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Abstract. Atmospheric aerosols play a crucial role in Earth’s climate system, yet their spatio-temporal distribution, particularly

in the free troposphere (FT) and upper troposphere–lower stratosphere (UTLS), remains poorly constrained, a major source

of uncertainty in estimates of aerosol radiative forcing. To address this, we perform ECHAM/MESSy Atmospheric Chemistry

(EMAC) model simulations with a newly developed setup, bridging the tropospheric and stratospheric regimes. Model output

is evaluated against a comprehensive suite of observations of aerosol mass, number concentrations, and optical properties,5

showing good agreement across vertical layers and most geographical regions. The resulting simulations provide a unified

description of global distributions of key aerosol species, their composition, and number concentrations from the Earth’s
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surface to the stratosphere. Simulated aerosol mass exhibits a global minimum between 400 and 200 hPa, marking the transition

between FT and UTLS, with particle numbers peaking at similar altitudes or slightly higher in the tropics. Primary particles

contribute less than 3.5% to aerosol mass in the stratospheric overworld up to 10 hPa, substantially less than suggested by10

previous modelling studies and in closer agreement with recent observations. Stratospheric aerosol mass is dominated by

sulfate, with a notable contribution (∼ 15%) from secondary organic aerosol throughout the global lower stratosphere. This

work provides new constraints on aerosol distributions in the FT and UTLS, which remain underrepresented in global modelling

studies, and enables future research on aerosol-climate interactions in this critical atmospheric regime.

1 Introduction15

Atmospheric aerosol particles, composed of a mixture of condensed phase compounds of varying size, origin, and composition,

play a key role in Earth’s climate system (Szopa et al., 2021). They originate from both natural (e.g., dust, sea salt, volcanic

ash) and anthropogenic (e.g., black and organic carbon) sources, either through direct emission or via gas-to-particle conversion

of oxidized precursors such as sulfur, nitrogen, and organic compounds (e.g., Pöschl, 2005; Boucher, 2015). Once airborne,

aerosols undergo a range of complex processes, including mixing, growth, long-range transport, and removal, which collec-20

tively influence Earth’s radiative balance, the hydrological cycle, atmospheric chemistry, and human health (e.g., Lohmann and

Feichter, 2005; Lelieveld et al., 2015; Klobas et al., 2017; Murray et al., 2020; Szopa et al., 2021).

Uncertainties in aerosol direct and indirect (through aerosol-cloud interactions) radiative forcing remain the largest contrib-

utor to total anthropogenic forcing uncertainty in the latest IPCC report, largely due to limited knowledge of vertical aerosol

profiles, and a scarcity of comprehensive model–observation comparisons (Heald et al., 2011; Reddington et al., 2017; Watson-25

Parris et al., 2019; Szopa et al., 2021). While most CMIP6 (Coupled Model Intercomparison Project phase 6) models rely on

prescribed aerosol climatologies or implement simplified chemistry schemes, they typically do not simulate a comprehensive

set of aerosol species that adequately reflect the chemical diversity of the atmosphere (Szopa et al., 2021).

Aerosols in the boundary layer (BL) have been extensively studied through a combination of ground-based measurements,

satellite observations, and numerical simulations (e.g., Zhang et al., 2007; Pozzer et al., 2012; van Donkelaar et al., 2016;30

Gordon et al., 2017; Kohl et al., 2023), with aerosol composition and abundance strongly influenced by local sources due to

the short lifetime of aerosols near the surface.

Stratospheric aerosols are dominated by sulfur species, primarily formed from precursor gases emitted by natural sources

(most notably carbonyl sulfide; e.g., Crutzen, 1976; Brühl et al., 2012) and occasional volcanic injections (e.g., Schmidt et al.,

2018; Schallock et al., 2023), giving rise to the Junge layer (Junge et al., 1961), which spans altitudes between 12 and 28 km.35

Observations of stratospheric aerosols are limited, with most data originating from sparse aircraft missions (mostly in the lower

stratosphere; e.g., Yu et al., 2016; Murphy et al., 2021; Appel et al., 2022; Lyu et al., 2026), balloon-borne in situ measurements

(e.g., Deshler et al., 2003; Hertzog and Plougonven, 2021) and satellite remote sensing (e.g., Vernier et al., 2009; Bourassa

et al., 2012; Kovilakam et al., 2023), providing information about aerosol optical properties but offer limited insight into

particle composition and size. The contribution of non-sulfur species to the stratospheric aerosol burden remains particularly40
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uncertain (e.g., Kremser et al., 2016). For instance, while model studies have suggested a significant presence of dust in the

upper troposphere (UT) and lower stratosphere (UTLS; e.g., Brühl et al., 2018; Ma et al., 2019; Bossolasco et al., 2021), recent

observations report a very low abundance of primary particles, particularly with mineral dust composition (Appel et al., 2022;

Ebert et al., 2024).

Similarly, aerosol particles and their properties in the free troposphere (FT) and UTLS can only be studied through spatially45

and temporally limited aircraft- and balloon-based measurements, or via satellite observations that provide only aerosol opti-

cal properties (e.g., Winker et al., 2013; Maheshwarkar et al., 2024). As a result, no global long-term observations of aerosol

composition and size distributions exist for these regions. An increasing number of aircraft campaigns have investigated at-

mospheric aerosol populations in the FT and UTLS, focusing on either background conditions, e. g. during the NASA ATom

mission (Thompson et al., 2022) and IAGOS (e.g., Ditas et al., 2018; Martinsson et al., 2019; Schneider et al., 2025), or on50

specific atmospheric processes. These studies have exemplarily revealed high concentrations of freshly formed particles in the

tropical and subtropical UT (Borrmann et al., 2010; Williamson et al., 2019; Zhao et al., 2020; Weigel et al., 2021; Curtius

et al., 2024), the formation of the Asian Tropopause Aerosol Layer (ATAL; Vernier et al., 2011; Höpfner et al., 2019; Mahnke

et al., 2021; Appel et al., 2022), and the long-range transport and sustained persistence of biomass burning and dust parti-

cles throughout the troposphere (Schill et al., 2020; Froyd et al., 2022b), including strong wildfire emissions that reach the55

stratosphere (Ditas et al., 2018; Katich et al., 2023; Ma et al., 2024; Shen et al., 2025).

Given the spatial and temporal limitations of observational data, numerical models are essential for constructing a global

picture of aerosol distributions and composition, extrapolating localized findings to global and seasonal scales, and assess-

ing their broader implications. The vertical distribution of aerosols is particularly important, as their indirect radiative effect

strongly depends on their altitude relative to cloud-forming levels (Choi and Chung, 2014; Mishra et al., 2015; Watson-Parris60

et al., 2019; Zhu et al., 2024). However, no study has yet provided a fully consistent, observation-constrained global aerosol

climatology from the Earth’s surface to the stratosphere.

We present the results of a first unified, comprehensively evaluated global simulation of atmospheric aerosol distribu-

tions, number concentrations, and composition of key aerosol species from the Earth’s surface to the stratosphere using the

ECHAM/MESSy Atmospheric Chemistry (EMAC) model. The simulations are based on a newly developed model setup that65

integrates and extends previously used tropospheric (e.g., Pringle et al., 2010; Lelieveld et al., 2015; Kohl et al., 2023; Tsimpidi

et al., 2025) and stratospheric setups (e.g., Schallock et al., 2023; Brühl et al., 2025; Kohl et al., 2025), enabling a consistent

representation of aerosols across the entire troposphere and stratosphere. Simulated aerosol properties are evaluated against a

comprehensive dataset, combining ground-based observations, satellite remote sensing data, and in situ measurements from

multiple aircraft campaigns, with particular focus on the FT and UTLS.70

Section 2 outlines the methodology and experimental setup, including the observational datasets, the EMAC model con-

figuration, and the newly developed model setup. Model evaluation is presented in Sect. 3, followed by a description of the

resulting global aerosol distributions and composition in Sect. 4. Section 5 discusses the key findings, their implications and

the limitations of the simulations.
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2 Methods & Model Setup75

2.1 Observations

2.1.1 Surface in situ observations

The Globally Harmonised Observations in Space and Time (GHOST; Bowdalo et al., 2024) dataset compiles extensive surface

in situ observations of atmospheric composition from multiple monitoring networks, harmonized into a standardized format.

The following networks are used for this study: EPA Air Quality (USA), EEA Air Quality and EMEP (Europe), Canada NAPS80

(Canada), UK Air (UK), Chile SINCA (Chile), MEXICO CDMX (Mexico), MITECO (Spain) and EANET (East Asia). All

included measurement stations are indicated by pink dots in Fig. 1.

Figure 1. Overview of in situ observations used for the evaluation of EMAC simulations. Surface stationary measurements are indicated by

pink dots, while flight paths are color-coded according to the legend. Altitude profiles of aircraft missions are provided by the shading in

the corresponding colors. Observations from the Atom mission are categorized into 10 characteristic regions for evaluation: Tropical Pacific

(TrPac), Tropical Atlantic (TrAtl), North Pacific (NPac), North Atlantic (NAtl), South Pacific (SPac), South Atlantic (SAtl), East Pacific

(EPac), Continental US/Canada (Cont), Northern Polar (Nor), and Southern Ocean (SOc).

2.1.2 Aircraft in situ observations

We combine observational datasets from aircraft missions that target both background conditions and specific regions or atmo-

spheric processes. Figure 1 provides a global overview of the flight paths from the campaigns included in this study.85

– NASA ATom mission: The NASA ATom mission (Thompson et al., 2022) sampled background atmospheric conditions

over continental North America, the Pacific, Atlantic, and Southern Ocean during four sub-campaigns (11–13 flights

each): ATom-1 (July/August 2016), ATom-2 (January/February 2017), ATom-3 (September/October 2017), ATom-4

(April/May 2018). Numerous vertical profiles spanning from 200 m to 12 km altitude were recorded, providing a ro-
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bust basis for evaluating the model’s ability to represent background aerosol distributions in the FT and UTLS. Aerosol90

mass concentrations were measured using the University of Colorado (CU) High-Resolution Aerosol Mass Spectrome-

ter (HR-AMS; PM1; DeCarlo et al., 2006; Canagaratna et al., 2007; Jimenez et al., 2019) and the Single Particle Soot

Photometer (NOAA SP2; 90–550 nm; Gao et al., 2007; Schwarz et al., 2010; Katich et al., 2018; Schwarz and Katich,

2019). Aerosol Microphysical Properties (AMP), specifically particle number concentrations and size distributions, were

derived from a suite of instruments (Kupc et al., 2018; Williamson et al., 2019; Brock et al., 2019a, b): the Nucleation-95

Mode Aerosol Size Spectrometer (NMASS; 2–60 nm), the Ultra-High-Sensitivity Aerosol Spectrometer (UHSAS; 60–

