of particle number and mass, respectively. The dry deposition
calculation is described in detail in a Technical Note by Kerkweg et al. (2006). The calculation of dry deposition
velocities in EC-Earth3-AerChem follows a similar approach, but with the size dependence explicitly resolved
using 22 size bins over the whole size range (Aan de Brugh et al., 2011).

Sedimentation is applied to particles in the accumulation and coarse modes only. Settling velocities for particle
number and mass are calculated following Zhang et al. (2012). The M7 sedimentation scheme implemented in
OpenlFS provides the option to switch between an explicit and an implicit solver. The current default is to use
the implicit solver of IFS-AER (Rémy et al., 2019).

2.1.4 Emissions

The OpenlFS/AC emissions pre-processing software has been adapted for use with M7. For each emission
sector the specified bulk mass emissions for each component are distributed over the relevant modes and, for
each of those modes, the corresponding particle number emissions are calculated based on an assumed mean or
median particle diameter. The software can digest various emission inventories. Besides the CAMS emissions
used in the AER and COMPO configurations of the IFS, this includes CMIP emissions. At the moment the
system has been prepared to run with monthly varying historical emissions from CMIP6, i.e., anthropogenic
emissions from the Community Emissions Data System (CEDS; Hoesly et al., 2018) and open biomass burning
emissions from BB4CMIP (van Marle et al., 2017). In the coming months, the new CMIP7 historical and future
scenario emissions will be added.

Emissions of sea salt and mineral dust are calculated online. Two distinct emission routines are available for
calculating the emissions of sea salt, based on either TMS5 or HAM. Both provide different options to describe
the size distribution and dependence on wind speed and sea surface temperature (SST). For our purposes, we
select a parameterization based on Gong (2003) but with an additional SST dependence. In the TMS based
routine, an SST dependence based on Salter et al. (2015) is adopted (Noije et al., 2021). In the HAM based
routine, the temperature dependence is taken from Sofiev et al. (2011). We note that a bug was found in the
HAM code in one of the expressions used to define the size distribution.

Work has been conducted in the framework of OpenlFS 48r1 to improve the representation of mineral dust. The
original online dust emission scheme available in OpenlFS 48r1 is based on the AER module (Remy et al.,
2019). This dust scheme follows an empirical approach and considers a dust-source dependent calibration,
which is suited for forecasting operations. However, it has low sensitivity to climate-dependent variables (e.g.,
changes in vegetation cover, etc.) which are relevant at longer time scales. Within this task, we have worked to
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implement the dust emission scheme by Tegen et al. (2002), with the vegetation adjustments in Tegen et al.
(2004). In this module, dust emission occurs from bare surfaces when the surface wind exceeds a certain
threshold velocity, which depends on the soil particle size distribution and soil conditions. Factors like
vegetation type, varying vegetation cover or snow cover modulate the source area and strength of the dust
emission. The first implementation approach includes the introduction of climatological fields for some of the
inputs needed by the dust scheme, including monthly varying roughness length (z), fraction of
photosynthetically active radiation (FPAR), and static datasets (e.g., the potential sources of dust emission).
These fields are taken from the EC-Earth3-AerChem input data to have a consistent baseline, and they could be
connected online to other EC-Earth4 components in further development iterations. An evaluation of the
modelled dust fields, surface concentration, deposition and dust optical depth at 550nm, including one annual
cycle, will be conducted for the baseline model and the newly developed dust module.

In parallel, background work on the mineralogy datasets to be implemented within the dust emission scheme
has been conducted. An implementation of 8 and 12 minerals based on the soil mineralogy maps of Claquin et
al. (1999) and Journet et al. (2014) has been conducted in the EC-Earth3-AerChem and will be used as a baseline
to assess the new implementation within EC-Earth4. Furthermore, analysis and evaluations of the mineral-
dependent dust optical properties and ice nucleation are being conducted, building on expertise from previous
projects (e.g., the ERC project FRAGMENT; https://doi.org/10.3030/773051). The knowledge gathered here
will guide the subsequent steps in the EC-Earth4 developments related to Tasks 3.2 and 3.3, and the evaluation
framework will be used in Task 3.4.