600 nm), and a Laser Aerosol Spectrometer (LAS; 0.6–4.8 µm). Biomass burning, sea salt and dust mass concentrations

in the 0.1–4.8 µm physical diameter range were calculated by combining measurements of the NOAA PALMS airborne

single-particle mass spectrometer instrument (Thomson et al., 2000; Murphy et al., 2006; Froyd et al., 2019; Schill et al.,

2020) with size distribution measurements (see above; Froyd et al., 2019). Gas phase mixing ratios were measured using100

the NOAA Nitrogen Oxides and Ozone (NOyO3) 4-channel chemiluminescence (CL) instrument (NO; Ryerson et al.,

2019), the Picarro G2401 spectrometer (CO; McKain and Sweeney, 2021), the Airborne Tropospheric Hydrogen Oxides

Sensor (ATHOS; OH; Brune et al., 2021), the California Institute of Technology Chemical Ionization Mass Spectrom-

eter (CIT-CIMS; SO2 & HNO3; Allen et al., 2021), and the Unmanned Aircraft Systems (UAS) Chromatograph for

Atmospheric Trace Species (UCATS; O3; Elkins et al., 2020).105

– HALO campaigns (CAFE and EMeRGe) The High Altitude and LOng range research aircraft (HALO) is regularly

equipped for atmospheric research. We use aerosol mass concentration measurements from the Compact Time-of-Flight

Aerosol Mass Spectrometer (C-ToF-AMS; 40–800 nm; Drewnick et al., 2005; Schulz et al., 2018), and the Single

Particle Soot Photometer (SP2; 70–500 nm; Holanda et al., 2020; Krüger et al., 2022), collected during three CAFE

(Chemistry of the Atmosphere: Field Experiments; altitudes 0–15 km) and two EMeRGe (Effect of Megacities on110

the transport and transformation of pollutants on the Regional to Global scales; altitudes 0–14 km) missions. CAFE-

Africa (August/September 2018, from Cape Verde) investigated the influence of biomass burning on the tropical and

subtropical Atlantic Ocean. CAFE-Brazil (December 2022/January 2023, from Manaus) focussed on chemical processes

in the remote atmosphere over the Amazon rainforest. CAFE-EU (May/June 2020, from Oberpfaffenhofen; Voigt et al.,

2022) studied the atmospheric impacts of emission reductions during the COVID-19 lockdown in Europe. The EMeRGe115

missions (Andrés Hernández et al., 2022) targeted polluted regions above major population centres in Europe (EMeRGe-

EU; May–August 2017) and Asia (EMeRGe-Asia; February–April 2018).

– StratoClim/ACCLIP: The Asian Monsoon Anticyclone (AMA) has been identified as a key driver of UTLS aerosol

loading, by uplifting aerosol precursor gases via deep convective systems, which contributes to the formation of the

ATAL (e.g., Vernier et al., 2011; Höpfner et al., 2019; Appel et al., 2022). In this study, we incorporate data from120

two recent aircraft missions that directly investigated this phenomenon. The StratoClim mission (July/August 2017,

from Kathmandu, Nepal) aimed to probe the ATAL and convective outflow, using the high-altitude research aircraft

M-55 Geophysica, reaching altitudes up to 20 km. The ACCLIP mission (Sept. 2022, from South Korea) combined
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measurements from two research aircraft (NASA WB-57 and the NCAR G-V) to study transport pathways of ATAL-

origin aerosols over the Western Pacific (Eppers et al., 2025b). Aerosol mass concentration were measured with the ERC125

Instrument for the Chemical composition of Aerosols (ERICA-AMS; Dragoneas et al., 2022; Hünig et al., 2022) during

both campaigns. Additionally, black carbon (BC) measurements during ACCLIP were obtained from the NOAA SP2

instrument (see above).

2.1.3 Remote sensing

Stratospheric aerosol optical properties are evaluated using the Global Space-based Stratospheric Aerosol Climatology (GloS-130

SAC V2.21; Thomason et al., 2018; Kovilakam et al., 2020, 2023). GloSSAC merges remote sensing data from multiple satellite

instruments and provides monthly mean aerosol extinction in the stratosphere, interpolated to four wavelengths (386, 452, 525,

and 1020 nm). For this study, GloSSAC observations from 2016 to 2018 are used, relying on the following instruments:

– The Optical Spectrograph and InfraRed Imaging System (OSIRIS), onboard the ODIN satellite, uses limb-scattered

sunlight for the retrieval of aerosol extinction at 750 nm (Bourassa et al., 2012). The OSIRIS-derived extinction (v7.0;135

Rieger et al., 2019) is converted to 525 nm using the Angstrom exponent and bias-corrected (Kovilakam et al., 2020).

– The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) instrument, onboard the CALIPSO satellite,

observes backscattered laser signals in near-nadir geometry, providing aerosol extinction at 532 and 1064 nm (Winker

et al., 2009). For GloSSAC, these values are extrapolated to 525 nm and 1020 nm for GloSSAC, respectively.

– The Stratospheric Aerosol and Gas Experiment III (SAGE-III), externally mounted on the International Space Sta-140

tion, is a solar occultation instrument that retrieves aerosol extinction at nine wavelengths. These observations are inter-

polated to the four wavelengths used in GloSSAC (Kovilakam et al., 2023).

Aerosol extinction profiles at 746 nm are further obtained from the OMPS Limb Profiler (OMPS-LP) aboard the Suomi

National Polar-orbiting Partnership (Suomi NPP) satellite. The retrieval is based on measurements of limb-scattered solar

radiances and employs a two-dimensional tomographic inversion to derive aerosol extinction profiles (Rieger et al., 2021;145

Bourassa et al., 2023). Version 2.1.0 Level-2 data, gridded to 5-day averages, are used in this analysis.

Simulated column aerosol optical depth (AOD) at 550 nm is evaluated against ground- and space-based remote sensing

observations. The AErosol RObotic NETwork (AERONET; Holben et al., 1998) combines a global network of standardized

ground-based sunphotometers, providing high-quality measurements of AOD. In this study, we use cloud-screened quality

assured Level 2 AOD from the AERONET version 3 database (Giles et al., 2019; AERONET, 2026). The MODerate Resolution150

Imaging Spectroradiometer (MODIS) measures AOD onboard the Terra satellite. We use the 1◦× 1◦ gridded MODIS Level 3

product (Platnick et al., 2015), applying the Deep Blue retrieval algorithm (Hsu et al., 2004).

2.2 Model setup

Model simulations are performed using the ECHAM/MESSy Atmospheric Chemistry (EMAC) model (Jöckel et al., 2006),

which combines the general circulation model ECHAM (version 5.3.02, Roeckner et al., 2003) with submodels from the Mod-155
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ular Earth Submodel System (MESSy version v2.55.1, Jöckel et al., 2010). The model is operated at a spectral resolution of

T63 (1.875◦ × 1.875◦) with 90 vertical levels extending up to 0.01 hPa (∼80 km), including additional layers in the mid-

dle atmosphere, and a time step of 7.5 minutes. Temperature, surface pressure (logarithmic), divergence, and vorticity are

nudged towards meteorological reanalysis data (ERA5, Hersbach et al., 2020) from the European Centre for Medium-Range

weather forecasts (ECMWF) below 100 hPa using Newtonian relaxation (see also Jeuken et al., 1996; Jöckel et al., 2006),160

with prescribed transient sea surface temperatures and sea ice coverage. In addition, zonal winds are nudged to observational

data (Giorgetta and Bengtsson, 1999, compiled up to present day by the Free University of Berlin and Karlsruhe Institute of

Technology; see https://www.atmohub.kit.edu/english/807.php, last access: 27 May 2026) between 10 and 90 hPa to prevent

phase drift of the quasi-biennial oscillation (QBO).

The main simulations cover the years 2016 to 2018, following a half-year spin-up period. Additional shorter simulations165

were conducted for the periods January 2019 to June 2020 (for comparison with the CAFE-EU campaign) and January 2022

to January 2023 (for comparison with the ACCLIP and CAFE-Brazil campaigns). Tracer initialization is based on ten-year

simulations to ensure the establishment of stratospheric background aerosol equilibrium.

Aerosol microphysics are simulated with the MESSy submodel GMXe (Pringle et al., 2010), which uses hydrophilic and hy-

drophobic lognormal modes to describe the particle size distribution (PSD). Detailed information about the modal setup in this170

study is provided in Sect. 2.2.1. In GMXe, inorganic aerosol thermodynamics are computed using ISORROPIA-II (Fountoukis

and Nenes, 2007), whereas the phase partitioning of organic aerosols (OA) is processed by the ORACLE submodel (Tsimpidi

et al., 2014, 2017), based on source and volatility. While organic and inorganic species are treated separately thermodynami-

cally, they are internally mixed within each aerosol size mode. Aerosols can transfer between modes due to changes in size or

solubility after each timestep. Sulfate evaporation in the UTLS at low humidity and in the absence of ammonia is computed175

based on molality following Tabazadeh et al. (1997), relying on the tabulation of Giauque et al. (1960).

Key speciated aerosols included in the simulations are sulfur aerosol (SO2−
4 or HSO−

4 ; hereafter referred to as sulfate),

ammonium (NH+
4 ), nitrate (NO−

3 ), sodium (Na+), chloride (Cl−), potassium (K+), calcium (Ca2+), and magnesium (Mg2+).

OA is categorized based on source, volatility, and primary (POA) or secondary (SOA) origin, amounting to 36 different organic

species (more details by Tsimpidi et al., 2014, 2017). In addition, the model includes bulk aerosol species: black carbon (BC),180

desert dust (DU), and sea salt (SS). Desert dust emissions are primarily represented by the DU bulk species, which accounts

for approximately 90% of total dust mass, with minor contributions from speciated cationic components (Klingmüller et al.,

2018). Sea salt aerosol is predominantly emitted as sodium chloride (86%), with additional contributions from sulfate (8%),

bulk SS (0.8%), and other mineral salt constituents.

Stratospheric heterogeneous reactions and the formation of Polar Stratospheric Clouds (PSCs) are simulated by the MESSy185

submodel MSBM (Jöckel et al., 2010). Neutral and ion-induced particle formation is simulated with the NAN submodel with

ion concentrations provided by the IONS submodel (Ehrhart et al., 2018). We use new particle formation (NPF) parameterisa-

tions from the CLOUD experiment, including binary (H2SO4-H2O) and ternary (H2SO4-NH3-H2O) nucleation (Dunne et al.,

2016), enhanced with HNO3 (H2SO4-NH3-HNO3; Wang et al., 2022), and pure organic nucleation (Kirkby et al., 2016) of

highly oxygenated organic molecules (HOMs).190
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Global anthropogenic emissions of reactive gases and aerosols at the surface are sourced from the Community Emission

Data System (CEDS v2021-04-211; McDuffie et al., 2020), aircraft emissions are taken from CAMS Global Aviation Emis-

sions (CAMS-GLOB-AIR; Granier et al., 2019) up to 2023. Biomass burning and agricultural waste burning emissions are

calculated based on observed dry matter burned and fire type, following Andreae (2019), using the BIOBURN submodel.

Natural emissions of biogenic VOCs are computed online using the MEGAN model (Guenther et al., 2012) within MESSy.195

Sea salt (Guelle et al., 2001) and dust emissions (Klingmüller et al., 2018) are computed online with the ONEMIS submodel

(Kerkweg et al., 2006), and are emitted as a combination of bulk aerosol, along with specific compounds (see above). Size

distributions for anthropogenic primary particle emissions are applied as described by Kohl et al. (2023). Sea salt and dust

emission size distributions were adjusted to the new modal size distributions (see Sect. 2.2.1).

Emissions from volcanic eruptions that reach the stratosphere are simulated with the EVER submodel (Kohl et al., 2025),200

including volcanic eruptions from 1990 to 2023 based on the emission inventory from Schallock et al. (2023). Degassing

tropospheric volcanoes are applied based on a volcanic climatology from AEROCOM (Dentener et al., 2006).

Gas-phase chemistry is simulated using the MECCA submodel (Sander et al., 2019), utilizing the Mainz Isoprene Mecha-

nism (MIM1; Pöschl et al., 2000; Jöckel et al., 2006), which includes over 100 gas-phase species and more than 250 chemical

reactions. Removal of gas and aerosol species via sedimentation, dry deposition, and wet deposition is computed by the SEDI,205

DDEP (both Kerkweg et al., 2006), and SCAV submodels (Tost et al., 2006), respectively. The re-evaporation of cloud droplets

and the respective release of cloud-processed aerosols was adjusted to the new modal structure (Sect. 2.2.1), and evaporation

of particles into smaller than the original modes was prohibited to better represent the transport of coarse dust and sea salt

particles.

Aerosol optical properties are diagnosed using the newly developed MESSy submodel AOP (Tost et al., manuscript in210

preparation), which is comparable in concepts to the AEROPT scheme, described by Dietmüller et al. (2016). AOP computes

mode-averaged refractive indices based on the chemical composition, and derives optical properties like extinction, single

scattering albedo and asymmetry factor, using pre-calculated Mie parameters. The total optical effects per model grid cell are

then obtained by weighting the contributions of the individual modes according to their number distributions and interpolating

or calculating their optical properties at the target wavelengths. Radiative transfer calculations are performed with the MESSy215

submodel RAD (Dietmüller et al., 2016; Nützel et al., 2024), using the original ECHAM5 radiation scheme (E5rad; Roeckner

et al., 2003).

All simulations are performed in quasi chemistry-transport model (QCTM; more details by Deckert et al., 2011) mode, in

which feedbacks of aerosol and gas phase chemistry on atmospheric dynamics are disabled. This configuration enables a more

direct comparison between the different model setups, as differences in results can be attributed solely to variations in chemical220

and microphysical processes, rather than dynamic feedbacks.

1The newest version (v2025-04-18) was tested, however strongly deviating locally from the previous version. The sensitivity of the results to the respective

emissions are discussed in Appendix C.
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Table 1. Modal size distribution in the new setup for the entire lower and middle atmosphere (TS; used in this study) in comparison to size

distributions used in earlier studies, which focussed either on the troposphere (TROPO) or the stratosphere (STRATO). The small coarse

mode was added between the accumulation and the coarse mode in the TS setup. The median diameter can adjust within the given diameter

boundaries. Additionally, the globally constant sigma of the log-normal distribution is given for each mode.

Setup Nucleation Aitken Accumulation Small Coarse Coarse

TROPO
Diameter [nm] 1–12 12–120 120–1400 – > 1400

Sigma 1.59 1.59 1.59 – 2.0

STRATO
Diameter [nm] 1–12 12–140 140–3200 – > 3200

Sigma 1.59 1.59 1.49 – 1.7

TS
Diameter [nm] 1–12 12–120 120–800 800–3200 > 3200

Sigma 1.59 1.59 1.4 1.25 1.7

2.2.1 Aerosol size distribution

An important aspect for consistent numerical simulations across the entire atmosphere is the representation of aerosol size

distributions. Due to differences in aerosol lifetime, ambient pressure, and pollution levels across the BL, FT, UTLS, and the

stratospheric overworld, size distributions vary significantly. GMXe provides an adjustable modal size distribution, allowing225

the aerosol median diameter to evolve freely within user-defined mode boundaries, with particles transferred to neighbouring

modes when they grow too large or too small. Within each mode, particles are internally mixed, while the modes themselves

remain externally mixed with respect to each other. The boundaries and standard deviation of the logarithmic modes are

globally constant, resulting in varying microphysical behaviour across different regions of the lower atmosphere.

Past studies on tropospheric aerosol (e.g., Lelieveld et al., 2015; Pozzer et al., 2022; Kohl et al., 2023; Tsimpidi et al., 2025)230

typically considered 4 soluble log-normal modes (see Table 1; here referred to as TROPO): a nucleation mode for freshly

formed particles up to 12 nm, the Aitken mode for fine anthropogenic primary emissions and grown nucleation mode particles

(12–120 nm), the accumulation mode for further grown particles and larger primary particles (120–1400 nm), and a coarse

mode for particles larger than 1400 nm, primarily consisting of dust and sea salt particles. Additionally, three insoluble log-

normal modes are used (Aitken, accumulation and coarse) with the same mode boundaries as the respective soluble modes.235

Insoluble particles can transfer to the soluble mode through coagulation with soluble particles or coating with soluble species

(more details in Pringle et al., 2010).

Stratospheric studies (e.g., Schallock et al., 2023; Brühl et al., 2025; Kohl et al., 2025) used the same number of modes,

but with modified mode boundaries and widths (Table 1; here referred to as STRATO). While the nucleation mode remains

identically defined, the Aitken mode is extended to slightly larger diameters (140 nm). The accumulation mode is expanded to240

include particles up to 3200 nm, with a narrower modal width (sigma = 1.49). This adjustment suppresses the rapid transfer

of particles to the coarse mode, thus reducing sedimentation and prolonging aerosol lifetimes in the stratosphere. However, for

the same reason this setup fails to reproduce BL aerosol distributions, where the inhibited transfer to the coarse mode leads
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to overestimated particle lifetimes. More details on the performance of the setups are provided in the evaluation (Sect. 3) and

discussed in more detail in Sect. 5.245

In this study, we present a new modal configuration for GMXe, combining elements of the TROPO and STRATO setups

(here referred to as TropStrat or TS) to represent the entire lower and middle atmosphere (Table 1). This setup introduces an

additional mode (soluble and insoluble), termed the small coarse mode, positioned between the accumulation and the coarse

mode, and spanning the size range from 800 to 3200 nm. This mode serves three main purposes. First, it prevents particles

in the stratosphere from growing too large and sedimenting in the coarse mode, and thus reproducing stratospheric aerosol250

distributions similar to the STRATO setup. Second, in the BL, accumulation mode particles grow into the small coarse mode,

reducing BL aerosol lifetimes compared to the STRATO setup. Third, it better represents sea salt and dust emissions, which

typically peak between 800 and 1000 nm, with a substantial amount emitted directly into the small coarse mode in the new TS

setup. In the STRATO and TROPO setups, these particles were instead emitted into the accumulation mode, internally mixing

with particles freshly grown from the Aitken mode with median diameters around 200 nm, thus effectively downscaling the255

actual emission size.

2.3 Data sampling

Observational data are inherently tied to the characteristics of the measurement instrument and are strictly limited in time

and space for in situ observations. This limitation can lead to significant biases in model evaluations (e.g., Schutgens et al.,

2016, 2017; Guo et al., 2021). Such biases can be mitigated, though not fully eliminated, through appropriate sampling of260

model output to match the spatio-temporal resolution and observational constraints of the corresponding measurements.

2.3.1 Particle size range

Measurements of aerosol mass and number are typically confined to a specific size range (see also Sect. 2.1). To ensure a

direct and meaningful comparison between model results and observations, we integrate the particle number size distribution,

respectively particle volume size distribution, over the same lower and upper size limits used in the measurements (see also265

Kohl et al., 2023). For aerosol mass spectrometers (HR-AMS, C-ToF-AMS, and ERICA, used in this study), the size limits

are defined in terms of vacuum aerodynamic diameter dva. To compare with model output, dva has to be converted to volume

equivalent diameter dve, which is then used to define the integration range (DeCarlo et al., 2004; Guo et al., 2021). The

conversion from dva to dve is based on the vacuum dynamic shape factor χv (assumed to be 1, corresponding to spherical

particles), the particle density ρp and the standard reference density ρ0 (1 g cm−3):270

dve =
ρ0χv

ρp
dva (1)

In addition, for the HR-AMS (operational during the ATom mission), a transmission curve was characterized with respect to

vacuum aerodynamic diameter: it increases logarithmically from 0 to 1 between 35 and 71 nm, remains constant at 1 between

71 and 482 nm (ATom-1 and -2) or 520 nm (ATom-3 and -4), and then decreases logarithmically back to 0 up to 1175 nm
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(ATom-1 to -3) or 1750 nm (ATom-4). This instrument-specific transmission function was applied to the model output to ensure275

consistency with observations.

2.3.2 Instrument wavelength

The MODIS instrument provides AOD at 550 nm, whereas AERONET stations primarily report AOD at 500 nm. To enable

consistent comparison, AERONET AOD is interpolated to 550 nm using the provided Ångström exponent. Model AOD is

calculated at 550 nm with the AOP submodel (see above).280

2.3.3 Spatial and temporal sampling

Finally, all datasets are homogenized through consistent spatial and temporal sampling. Stationary observations (AERONET

AOD and GHOST surface concentrations) are included only if more than 50% daily measurement coverage is reached. Tem-

poral collocation is performed, using only model output from days with corresponding available observations. Subsequently

derived observed annual averages are directly compared to model annual averages from the lowest model grid box contain-285

ing each measurement site. Annual averages are used for comparison, as the model’s spatial resolution and inherent temporal

sampling limitations may not fully capture observed short-term variability (e.g., Pozzer et al., 2022).

For AOD derived from MODIS, observations are regridded to match the horizontal resolution of the model. In the case of

GloSSAC and OMPS-LP, the modelled aerosol extinction is regridded to align with both the horizontal and vertical resolution

of the observational dataset.290

Aircraft measurements, typically available at sub-minute temporal resolution and spanning a significant vertical range within

a single model timestep, are handled by sampling the full vertical column of model output along the flight tracks at each

timestep using the MESSy S4D submodel (Jöckel et al., 2010). The resulting model output is then binned by altitude for each

time step and geographical location, and subsequently spatio-temporally collocated with the corresponding observations.