2.1.5 Aerosol optical and longwave radiative properties

As part of the integration of the HAM-M7 modal aerosol module in OpenlFS, aerosols have been coupled to
the radiation scheme through their optical properties. These properties include the extinction cross section,
single-scattering albedo, and asymmetry factor, each calculated for the specific wavelengths used in the
radiation scheme. There are two options for calculating these optical properties: the TMS scheme from EC-
Earth3-AerChem and a new scheme from HAM-M7, with the latter now set as the default. Both schemes
compute optical properties for 14 shortwave wavelength bands. The new HAM-M7 scheme also calculates these
properties for 16 longwave wavelengths. However, only the extinction cross section for longwave radiation
wavelengths is passed to the radiation module, with the single-scattering albedo set to 0. Thus, aerosols are
considered fully absorbing at these longwave wavelengths.

The model dynamically computes the radiative properties of aerosols by deriving the Mie scattering size
parameter and volume-averaged refractive indices from the chemical composition, including water content, and
particle size of each mode. It assumes internal mixing of the different chemical components within the modes.
These parameters are then put into a lookup table, which provides the extinction cross section, single-scattering
albedo, and asymmetry parameter. This lookup table is constructed using Mie theory and accommodates 14
spectral bands for shortwave radiation and 16 bands for longwave radiation used by the radiative scheme. The
refractive indices of different aerosol species are listed in Zhang et al. (2012).

Modal schemes like M7 have difficulty in accurately representing both tropospheric and stratospheric aerosols
using the same modal setup, as noted by Kokkola et al. (2009). To address this for CMIP6 simulations using
EC-Earth3-AerChem, a solution was adopted that combines aerosol optical properties from the M7 modal
scheme for the troposphere with prescribed CMIP6 optical properties for stratospheric aerosols. This approach
has now been implemented in OpenlFS 48r1 as well. In this method, the prescribed stratospheric aerosol optical
properties are read from 4-dimensional netCDF files and used alongside the simulated aerosol optical properties
from HAM-M7. For CMIP7 simulations, a similar set of stratospheric optical properties will be made available.
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2.1.6 Activation scheme

Activation of aerosols to form cloud droplets is not explicitly represented in the IFS. As part of the integration
of the new modal aerosol module, the activation scheme from Abdul-Razzak and Ghan (2000) has been
introduced in OpenlFS. The implementation of this scheme follows that in EC-Earth3, including the treatment
of the updraft vertical velocity and the way the cloud droplet number concentrations calculated in the activation
scheme are coupled to the radiation scheme and the cloud microphysics (Doscher et al., 2022; van Noije et al.,
2021). Meanwhile, an improved parameterization of droplet activation based on the work of Morales Betancourt
and Nenes (2014) and a parameterization of the updraft velocity depending on turbulent kinetic energy (TKE),
have been introduced in OpenlFS. This work builds on post-CMIP6 developments of EC-Earth3 from the
FORCeS project, described in a recent publication by Thomas et al. (2024), and is carried out in collaboration
with the Horizon Europe project CleanCloud (https://doi.org/10.3030/101137639). More details on these
developments will be provided in Deliverable 3.3.

2.1.7 Summary of the improvements compared to EC-Earth3-AerChem

The use of a single atmospheric model component with integrated modules for atmospheric chemistry and
aerosols in EC-Earth4 supersedes the use of TM5 and 6-hourly data exchange between TM5 and IFS in EC-
Earth3-AerChem. This improves both the consistency of the simulation and the computational efficiency of the
model. At the same time, it is currently not possible to run chemistry and aerosols at a lower spatial resolution
than the dynamics and physics of the general circulation model, as is done in EC-Earth3-AerChem.