3 Evaluation295

The evaluation primarily focuses on the new TS setup, comparing its performance to other simulation results using the modal

size distributions from the TROPO and STRATO setups. A more detailed assessment of the TROPO and STRATO setups

is provided in the Supplementary Material. For statistical comparison with observations, the following statistical metrics are

applied:

– M/O: Geometric mean of the ratio between model simulated (M) and observed (O) values300

– PF2: Percentage of simulated values within a factor of two of the observed values

– R2
log: Coefficient of determination R2 (with R the Pearson correlation coefficient) using the logarithm of observed and

simulated values
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– RMSLE: Root Mean Squared Error (RMSE) using the logarithm of observed and simulated values

For R2 and the RMSE logarithmic values are used, as the value range typically spans several orders of magnitudes.305

3.1 Surface in situ observations

Figure 2. Comparison of annually averaged (2017) PM2.5 mass concentrations at the Earth’s surface from EMAC simulations (TS setup) with

stationary observations from the GHOST (Bowdalo et al., 2024) database, showing total PM2.5 and contributions from key aerosol species.

The central dotted line indicates 1:1 agreement between observations and simulations, the surrounding dashed lines represent overestimation

and underestimation by a factor of two.

Figure 2 compares total observed (GHOST database; Bowdalo et al., 2024) and simulated (TS setup; see Sect. 2.2.1) PM2.5

surface mass concentrations, along with the most dominant observed components. Table 2 provides a statistical summary of

the comparison, including results from simulations with the STRATO and TROPO setups. Total PM2.5 mass concentrations

are slightly underestimated in the TS simulation (M/O = 0.9), yet, 90% of simulated values fall within a factor of two of the310

observations. The TROPO simulation performs similarly, whereas STRATO simulates higher PM2.5 values, and overestimates

observations (M/O = 1.38), with slightly lower PF2 and higher RMSLE.

The TS and TROPO simulations exhibit similar performance in predicting surface mass concentrations of key aerosol species

(see Table 2), confirming the suitability of the TS setup for surface-level studies. The overestimation in NO−
3 concentrations

in the TROPO and STRATO simulations, also present in earlier evaluations using the TROPO modal setup (e.g., Pozzer et al.,315

2022), is significantly reduced in the TS setup, showing improved agreement with observations, although a residual overes-

timation remains. In general, the STRATO setup predicts high mass concentrations in comparison to observations, primarily

due to suppressed transfer of accumulation-mode particles to the coarse mode, which prolongs particle lifetimes and limits the
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Table 2. Summary of annually averaged (2017) observed (Bowdalo et al., 2024, Obs; GHOST database;) surface PM2.5 concentrations and

composition, compared to EMAC simulations using the TS, TROPO and STRATO setups, evaluated with the statistical metrics defined

earlier. The number of available observational stations is indicated by Nobs.

Observations TS TROPO STRATO

Nobs Obs (µgm−3) M/O PF2 R2
log RMSLE M/O PF2 R2

log RMSLE M/O PF2 R2
log RMSLE

NH+
4 100 0.44 2.16 37 0.42 1.01 2.14 34 0.37 1.05 2.54 30 0.39 1.16

SO2−
4 238 0.8 1.48 73 0.35 0.61 1.18 88 0.54 0.44 1.91 59 0.4 0.79

NO−
3 237 0.57 1.96 45 0.53 0.95 3.05 28 0.44 1.33 4.77 9 0.46 1.71

OA 307 1.79 1.04 79 0.34 0.58 1.42 65 0.29 0.68 1.7 57 0.26 0.77

BC 307 0.34 0.69 66 0.33 0.75 0.65 65 0.35 0.78 0.74 70 0.35 0.7

Na+ 252 0.08 3.0 25 0.64 1.27 6.08 8 0.3 1.99 17.59 0 0.21 3.0

Cl− 393 0.07 7.55 16 0.17 2.55 10.09 14 0.08 2.83 30.16 3 0.07 3.76

PM2.5 3461 11.63 0.9 90 0.25 0.47 0.93 90 0.24 0.45 1.38 84 0.22 0.55

model’s suitability for BL applications. The agreement for BC is very similar across all three simulations, with R2
log values

between 0.33 and 0.35, and RMSLE between 0.7 and 0.78.320

Pollutants, such as ammonium, sulfate, nitrate, and BC exhibit a consistent pattern: low observed concentrations are system-

atically overestimated, while higher observed concentrations are better captured or slightly underestimated (Fig. 2). This bias is

likely attributable to the model’s limited spatial resolution, which artificially enhance PM2.5 concentrations in rural or remote

grid cells that co-locate with strong point sources, while simultaneously diluting high concentrations near emission sources

due to averaging with surrounding low-concentration regions. A similar pattern has been identified by Kohl et al. (2023) for325

ultrafine particles, and they demonstrated that this bias can be reduced through observation-guided downscaling.

The representation of sea salt sodium and chloride is significantly improved in the TS setup, primarily due to the updated

sea salt emission size distribution that aligns with the new modal structure, and the explicit prevention of sea salt particles

evaporating into smaller modes after cloud processing (see Sect. 2.2). However, sea salt concentrations remain overestimated

relative to observations. A detailed comparison between modelled sea salt and reanalysis data from CAMS (Inness et al.,330

2019) and MERRA-II (Gelaro et al., 2017; Randles et al., 2017) indicates that the applied changes (particularly the adjusted

re-evaporation) reduce the long-range transport of sea salt particles to continental regions. This leads to a more realistic repre-

sentation of sea salt gradients between oceanic and continental areas compared to simulations with previously used setups, and

results in substantially improved agreement with observations and reanalysis data across all size ranges (Appendix A and Fig.

A1).335

It is noteworthy that the model agreement with sea salt particles with MERRA-2 assimilation data (Appendix A) is much

better than with direct measurement data of the GHOST instrument. It cannot be ruled out that the GHOST PM2.5 measure-

ments of sodium and chloride are overestimated because the PM2.5 inlet does not provide a perfectly sharp size cut, which
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can allow some larger coarse-mode sea-salt particles to penetrate into the sampled fraction. In addition, the highly hygroscopic

nature of sea salt particles can alter their size and inlet transmission efficiency under humid conditions, leading to a high-bias340

in PM2.5 sodium and chloride concentrations.

3.2 Aerosol Optical Depth (AOD)

Figure 3. Comparison of annually averaged (2017) simulated column Aerosol Optical Depth (AOD) from EMAC (TS setup) with MODIS

and AERONET observations at 550 nm. (a) Global map of the logarithmic ratio of simulated to MODIS AOD; green indicates overestimation

by the model, pink underestimation. (b) Corresponding scatter plot, with each dot representing one model grid box. The central dotted line

indicates 1:1 agreement, the surrounding dashed lines represent over- and underestimation by a factor of two. (c) Model AOD at 550 nm,

overlayed with AERONET observations extrapolated to 550 nm. (d) Corresponding scatter plot, comparing model and AERONET AOD at

each AERONET station.

For evaluation of global AOD, we combine space-based (MODIS) and stationary (AERONET) observations. Figure 3a and

b compares annually averaged simulated column AOD (TS setup) with MODIS observations at 550 nm for the year 2017.

MODIS AOD over continental regions is generally well captured by the model (Fig. 3a), with a slight overestimation over345

Australia, where organic aerosol dominates the AOD signal, and remote areas of China, potentially due to overestimated desert

dust emissions from the Gobi and Taklamakan deserts. Comparison with AERONET AOD (Fig. 3c and d) confirms the model’s

good representation of continental AOD, with 91% of simulated AOD values falling within a factor of two of observations.
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The largest discrepancy between MODIS and simulated AOD originates in Southeast Asia, and propagates across the Indian

and Pacific Oceans. Rosanka et al. (2021) demonstrated that biomass burning emissions from peatlands in this region are350

likely underestimated in EMAC, which may contribute to the observed biases. The model underestimation relative to MODIS

observations is particularly pronounced at low observed AOD values. A previous study reported a potential high bias in satellite-

derived AOD compared to in situ observations over the remote ocean at low AOD in similar regions (Wang et al., 2024).

Therefore, it cannot be ruled out that satellite instruments may underestimate low AOD due to detection limits.

The simulated column AOD varies markedly across the three model setups (see also Supplementary Material Fig. S13 and355

S14). The TROPO setup exhibits the lowest bias compared to MODIS (M/O = 0.93, PF2 = 88%), whereas the TS setup

achieves the highest R2
log (0.49). The opposite pattern is observed for AERONET comparisons (lowest bias in TS simulations:

M/O = 0.93, PF2 = 91%; highest R2
log in TROPO: 0.63). Given that column AOD is predominantly influenced by surface-

level aerosols, the STRATO setup strongly overestimates AOD (M/O = 1.6 against MODIS observations, and M/O = 2.19

against AERONET), likely due to an increased aerosol lifetime resulting from less efficient growth from the accumulation to360

the coarse mode (as discussed above).

3.3 Vertical profiles

3.3.1 Atmospheric background conditions – ATom campaign

Figure 4 compares simulated mass concentrations of sulfate, ammonium, nitrate, total OA (all PM1), BC (90–550 nm) and

desert dust (0.1–4.8 µm) as well as particle number concentrations (PNC; 2.7 nm—4.8 µm) to corresponding ATom observa-365

tions. Observations were divided into 10 geographic regions, detailed in Fig. 1, five of which are shown here. The remaining

regions are presented in Supplementary Material Fig. S1. Table 3 shows a statistical comparison of the three model setups2

to observations, using observed and simulated median values at each region, season and altitude. An additional evaluation of

sea salt, dust and size-segregated PNC is provided in Supplementary Material Fig. S4 to S7, along with evaluations of key

gas-phase species (Fig. S9 and S10). Supplementary Material Fig. S8 presents PSDs across the observed layers in the different370

regions.

Gas-phase species generally agree well with observations, especially CO, OH, O3, and NO, with minor discrepancies in O3

at higher altitudes. SO2 mixing ratios are slightly underestimated in the East Pacific but overestimated in the North and South

Pacific and the North American Arctic. This may be attributed to tropospheric volcanic degassing events, which are included

in the model based on climatological data, which, however, do not represent irregular and unpredictable emissions.375

Overall, the model captures the magnitude and temporal and spatial variability of aerosol observations, though the level of

agreement varies by region and season. Low M/O for mass concentrations values are partly attributable to the detection limits

of the observational datasets.

A systematic discrepancy is evident in sulfate concentrations in the FT and UTLS outside the tropics, where observed

sulfate concentrations are often underestimated by the simulations. This bias exhibits strong regional and seasonal dependence.380

2Analogous evaluation of the TROPO and STRATO setup is presented in Supplementary Material Fig. S2 and S3
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Figure 4. Comparison of simulated (red; TS setup) and observed (black; ATom) mass concentrations of sulfate, ammonium, nitrate, organic

aerosol (all PM1), black carbon (BC; 90—550 nm) and desert dust (0.1–4.8 µm), and particle number concentrations (PNC; 2.7 nm–

4.8 µm) across selected regions, as defined in Fig. 1. Grey points indicate mean values, white vertical lines represent medians, boxes show

the interquartile range and whiskers the 5th and 95th percentiles. Grey shaded area indicates the altitude-averaged detection limit of the

instrument. The pink area marks the linear range of the symlog plots, while the x-scale is logarithmic for higher values. All concentrations

are provided at standard temperature and pressure (STP; T = 273.15K & p = 1013.25hPa).
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Table 3. Summary of observed mass concentrations of key aerosol species and number concentrations during the ATom mission. Observations

are compared to EMAC simulations with the TS, TROPO and STRATO setups, evaluated with statistical metrics defined earlier. For statistical

comparison, the medians of observed and simulated values at each region, season and altitude (1 km-binned; see Fig. 4) are used.