In addition to the upgrade from IFS 3614 to OpenlFS 48r1, which by itself constitutes a major improvement in
terms of the representation of the general circulation, the development activities outlined above have improved
the treatment of multiple physico-chemical processes compared to how these were described in TMS5. The most
noteworthy improvements are: an updated description of aerosol wet scavenging, both in and below clouds,
which is now fully consistent with the original work by Croft et al. (2009) and Croft et al. (2010); a more direct
computation of longwave radiative properties of tropospheric aerosols; the introduction of an improved
activation scheme (Morales Betancourt and Nenes, 2014) with TKE dependent updraft velocity; an updated
tropospheric chemical mechanism (Williams et al., 2022; Eskes et al., 2024) and the addition of a comprehensive
stratospheric chemistry scheme (Huijnen et al., 2016; Eskes et al., 2024).

2.2 EMAC

The EMAC (ECHAM/MESSy Atmospheric Chemistry) model is an ESM incorporating various sub-models for
simulating coupled atmosphere-ocean-land system and anthropogenic aspects using the second version of the
Modular Earth Submodel System (MESSy2) interface, which is a multi-institutional development effort (Jockel
et al., 2006; 2010). The atmospheric dynamics core of EMAC is the 5™ generation European Centre Hamburg
general circulation model (ECHAMS; Roeckner et al., 2003). The physics subroutines of the original ECHAMS5
code have been reimplemented as MESSy submodels and have continuously been further developed. The
spectral transform core, the flux-form semi-Lagrangian large-scale advection scheme and the atmospheric
relaxation towards the observed state (nudging; Jeuken et al., 1996) routines remain within the ECHAMS core.
The simulations within FOCI typically use the T63L31 resolution, which corresponds to a horizontal model grid
spacing of 1.875° (approx. 200 km at the equator) with 31 vertical hybrid-sigma-pressure levels up to 10 hPa
(about 31 km) altitude. Model dynamics are nudged towards the fifth generation of the European Centre for
Medium-Range Weather Forecasts (ECMWF) reanalysis data (ERAS; Hersbach et al., 2020). Relevant long-
lived trace gases (CO», CHa, N>O, chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs), halons and

D3.1 — Model improvements for physico-chemical processes of non-CO2 radiative forcers 10 of 18



FOCI (Grant Agreement No. 101056783) Deliverable 9

H,) are conventionally assimilated (tracer-nudged) towards observed surface values. Furthermore, EMAC
employs the following sub-models relevant to the atmospheric constituents’ physico-chemical representation:

e Comprehensive atmospheric gas-phase kinetics: MECCA v4.2 (Sander et al., 2019)

e Comprehensive aerosol physics and chemistry: GMXe v2.2.1 (Pringle et al., 2010)

e Formation of secondary organic aerosol (SOA) via condensation of semi-, intermediate-volatile and
volatile organic compounds (S-/I-/'VOCs): ORACLE v1.2 (Tsimpidi et al., 2014)

e New aecrosol particle formation rates calculation for ion-induced and pure organic species:
NAN v1.1/IONS v1.0 (Ehrhart et al., 2018)

e Other gas-phase and aerosol emission and removal processes: dry deposition (DRYDEP), wet
scavenging (SCAV) and sedimentation (SEDI), off-line (prescribed) and on-line (parameter-driven)
emissions (OFFEMIS) (Jockel et al., 2016)

In the following, we describe the developments accomplished within the project deliverable D3.1 aimed at the
improved EMAC representation of tropospheric sulphate formation. These include (1) implementation of
comprehensive kinetic chemistry of sulfuric acid formation from natural precursors such as dimethyl sulfate
(DMS, CH3S0;) and relevant intermediates such as methane sulfonic acid (MSA, CHs;SOsH), and
(2) implementation of the new particle formation scheme based on the recent lab experimental data.