TS TROPO STRATO

M/O PF2 R2
log RMSLE M/O PF2 R2

log RMSLE M/O PF2 R2
log RMSLE

SO2−
4 0.44 49.5 0.31 1.26 0.39 43.1 0.29 1.42 0.58 50.3 0.29 1.2

NH+
4 1.42 32.7 0.38 1.79 0.69 30.8 0.37 1.98 0.71 28.7 0.36 2.01

NO−
3 0.24 9.6 0.32 2.55 0.98 10.6 0.12 2.75 2.29 9.1 0.05 2.72

OA 0.7 36.5 0.37 1.5 0.78 33.1 0.38 1.57 1.11 31.2 0.37 1.49

BC 0.63 28.7 0.27 1.89 0.49 30.6 0.34 1.85 0.76 33.3 0.34 1.73

PNC 1.52 49.5 0.25 1.38 2.11 46.3 0.25 1.44 1.5 51.6 0.21 1.3

In certain regions (e.g., Southern Ocean and the Arctic) and during specific seasons, the sulfate underestimation coincides

with underestimations of other aerosol species, including ammonium, nitrate, OA, and BC. Schill et al. (2020) demonstrated

that biomass burning pollution aerosols are widespread in the FT, with enhanced concentrations in regions and seasons that

coincide with the model’s most pronounced biases. In Appendix B, we confirm that this underestimation is strongly correlated

with biomass burning mass in areas where the model bias is most pronounced. This suggests that either biomass burning385

emissions or injection altitude is underestimated in the EMAC model. In fact, SO2 emissions from biomass burning are highly

uncertain, and strongly differ between emissions databases (Akagi et al., 2011; Andreae, 2019). In other regions (e.g., South

Pacific), the sulfate underestimation occurs independently of other aerosol components. We hypothesize that this may be due

to missing emissions from degassing volcanoes or smaller eruptions that contribute to background sulfate in remote regions.

Simulated sulfate aerosol concentrations in the lower 1 to 3 km nicely align with ATom observations in both continental and390

marine regions using the TS and TROPO setup, while the STRATO setup overestimates BL values. Ammonium concentrations

correlate reasonably well (R2
log = 0.38) with observations throughout the troposphere, though PF2 values remain low due to

high observed variability. Surface nitrate is represented well in the TS setup, with local underestimation at higher altitude.

The TROPO and STRATO setups strongly overestimate nitrate at lower altitudes (resulting in higher RMSLE and lower R2
log),

especially in dust-dominated regions.395

OA and BC are well represented in most regions of the background atmosphere (especially in mid-latitudes), with the

exception of the Southern Ocean and the Arctic (as discussed above). Simulated BC, OA and desert dust concentrations

slightly increase toward the stratosphere in high latitudes, inconsistent with observations, suggesting overly efficient transport

or insufficient scavenging of hydrophobic primary particles in the tropics (see also overestimated desert dust and BC in the

Atlantic Tropics FT and UT). The stratospheric overestimation of these species over the Southern Ocean coincides with el-400

evated simulated O3 above 10 km (Supplementary Material Fig. S9), possibly reflecting different vertical sampling between

model and observations. Near the surface, the model reproduces the observed contrast between high BC/OA over the Atlantic

17

https://doi.org/10.5194/egusphere-2026-3649
Preprint. Discussion started: 9 July 2026
c© Author(s) 2026. CC BY 4.0 License.



(BC ∼ 100 ng cm−3; influenced by Central African biomass burning) and low values over the Pacific (1–2 ng cm−3), consistent

with Katich et al. (2018). However, concentrations are underestimated at higher altitudes over the Pacific. Dust concentrations

generally match observations near the surface, and horizontal dust transport appears to be well represented.405

Near the Earth’s surface, simulated PNC mostly captures observations, with values ranging from 100 to 1000 particles per

cm3 over the ocean, and slightly higher PNC over background continental regions. However, surface PNC are underestimated

by almost an order of magnitude over the Southern Ocean. The current model setup does not yet include recently proposed

NPF from MSA and iodic acid (Baccarini et al., 2021; He et al., 2021; Zhang et al., 2025), which may contribute to this

underestimation. In most regions, UT PNC is overestimated, likely due to underestimated condensational and coagulation sink410

(i.e., sulfate concentrations in the same regions; see above). In fact, we show in Appendix B, that in seasons with strongest

overestimations in PNC over the Southern Ocean, observed PNC is substantially anti-correlated with observed biomass burning

mass concentrations. Conversely, over the Atlantic Tropics and the East Pacific, PNC are slightly underestimated. These regions

are closest to the Amazon rainforest and may be influenced by NPF from isoprene oxidation products, as recently discovered

by Curtius et al. (2024) and Shen et al. (2024a), which is not yet incorporated into the EMAC model.415

The AMP instrument also measured PSDs ranging from 2.7 nm to 4.8 µm. Supplementary Material Fig. S8 compares

observed PSDs with those simulated using the three different model setups. Due to their modal structure, the simulated PSDs

exhibit local minima between modes, which introduces spurious deviations from the observed distributions. In most regions, the

TS setup reproduces the observed PSDs well. Over the Southern Ocean, the Aitken and accumulation modes are underestimated

(see above). Coarse mode particles appear underestimated in most FT regions; however, observational data in this size range420

are close to the detection limit (see also Supplementary Material Fig. S4 and S5).

3.3.2 HALO campaigns

While the ATom mission focused on atmospheric background conditions, HALO campaigns primarily aimed at investigating

specific processes or regions. Figure 5 summarizes the comparison of the TS simulation with CAFE and EMeRGe observa-

tions3, while Table 4 provides a statistical evaluation of the three model setups against the observations. The TS simulation425

achieves the best or comparable statistical agreement with observations across most species, except for nitrate. This highlights

the capacity of the TS setup to satisfactorily simulate vertical aerosol profiles spanning the BL, FT, and UTLS. The persis-

tent underestimation of nitrate is likely due to a mismatch in the treatment of organic nitrates: in EMAC, organic nitrates are

classified as part of OA, whereas the AMS quantifies them as nitrate4. A detailed separation of organic and inorganic nitrate

(as available for ATom) is essential for a reliable evaluation of nitrate concentrations. However, this separation could not be430

performed for the HALO campaigns here.

3Analogous evaluation of the TROPO and STRATO setup is presented in Supplementary Material Fig. S11.
4The same applies to the separation of organic and inorganic sulfate. However, both HR-AMS and PALMS data indicate that the organic sulfate fraction

remains consistently below 1% during the ATom missions (Schueneman et al., 2021). This may not necessarily hold for the HALO missions, which are

conducted closer to emission source regions, where organic sulfate contributions could be higher.
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Figure 5. Comparison of simulated (red; TS setup) and observed (black; HALO campaigns) mass concentrations of sulfate, ammonium,

nitrate, organic aerosol (all PM1; C-ToF-AMS), and BC (90—550 nm; SP2). Box-whisker plots follow the format of Fig. 4, as well as the

symlog scale. All concentrations are provided at standard temperature and pressure (STP; T = 273.15K & p = 1013.25hPa).
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Table 4. Summary of observed mass concentrations of key aerosol species from various HALO campaigns. Observations are compared to

EMAC simulations with the TS, TROPO and STRATO setups, evaluated with statistical metrics defined earlier. For statistical comparison,

the medians of observed and simulated values of each campaign and altitude (1 km-binned; see Fig. 4) are used.

TS TROPO STRATO

Spec. M/O PF2 R2
log RMSLE M/O PF2 R2

log RMSLE M/O PF2 R2
log RMSLE

SO2−
4 0.94 70.1 0.7 0.68 1.13 53.7 0.59 0.9 1.79 43.3 0.68 1.01

NH+
4 1.46 55.2 0.57 1.3 1.35 64.2 0.59 1.32 1.53 46.3 0.58 1.42

NO−
3 0.25 14.9 0.08 2.92 1.03 16.4 0.06 2.35 2.13 19.4 0.04 2.23

OA 1.0 77.6 0.56 0.63 1.35 65.7 0.53 0.82 1.78 49.3 0.53 0.98

BC 1.04 55.2 0.59 1.13 0.92 52.2 0.59 1.15 1.33 50.7 0.61 1.14

EMeRGe-EU and EMeRGe-Asia focused particularly on polluted megacities and their outflow at lower altitudes, resulting

in large BL and FT aerosol concentrations. Observed sulfate concentrations are well reproduced by the model in the lower 5

km, indicating adequate vertical transport at these altitudes. Ammonium, nitrate, and OA are slightly underestimated compared

to EMeRGe-EU, but overestimated compared to EMeRGe-Asia. These discrepancies may be due to biases in the emission435

inventories or the limited horizontal resolution.

The CAFE-Africa and CAFE-Brazil missions aimed to investigate biogenic and biomass burning emissions and their trans-

port in the tropics. Simulated mass concentrations of sulfate, ammonium, OA, and BC agree well with observations for both

campaigns, except for a slight overestimation of BC above 4 km during CAFE-Brazil. Simulated nitrate concentrations, how-

ever, show strong discrepancies with observations. Schulz et al. (2018) demonstrated that, above the Amazon rainforest, nearly440

all nitrate is present as organic nitrates. This is further supported by the ATom mission, which sampled a similar region to

CAFE-Africa: attributing the observed organic nitrate fraction to OA results in negligible observed inorganic nitrate over the

Atlantic Tropics. Therefore, we conclude that the observed nitrate during CAFE-Africa and CAFE-Brazil is virtually entirely

organic in nature, and the model’s low simulated inorganic nitrate concentrations are consistent with observations, and the

model does not represent organic nitrates in the current configuration.445

The CAFE-EU mission (2020) investigated the atmospheric impacts of the COVID-19 lockdown, and we applied lockdown-

induced anthropogenic emission reductions based on Doumbia et al. (2021). Observations in the BL and lower FT are well

reproduced by the model. However, above 4 km, simulated sulfate concentrations underestimate observations, though substan-

tially improved compared to previous EMAC studies (Reifenberg et al., 2022). Joppe et al. (2024) identified that CAFE-EU

observations in this altitude range were likely influenced by SO2 emissions from the Shiveluch volcanic eruption, which were450

transported zonally in the tropopause region. These emissions were not routinely included in our simulations. The observed

overestimation of ammonium in the UT may stem from overestimated detrainment associated with the South Asian monsoon

system (see next section), while the concurrent nitrate overestimation is likely driven by the combination of excess ammonium
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and low sulfate, favoring ammonium nitrate formation. Ammonium nitrate enhancements in these altitude regions are also

observed, albeit at lower magnitude.455

3.3.3 Asian monsoon related aircraft campaigns

Figure 6. Comparison of simulated (red) and observed (black) mass concentrations of ammonium, nitrate, sulfate, and organic aerosol (all

PM1) from ERICA-AMS measurements, during the StratoClim and ACCLIP missions, and black carbon (BC) measurements from the SP2

instrument (only for ACCLIP as BC was not measured during StratoClim). Box-whisker plots follow the format of Fig. 4, as well as the

symlog scale. All concentrations are provided at standard temperature and pressure (STP; T = 273.15K & p = 1013.25hPa).