2.2.1 Implementation of novel DMS gas-phase oxidation mechanisms in EMAC

The chemical kinetics scheme (mechanism) used in EMAC/MECCA is an extended and updated version of the
Mainz Isoprene Mechanism (MIM) comprising 176 gas-phase tracers in over 390 (297 gas-phase, 82 photolysis
and 12 heterogeneous) reactions. The detailed description of MIM can be found in the Supplement to Jockel et
al. (2016). The new development concerns the extension of the DMS oxidation part of MIM which originally
contained 11 gas-phase reactions of DMS and a limited set of its oxidation products. The oxidation pathways
are governed by the hydroxyl radical (OH); other pathways include reactions with halogen monoxides (BrO,
10), abstraction pathways via nitrate radical (NO3), chlorine- and bromine-initiated reactions with DMS. The
products and major intermediates include the hydrocarboxyl radical (HCOC), sulphur dioxide (SO»), and MSA.
The latter in MIM is solely produced through the oxidation of DMS by ozone (O3) and the hydroperoxyl radical
(HO»), with CH3SO; being the intermediate product of the DMS abstraction pathway.

Earlier validations of the MIM DMS oxidation mechanism revealed consistent overestimation of gas-phase
MSA compared to observed values, likely resulting from oversimplified representation of MSA gas-phase
kinetics. Within the deliverable D3.1, the first objective is focused on improvement of the organic sulphur gas-
phase kinetics, viz. introduction of alternative DMS oxidation schemes in EMAC based on the mechanisms
proposed by Fung et al. (2022) (“FU22” hereafter), Shen et al. (2022) (“SH22”) and the respective subset of the
Master Chemical Mechanism (“MCM?”; Saunders et al., 2003). We refer to the cited literature for the details on
each mechanism implementation which are omitted here for terseness. A noteworthy advantage of the
implemented schemes is the inclusion of the hydroperoxymethyl thioformate (HPMTF, CH3;SO,CHO)
otherwise not present in MIM. Recent studies indicate that HPMTF is an intermediate with significantly long
lifetime that contains up to 30% of the DMS-derived sulphur in the troposphere (e.g., Veres et al., 2020).

A preliminary validation of each scheme was performed against the observational data on gas-phase and aerosol
physico-chemical properties collected in the Arctic Ocean (MOCCHA campaign, August—September 2018;
Leck et al., 2019) and Southern Ocean (Arctic Circumnavigation Expedition, December 2016—March 2017;
Landwehr et al., 2021). The results indicate a substantial improvement of the MSA abundances in two of the
four evaluated mechanisms (see Fig. 1). In these simulations, EMAC terrestrial DMS emissions are based on
inventories by Spiro et al. (1992), whereas the oceanic DMS fluxes are calculated using the AIRSEA submodel
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(Pozzer et al., 2006) in combination with the ocean surface concentrations climatology (Hulswar et al., 2022).
The resulting oceanic DMS emission is 7—11% higher compared to the recent estimates (Hulswar et al., 2022;
Lanaetal., 2011), which is in a very good agreement compared to an order of magnitude or larger discrepancies
typically resulting from underestimation of sea ice ratio, differences in the land-sea masks or inadequately
simulated air-sea exchange fluxes. We conclude that the newly introduced FU22 and SH22 schemes in EMAC
allow for more accurate study of MSA-induced SOA formation.

Whisker Plot of Mod.-Obs. Ratio for Arctic Ocean Ship campaign Whisker Plot of Mod.-Obs. Ratio for Southern Ocean Ship campaign
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Figure 1. Statistics (box-whisker plots) of the model-to-observation ratio of MSA simulated in EMAC in the Arctic Ocean
(left) and Southern Ocean (right). The best-fitting result is obtained at the 1:1 ratio indicated with the red dotted line; mind
the vertical logarithmic scale. Colours denote to various DMS-MSA kinetic mechanisms used: MIM (blue), FU22 (yellow),
MCM (green) and SH22 (red). Box/whiskers refer to 25—75 percentiles/1.5 IQR ranges of the distributions, respectively.

2.2.2 New aerosol particle formation scheme implementation

A second objective of the deliverable D3.1 consists of the extension of the new particle formation (NPF) rates
parameterisation schemes available in EMAC. The novel mechanism of SOA formation involving MSA has
been implemented following the recent NPF experimental data from the CLOUD (Cosmics Leaving OUtdoor
Droplets; Dada et al., 2024) chamber experiments at CERN. In brief, DMS oxidation proceeds via multiple
precursors leading to formation of sulfuric acid (SA, H2SO4) and MSA. Whilst NPF promoted by the former is
recognised and implemented in ESMs, the experimental evidence for MSA-driven nucleation was recently
established and kinetics were quantified in CLOUD experiments (Baalbaki et al., in prep.). The proposed
mechanism of MSA-driven NPF (Dunne et al., 2016; Hodshire et al., 2019) assumes two nucleating regimes,
namely (1) neutral, SA-like nucleation rate at MSA abundances not exceeding a given threshold level, and
(2) ion-induced ternary nucleation in presence of ammonia (NH3) and/or cosmic ray ions. Such MSA NPF
parameterisation was implemented in EMAC (submodels NAN coupled with submodel IONS) and assessed
with the EMAC-reproduced NH3, water vapour and MSA abundances available from the four DMS/MSA
oxidation mechanisms.

The preliminary comparison of EMAC particle concentrations in the marine boundary layer (MBL) and free
troposphere against observational data (particle density profiles available from the ATom campaigns; Brock et
al., 2019) indicates the best-fitting DMS/MSA kinetics for the new MSA NPF is the newly implemented SH22
mechanism, with most robust results obtained within the MBL. A detailed evaluation with EMAC (including
longer simulation periods and other observational campaigns) is to follow. From the preliminary evaluation
simulations we have obtained the first estimates of the MSA-related nucleation radiative forcing (RF,
instantaneous). On a global scale, MSA NPF-induced RF amounts to —0.74W/m? (indirect, cloud-aerosol
interaction) and —0.11 W/m? (direct aerosol scattering effect), which strongly impacts radiative balance
particularly over the Southern Ocean region (see Fig. 2). We note that large spatial fluctuations in RF response
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are obtained due to the relatively short time span of the preliminary evaluation simulations (3 years), which will
be addressed in subsequent evaluation iterations with EMAC.
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Figure 2. Change in the instantaneous radiative forcing due to the new MSA NPF with the SH22 DMS/MSA gas-phase
kinetics implemented in EMAC (see text for details). Shown is the annual average from a preliminary 3-year long
simulation. Dotted areas denote statistically significant results (CI of 95%, two-sided test).

3. OUTLOOK

We have reported on advancements made in the representation of aerosols and atmospheric chemistry in EC-
Earth4 and EMAC. Details on developments related to aerosol radiative properties and aerosol-cloud
interactions will be given in Deliverables D3.2 and D3.3, respectively.

The OpenlFS developments documented in this report exploit and strengthen interactions with the atmospheric
chemistry modelling activities undertaken in the CAMS programme. Efforts to introduce the new modal aerosol
module into IFS-COMPO 49rl are currently undertaken in the Horizon Europe project CAMAERA
(https://camaera-project.eu/). In this way, the work reported here paves the way for advancing the representation
of aerosols and their interactions with radiation and clouds in the CAMS operational system.

For EMAC, we have presented results on the impacts of a novel DMS oxidation mechanism and new particle
formation scheme. In the coming months a large part of the efforts in WP3 will be devoted to evaluation of the
models’ performance using both existing observational data sets and new data sets compiled within the project.
Results of the evaluation analyses will be reported in D3.4.
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