Figure 6 compares simulated (TS setup) aerosol mass concentrations with ERICA-AMS and SP2 (only for ACCLIP) mea-

surements from the StratoClim and ACCLIP campaigns, targeting the ATAL5. The evaluation focuses on the UTLS region

(12–19 km), where the ATAL forms. While OA and sulfate are overestimated in the BL and lower FT, the ATAL itself is

well captured. During StratoClim, enhancements in ammonium, nitrate, and OA were observed but are underestimated in the460

simulation, likely due to flight planning targeting convective outflow, which the model’s coarse horizontal resolution cannot

fully resolve. Notably, the upper limit of the ATAL is also well reproduced in the simulations. At 20 km, simulated ammonium,

nitrate, and OA mass concentrations tend towards zero, in close agreement with the observations.

5Analogous evaluation of the TROPO and STRATO setup is presented in Supplementary Material Fig. S12
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The ATAL enhancement observed during the ACCLIP mission is captured by the model. Unlike StratoClim, ACCLIP sam-

pled the ATAL at various stages of its development, making it more representative of the average ATAL, and better reproducable465

by model simulations. Both campaigns observed low concentrations of primary particles, especially dust and BC, in the ATAL

(e.g., Berberich et al., 2025; Ebert et al., 2024; Appel et al., 2022). The model successfully reproduces these low UTLS BC

concentrations, with values below 10 ngm−3.

Xenofontos et al. (2024, 2025) demonstrated the critical role of ammonia in the formation of the ATAL and UTLS aerosol in

general. In Appendix C, we show that recent updates to the CEDS emission inventory, particularly changes in the spatial distri-470

bution of ammonia emissions, substantially affect ATAL formation, highlighting the sensitivity of UTLS aerosol to ammonia

emissions and the importance of accurate emission representation.

3.4 Stratosphere

Figure 7 presents a timeline of stratospheric AOD (sAOD) from January 2016 to December 2018, comparing GloSSAC ob-

servations and model simulation results at 386 nm, 525 nm, and 1020 nm. Additionally, direct OSIRIS and SAGE-III ob-475

servations are compared to model AOD at 750 nm, along with OMPS-LP observations at 746 nm. The sAOD at 386 nm

depends on observations from SAGE-III/ISS, which became operational in mid-2017 (Kovilakam et al., 2023). Additionally,

we provide a comparison of zonally averaged aerosol extinction for the considered time period in Supplementary Material Fig.

S15. The displayed period was relatively volcanically quiescent (e.g., Schallock et al., 2023), mostly representing background

stratospheric conditions. A detailed evaluation of the model’s skill to reproduce stratospheric SO2 injections from explosive480

volcanic eruptions using the EVER submodel is provided by Kohl et al. (2025).

In general, the simulation with the STRATO setup produces the highest sAOD, while the TROPO setup produces the low-

est. This is explained by the underlying size distribution, shown in Supplementary Fig. S17. In the TROPO setup, aerosols

rapidly grow into the coarse mode and subsequently sediment from the stratosphere. In contrast, the accumulation mode in

the STRATO setup has wider mode boundaries and narrower sigma of the log-normal distribution, which limits growth into485

the coarse mode, resulting in a more realistic stratospheric size distribution. The introduction of the intermediate mode in the

TS setup moderates this effect. While particles still grow into the small coarse mode, sedimentation is reduced compared to

the tropospheric setup, although the stratospheric lifetime of the particles slightly decreases compared to the STRATO setup.

Especially at higher wavelength (1020 nm), the TS and STRATO setup agree very well.

In addition to the differences between the setups, simulations show systematic deviations from observations (Fig. 7). At490

northern midlatitudes, the simulated sAOD exhibits seasonality across all wavelengths. This seasonality results from the sea-

sonal stratospheric input of the AMA, likely overestimated in the model. Moreover, a sudden rise in sAOD is observed at

northern midlatitudes (August 2017), which is not reproduced by the simulations, likely attributed to the British Columbia

wildfires in 2017 (Healy et al., 2019; Daniels et al., 2020; Brühl et al., 2025). While volcanic eruptions are included in the

simulations, we did not account for strong wildfires that directly inject particles and precursor gases into the stratosphere (e.g.,495

Ditas et al., 2018; Katich et al., 2023; Ma et al., 2024; Brühl et al., 2025). The observed increase of sAOD in the tropics in

mid-2018 coincides with the eruption of the Ambae volcano (Kloss et al., 2020). This eruption is included in the simulations
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Figure 7. Timeline of simulated stratospheric Aerosol Optical Depth (sAOD) for the three model setups, compared to observations from the

GloSSAC database at 386 nm, 525 nm, and 1020 nm, and to OSIRIS (750 nm), SAGE-III (756 nm) and OMPS-LP (746 nm) observations

(model AOD at 750 nm). The comparison is subdivided by region: tropics (top), NH midlatitudes (middle), and SH midlatitudes (bottom).

Simulated and observed AOD represents monthly averages, with daily model values shown as faint lines.

based on the emission inventory by Schallock et al. (2023), resulting in a slight sAOD enhancement, particularly at 1020 nm,

however, magnitude and plume top altitude may be underestimated.

While the TS simulation reasonably reproduces the magnitude of observed sAOD in the tropics and at northern midlatitudes500

(except during individual events; see above), it underestimates sAOD at southern mid- to high latitudes, particularly when com-

pared with OMPS-LP observations at 746 nm. Whether this discrepancy reflects underestimated aerosol sources or deficiencies

in the representation of relevant transport and microphysical processes remains unclear.

4 Global aerosol distributions and composition

Global aerosol distributions and composition from the Earth’s surface to the stratosphere are derived from EMAC simulations505

using the new TS setup, which is found to best reproduce the observed vertical aerosol column. For this analysis, the lower

atmosphere and stratosphere is subdivided into four layers based on pressure ranges: the BL (1000–750 hPa), the FT (750–

300 hPa), the UTLS (300–85 hPa), and the stratospheric Overworld (OW; 85–10 hPa).

Figure 8 presents global zonally averaged particulate matter (PM) mass concentrations (b) and total PNC (c) within the

defined atmospheric layers and across six latitudinal bins, along with the corresponding averaged profiles. The composition of510

PM in each region and layer is shown in Fig. 9. Figure 10 displays horizontal distributions of individual aerosol components,

visualising regional contrasts between polluted and background conditions, which are apparent from in zonal profiles.
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Figure 8. Zonally and annually (2017) averaged simulated global particulate matter (PM) mass (b) and total particle number concentrations

(PNC; c) in the boundary layer (BL), the free troposphere (FT), the upper troposphere / lower stratosphere (UTLS), and the stratospheric

overworld (OW), along with the corresponding averaged profiles (a,d). The grey dashed line in b and c indicates the zonally and temporally

averaged tropopause. The grey shaded area between 400 and 200 hPa in a and d marks the transition region between the FT and the UTLS,

where lowest mass concentrations are simulated.

BL aerosol mass concentrations and composition have been extensively studied before using both observations (e.g., Putaud

et al., 2004; Zhang et al., 2007; Nault et al., 2021) and models (e.g., Lelieveld et al., 2015; van Donkelaar et al., 2016; Shen et al.,

2024b). Dust dominates aerosol mass in tropical and subtropical northern latitudes (up to 70%), primarily due to emissions515

from the dust belt (see Fig. 10). In densely populated regions OA, sulfate and nitrate dominate, with smaller contributions

from ammonium and BC. Over tropical rainforests, OA dominates, either directly from biomass burning as POA or formed via

oxidation of biogenic volatile organic compounds (BVOCs) as SOA. Marine regions are characterized by a mixture of sea salt

(defined here as bulk sea salt + sodium chloride; exceeding 70% at high southern latitudes) and (sea salt) sulfate aerosol.

The FT at low northern latitudes remains dominated by dust, exhibiting similar spatial patterns to those in the BL, yet more520

diffuse and reduced in absolute mass concentrations (Fig. 10). The FT is still strongly influenced by surface emissions, mostly

driven by convective transport of intermediate strength and outflow altitude (congestus type or weak cumulonimbus) without

substantial removal of particles by precipitation. The importance of SOA increases in the FT, as oxygenated semi-volatile

organic compounds start to condense at decreasing temperatures.

In the UTLS we can distinguish the UT in the tropics and the lowermost stratosphere at higher latitudes, that are separated525

by transport barriers (e.g., Gettelman et al., 2011). The tropical UT is mostly influenced by deep convective updrafts, carrying

anthropogenic or biogenic precursor gases that can form new particles (mostly SOA here, with additional contributions of

ammonium nitrate, particularly in the ATAL). Primary particles, such as dust, BC, and POA are reduced in the tropical UT, as

they sediment or are washed out in convective clouds (Lund et al., 2018; Appel et al., 2022; Ebert et al., 2024; Berberich et al.,

2025). However, in the NH tropical and subtropical UTLS, significant amounts of dust are present, likely overestimated (see530
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Figure 9. Zonally and annually (2017) averaged simulated aerosol composition of key aerosol species in the lower/middle atmosphere (see

Fig. 8). The grey dashed line indicates the zonally and temporally averaged tropopause.

Sect. 3.3.1) due to underestimated wet removal probably related to the representation of parametrised convection as grid box

mean mass fluxes.

The stratosphere is strongly dominated by deliquesced sulfate, that forms either as a consequence of OCS transport from

the surface, photolytically converted to SO2, and subsequently oxidized to H2SO4, or from explosive volcanic eruptions (e.g.,

Kremser et al., 2016). In the tropical stratosphere, sulfate accounts for about 75% of the aerosol mass, with a notable 15%535

contribution from SOA, which decreases rapidly with altitude (see Fig. 11). This decline in SOA with altitude is primarily

driven by the evaporation of semi-volatile compounds under increasing temperature in the stratosphere. In the subtropical and

polar stratospheric overworld, sulfate fractions increase to around 90%. However, in the southern polar regions, this dominance

is reduced due to polar stratospheric cloud formation, leading to an annual average nitrate contribution of up to 54%.

Primary particle abundance is limited in the stratosphere, falling below 3.5% globally in the stratospheric overworld. Recent540

observations revealed very small amounts of dust in the UTLS and lower stratosphere, below 10 ngm−3 (Appel et al., 2022;

Ebert et al., 2024), while previous model studies overestimated the importance of dust in the stratosphere (e.g., Brühl et al.,

2018; Ma et al., 2019; Bossolasco et al., 2021).
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Figure 10. Annually averaged (2017) horizontal distributions of simulated mass concentrations of key aerosol species in the four vertical

layers as defined in Fig. 8.

Lowest total aerosol mass concentrations are simulated in the transition between the FT and UTLS, typically between 400

and 200 hPa (grey shaded area in Fig. 8a). BL and stratosphere serve as sources of primary and secondary atmospheric aerosols.545

Surface emitted primary aerosols are largely removed by wet deposition during convective uplift, while stratospheric influence

typically extends only down to the upper FT. This global minimum in PM mass concentrations reduces the condensational

and coagulation sink, enabling high PNC (see Fig. 8d). Model evaluation shows slightly underestimated mass in this region,

suggesting that contributions from biomass burning or unaccounted volcanic emissions may further suppress PNC. Maximum
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PNC occurs at the mass minimum in higher latitudes, while in the tropics, the peak is slightly elevated, likely due to enhanced550

precursor availability in deep convective outflow. This tropical PNC enhancement just below the tropopause has also been

observed by Borrmann et al. (2010) over Brazil, Australia, and Burkina Faso.

Figure 11. Profiles of simulated annually averaged (2017) aerosol mass concentrations and corresponding composition in selected regions

worldwide, spanning from the BL to the stratospheric OW. PNC are shown as black dashed lines. The grey shaded area indicates the range

of monthly averaged tropopause altitudes.

Figure 11 provides a more detailed view of aerosol composition profiles across global regions. While BL composition

reflects regional surface sources, some consistent global patterns emerge. As previously discussed, all regions exhibit a distinct

minimum in PM mass concentrations between 400 and 200 hPa, separating the surface-dominated lower atmosphere from555

the sulfur chemistry-dominated UT and stratosphere. Only a few intense source regions, such as the Sahara, South and East
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Asia, South America, and Central Africa, significantly impact the UTLS and the stratosphere. Above the tropopause, the global

Junge layer forms, composed primarily of deliquesced and mostly sulfate droplets.

Elevated OA concentrations are simulated in the UTLS across most regions, diminishing near 70–80 hPa, consistent with

StratoClim observations showing organic contributions of ∼ 40% up to 19 km (Appel et al., 2022). Additionally, Fig. 4 and 6560

show that lower stratospheric OA mass concentrations are well reproduced, both at the top of the ATAL, and in the lowermost

stratosphere over the Southern Ocean and at high northern latitudes. These elevated SOA concentrations in the tropical lower

stratosphere (originating from key source regions such as the Amazon basin, Central Africa, and South & East Asia) form a

global band (Fig. 10) driven by strong horizontal winds and are transported throughout the UTLS.

Aerosol distributions typically exhibit substantial seasonality, particularly near source regions. For example, the Amazon565

rainforest transitions between a relatively clean air state during the wet season and a highly polluted regime during the dry

season (e.g., Andreae et al., 2015; Pöhlker et al., 2018), while aerosol profiles over South and East Asia are strongly modulated

by the monsoon cycle (e.g., Appel et al., 2022; Eppers et al., 2025b). This seasonal variability is not further investigated here,

and will be addressed in future studies.

5 Discussion & Limitations570

Simulations with the new TS setup provide the best overall agreement with observations across the troposphere and strato-

sphere. The setup performs comparably to the TROPO setup at the surface and in the BL, and similarly to the STRATO

setup in the stratosphere, while most accurately capturing vertical aerosol profiles across the troposphere–stratosphere transi-

tion. The key difference lies in the width and geometric standard deviation of the accumulation mode: TROPO enables rapid

coarse-mode growth, shortening stratospheric lifetimes, while STRATO suppresses it, prolonging lifetimes. Using either setup575

outside its intended domain introduces systematic biases: overestimation in the stratosphere (TROPO) and underestimation in

the troposphere (STRATO). The additional small coarse mode in the TS setup mitigates these issues: near the surface, it allows

modest growth and slightly shorter lifetimes than STRATO; in the stratosphere, it delays coarse-mode formation and enhances

longevity relative to TROPO. Thus, the TS setup offers a balanced, physically consistent representation across the lower and

middle atmosphere, with a 5–10% increase in computational cost.580

Sulfate concentrations are systematically underestimated in the remote FT outside the tropics, while closer to source regions

they are well-captured. In the regions with the strongest aerosol mass underestimation, PNC are simultaneously overestimated.

Further analysis suggests, that insufficient representation of biomass burning aerosol and volcanic degassing emissions may be

responsible for this model bias. Accurately injecting these emissions at appropriate altitudes and magnitudes is crucial for a

better global representation. However, current estimates rely primarily on satellite observations with large uncertainties.585

Modelling OA formation remains challenging. Here, gas-aerosol partitioning is treated with the ORACLE submodel (Tsim-

pidi et al., 2014, 2017), specifically developed and evaluated for the lower troposphere. Unlike inorganic partitioning, ORACLE

does not account for the Kelvin effect and the kinetic limitations in condensation on available aerosol surfaces, assuming equi-

librium partitioning. However, in the FT and UTLS, where aerosol surface areas are low, equilibrium may not be rapidly
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achieved due to kinetically limited condensation. Additionally, organic aerosol mixing times, which are critical for aerosol590

growth and evaporation, are typically below one hour in the BL, supporting equilibrium assumptions. In the FT and UTLS,

however, mixing times can extend to several hours, exceeding typical model timesteps, and secondary organic aerosol (SOA)

may exist in glassy or highly viscous semi-solid states with low diffusivity (Shiraiwa et al., 2011, 2017; Maclean et al., 2021).

These factors likely contribute to an overestimation of OA in the FT, as evidenced by model evaluation near source regions

such as the Asian monsoon and the Amazon.595

Simulations with the new TS setup reduce desert dust concentrations in the UTLS in line with recent observations (see Sect.

4). In the previous TROPO and STRATO setups, dust was partly emitted into the accumulation mode and, upon ageing, became

internally mixed with particles that grew into this mode, averaging ∼200 nm diameter. This configuration effectively down-

scaled the typical dust size (900 nm), enhancing vertical transport and leading to overestimated stratospheric dust. Emitting

desert dust into the additional small coarse mode reduces this effect and, thereby, stratospheric dust concentrations. Supple-600

mentary Material Fig. S16a illustrates this shift in PSD in desert regions. The accumulation mode is less pronounced in the

TS setup, with particles shifting toward larger sizes. Nevertheless, dust in the UTLS remains slightly overestimated. Good

model agreement with observed gas-phase tracers such as CO (Supplementary Material Fig. S9 and S10), indicates reasonably

accurate vertical transport, suggesting that insufficient wet scavenging, likely due to the grid-box averaged parametrization of

convective transport, is the most probable cause of the residual overestimation605

The presented simulation results do not include meteoric material or spacecraft debris. Although most significant in the

mesosphere, meteoric material is also observed in the lower stratosphere (particularly within the polar vortex) and can extend

down to the UTLS (Murphy et al., 1998; Curtius et al., 2005; Murphy et al., 2007; Schneider et al., 2021). Despite its low mass

fraction, meteoric material can influence stratospheric aerosol microphysics and chemistry. While the current spacecraft debris

loading in the stratosphere is still relatively low, it can already be detected (Murphy et al., 2023), and is predicted to strongly610

increase in the next decades (Schulz and Glassmeier, 2021).

The evaluation of simulated PNC during the ATom campaign revealed several noteworthy patterns. In most regions of the

FT and UTLS, PNC is slightly overestimated (see above). However, the regions closest to the Amazon rainforest exhibit an

UT underestimation in PNC, where recent studies suggest that NPF from isoprene oxidation products can occur in the UT

(Curtius et al., 2024; Shen et al., 2024a), a process not yet implemented in the model. Additionally, PNC in the BL over the615

Southern Ocean is underestimated, potentially due to the absence of NPF pathways involving iodic acid and MSA (Baccarini

et al., 2021; He et al., 2021; Zhang et al., 2025; He et al., 2026).

Lastly, since all simulations were performed under QCTM conditions, feedbacks between aerosol and gas-phase chemistry

and atmospheric dynamics were not included. This simplification, applied to ensure comparability across model setups, may

limit the model’s ability to reproduce local dynamic effects, such as radiative lofting of volcanic or biomass burning plumes or620

changes in cloud properties driven by aerosol loading.
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6 Conclusions

This study presents global simulations of aerosol distributions and composition from the Earth’s surface to the stratosphere

using a new EMAC model setup that unifies previous tropospheric and stratospheric configurations using a customized modal

size distribution. An additional intermediate mode between the accumulation and coarse mode limits excessive growth into the625

coarse mode in the stratosphere while preserving accurate boundary layer removal processes.

Comprehensive evaluation against observations shows good agreement across all vertical layers and most geographical

regions, demonstrating the setup’s ability to represent aerosol distributions consistently in the entire troposphere and strato-

sphere. Remaining discrepancies and uncertainties are primarily attributed to uncertainties in emissions from biomass burning,

degassing volcanoes, and anthropogenic precursor gases. Additional process improvements are likely needed in the removal of630

insoluble species during convective updrafts, and in the gas–aerosol partitioning of organic compounds in the FT.

Simulations reveal a global minimum in aerosol mass concentrations between 400 and 200 hPa, marking the transition

from the FT to the UTLS, and separating boundary layer- and stratospherically-influenced atmospheric domains. This feature

coincides with a peak in PNC at altitudes close to or slightly above it, not only in the tropics and subtropics as observed by

Williamson et al. (2019), Weigel et al. (2021), and Curtius et al. (2024), but across all latitudes. Further analysis suggests that635

biomass burning aerosol and volcanic emissions may contribute to reduced aerosol number in the remote FT and UTLS. Given

its importance for cloud formation, this transition layer is particularly sensitive to indirect climate effects via aerosol–cloud

interactions. Therefore, further studies on these processes are recommended. Additionally, underestimations of PNC in regional

UT and in the Southern Ocean boundary layer align with proposed, not yet implemented (but planned), new particle formation

pathways from isoprene oxidation products, iodic acid, and MSA.640

In the stratosphere, deliquesced sulfur aerosol dominates the Junge layer, consistent with previous findings. SOA contributes

∼ 15% to the tropical stratospheric aerosol burden, but declines sharply with altitude, in line with recent observations, forming a

tropical band throughout the UTLS. We find that primary particles contribute less than 3.5% to aerosol mass in the stratospheric

overworld, significantly lower than reported by previous model studies, and more consistent with recent observations. The

lower abundance of primary particles in the stratosphere is attributed to a revised emission size distribution tailored to the new645

modal aerosol setup. Further in situ observations of stratospheric aerosol composition are needed to validate these findings.

This study demonstrated the EMAC model’s capability to simulate atmospheric aerosols from the surface to the stratosphere,

providing first consistent global estimates of key aerosol species across this entire domain, comprehensively evaluated against

in-situ aircraft and stationary, as well as remote sensing observations. These simulations offer new insights, especially into

the FT and UTLS, regions previously underrepresented in model studies. The newly developed model setup enables future650

process studies on critical phenomena such as new particle formation in the UT, troposphere–stratosphere exchange, and the

transport of wildfire emissions, volcanic emissions, and spacecraft debris, all of which play key roles in shaping atmospheric

composition and climate.
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Appendix A: Evaluation of surface sea salt concentrations with pseudo-observations

Figure A1. Comparison of simulated (TS, TROPO and STRATO setup) surface sea salt concentrations with different upper size limits to

pseudo-observations from CAMS (upper three rows) and MERRA-II (lower 2 rows). Global maps show the ratio of simulated to observed

sea salt mass, scatter plots perform a grid box-level comparison.

To better evaluate global sea salt distributions, we compare simulated surface sea salt concentrations from the three model655

setups (TS, TROPO, and STRATO) with reanalysis data from MERRA-II (Modern-Era Retrospective analysis for Research

and Application) and CAMS (Copernicus Atmosphere Monitoring Service). The MERRA-II dataset (Randles et al., 2017;

Gelaro et al., 2017) is produced using the GEOS-5 atmospheric model and assimilates observations from the MODIS, MISR,

and AVHRR satellite instruments, as well as AERONET ground-based stations. In this study, we use version M2TMNXAER.

The CAMS reanalysis product (Inness et al., 2019) is based on the ECMWF Integrated Forecasting System (IFS) and assim-660

ilates a broad range of satellite observations, including MODIS and AATSR for AOD. In this study, we use version EAC4
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(ECMWF Atmospheric Composition Reanalysis 4). Importantly, these reanalysis datasets are not direct observations but rep-

resent pseudo-observations, as they are derived from model simulations and rely on specific assumptions and parameterizations

during the assimilation process.

Figure A1 compares modelled sea salt mass concentrations with pseudo-observations across different size cuts. CAMS665

provides data for PM20, PM5 and PM0.5 (top three rows), while MERRA-II offers PM2.5 and total PM (bottom two rows).

The TS setup consistently outperforms the TROPO and STRATO configurations in comparison to the pseudo-observations,

achieving the lowest RMSLE and highest R2
log across all size bins. The improvement is most pronounced for sub-500 nm

particles, where agreement with pseudo-observations is significantly enhanced.

The improvement is mostly due to two changes. First, a large fraction of the sea salt mass that was previously emitted into670

the accumulation mode is now assigned to the additional mode between the accumulation and coarse mode, better reflecting

the observed emission size distribution of sea salt aerosols. This shift reduces the long-range transport of fine sea salt particles

and improves the representation of spatial gradients between oceanic and continental regions. Second, evaporation of sea

salt particles into smaller modes after cloud-processing (previously permitted) has been explicitly prevented in the TS setup,

further limiting their transport and enhancing agreement with observations (see main text) and pseudo-observations. Despite675

these advances, a bias persists: sea salt concentrations remain slightly underestimated over oceans and slightly overestimated

over continents, particularly for small particles.

Appendix B: Impact of biomass burning on remote UTLS

Sulfate concentrations in the background FT outside the tropics are systematically underestimated in the EMAC model (see

Sect. 3). Major sources of FT sulfate include SO2 emissions from volcanic degassing and biomass burning. The largest model680

biases occur over the Southern Ocean, where underestimations are accompanied by low simulated mass concentrations of

ammonium, nitrate, OA and BC.

Model–observation agreement varies strongly with season. Figure B1 shows comparisons over the Southern Ocean during

ATom-3 (September–October 2017) and ATom-4 (April/May 2018). During ATom-3, high mass concentrations of aerosols in

the FT and UTLS were observed but not captured by the model, whereas agreement is substantially better during ATom-4 and685

is mostly limited to sulfate. Schill et al. (2020) demonstrated that FT and UTLS over the Southern Ocean and Southern Pacific

were strongly influenced by biomass burning aerosol during ATom-3.

Figure B2 shows the correlation between observed sulfate (PM1) and biomass burning mass (PALMS instrument) during

ATom-3 and ATom-4 over the Southern Ocean, with color-coded O3/CO ratios indicating stratospheric influence. During

ATom-3, sulfate and biomass burning mass are strongly correlated, particularly below 4.5 km (R2
log = 0.58) and in the UTLS690

between 7.5 and 10.5 km (R2
log = 0.52). During ATom-4, the correlation persists but is weaker, with lower biomass burning

influence. This suggests that biomass burning was the dominant sulfate source during ATom-3, while other sources, such as

volcanic degassing, may have played a larger role during ATom-4. Nevertheless, the consistent positive correlation across

both sub-campaigns indicates that widespread biomass burning aerosol is a key driver of remote sulfate concentrations, as
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Figure B1. Comparison of simulated (red; TS setup) and observed (black; ATom mission) mass concentrations of sulfate, ammonium, nitrate,

organic aerosol (all PM1) and black carbon (BC; 90—550 nm), concentrations of nucleation mode particles (Nnucl; 2.7–12 nm) over the

Southern Ocean during ATom-3 (top) and ATom-4 (bottom). Box-Whisker plots as in Fig. 4.

Figure B2. Correlations between observed biomass burning (BB) mass (PALMS) and sulfate (PM1; AMS) concentrations in different altitude

regions during ATom-3 (top) and ATom-4 (bottom). Color represents the O3/CO ratio as an indicator for stratospheric air.

demonstrated by Schill et al. (2020). The correlation only breaks down at high O3/CO ratio, indicating that these particles are695

mainly transported within the FT and the UTLS.
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Further correlation of biomass burning mass with nucleation mode PNC (Nnucl; Fig. B3) during ATom-3 reveals a substan-

tial negative relationship especially in the altitude range between 7.5 and 11 km (R2
log = 0.58). This region coincides with

pronounced model underestimation of aerosol mass and overestimation of PNC. The observed negative correlation suggests

that long-range transported biomass burning aerosol particles suppress NPF and the subsequent growth and transport of newly700

formed particles by acting as condensation and coagulation sink.

Figure B3. As Fig. B2 with observed concentration of nucleation mode particles (Nnucl; 2.7 nm–12 nm) instead of sulfate PM1.

Appendix C: Sensitivity of simulation results to emission dataset

Emission datasets can be subject to significant uncertainties (e.g., Beusen et al., 2008). The Community Emissions Data System

(CEDS) emission database is regularly updated. The most recent version (v2025-04-18) reveals substantial changes in ammonia

emissions, with increases or decreases exceeding a factor of 10 in several regions; particularly reductions over the Tibetan705

Plateau and large parts of North America, North Africa, and North Asia (see Fig. C1).

Particulate ammonium and nitrate concentrations in the atmosphere are highly sensitive to ammonia emissions (e.g., Xeno-

fontos et al., 2024). Figure C2 compares simulations using CEDS version v2021-04-21 with those using the updated version

v2025-04-18, revealing that the more recent emission inventory leads to a substantial reduction in ammonium and nitrate con-

centrations in the ATAL region. This results in reduced agreement with observations, particularly in comparison to the ACCLIP710

campaign data.
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Figure C1. Changes in agricultural NH3 emissions from CEDS v2021-04-21 to CEDS v2025-04-18 for the year 2017.

Figure C2. Comparison of simulations with the TS simulations using the emission datasets CEDS v2021-04-21 and CEDS v2025-04-18

with observations from the StratoClim and ACCLIP mission. Box-whisker plots follow the format of Fig. 4
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Code and data availability. The Modular Earth Submodel System (MESSy, https://zenodo.org/communities/messy) is continuously further

developed and applied by a consortium of institutions. The usage of MESSy and access to the source code is licenced to all affiliates of

institutions which are members of the MESSy Consortium. Institutions can become a member of the MESSy Consortium by signing the

MESSy Memorandum of Understanding. More information can be found on the MESSy Consortium Website (http://www.messy-interface.715

org). The code applied for the presented simulations is available via https://doi.org/10.5281/zenodo.20199551 (The MESSy consortium,

2025).

The GHOST dataset is publicly available via https://doi.org/10.5281/zenodo.15075961 (Bowdalo and Grodofzig, 2025). Supplementary

EANET data (not included in the GHOST dataset due to data rights limitations) were obtained from https://monitoring.eanet.asia/document/

public/index(EANET, 2026).720

ATom observations are generally available from https://www.earthdata.nasa.gov/data/projects/atom/data-access-tools. The respective used

datasets are available via https://doi.org/10.3334/ORNLDAAC/1716 (HR-AMS; Jimenez et al., 2019), https://doi.org/10.3334/ORNLDAAC/

1672 (NOAA SP2; Schwarz and Katich, 2019), https://doi.org/10.3334/ORNLDAAC/1671 (AMP – Aerosol Microphysical Properties; Brock

et al., 2019a), https://doi.org/10.3334/ORNLDAAC/1733 (PALMS biomass burning and sea salt mass; Froyd et al., 2021), https://doi.org/

10.3334/ORNLDAAC/2006 (PALMS desert dust; Froyd et al., 2022a), https://doi.org/10.3334/ORNLDAAC/1734 (NOyO3 – NO; Ryerson725

et al., 2019), https://doi.org/10.3334/ORNLDAAC/1732 (Picarro – CO; McKain and Sweeney, 2021), https://doi.org/10.3334/ORNLDAAC/

1930 (ATHOS – OH; Brune et al., 2021), https://doi.org/10.3334/ORNLDAAC/1927 (CIT-CIMS – SO2 & HNO3; Allen et al., 2021),https:

//doi.org/10.3334/ORNLDAAC/1750 (UCATS – O3; Elkins et al., 2020).

C-ToF-AMS observations from the HALO campaigns are available on the HALO database https://halo-db.pa.op.dlr.de/ (HALO, 2026),

BC measurements from the HALO campaigns are available on request.730

ERICA-AMS measurements for StratoClim are published at https://doi.org/10.17617/3.8X (Appel, 2022), ACCLIP ERICA-AMS mea-

surements are available at https://doi.org/10.26023/T7RT-01YD-A110 (Eppers et al., 2025a), and ACCLIP BC measurements are taken from

https://doi.org/10.26023/NTV8-17K4-5V0G (Schwarz et al., 2022).

GloSSAC observations are publicly available at https://doi.org/10.5067/GLOSSAC-L3-V2.21 (Thomason, 2023). MODIS AOD was

taken from https://doi.org/10.5067/MODIS/MOD08_D3.061 (Platnick et al., 2015), and AERONET AOD from https://aeronet.gsfc.nasa.gov/735

(AERONET, 2026). OMPS-LP Level-2 v2.1.0 data is available at https://doi.org/10.5281/zenodo.20765257 (Zawada et al., 2026).

Scientific colour maps (https://doi.org/10.5281/zenodo.5501399; Crameri, 2021) are used in this study to prevent visual distortion of the

data and exclusion of readers with colour vision deficiencies (Crameri et al., 2020).
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