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EXECUTIVE SUMMARY 

This document is the deliverable “D3.2: Model improvements on aerosols optical properties” for the European 

Union project “FOCI: Non-CO2 Forcers and their Climate, Weather, Air Quality and Health Impacts” 

(hereinafter also referred to as FOCI, project reference: 101056783). 

The report describes the improvement of model simulation of aerosols composition and their optical properties, 

both in EC-Earth and EMAC. In EMAC, particular attention was given to improving the representation of 

carbonaceous aerosols, allowing a clearer distinction between strongly absorbing species (such as black and 

brown carbon) and more scattering types (like secondary organic aerosols). In EC-Earth4, updates focused on 

the optical treatment of mineral dust, incorporating dependencies on dust composition. Notably, all revised 

optical properties now include full spectral (wavelength-dependent) resolution. 
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CONTRIBUTION TO THE FOCI OBJECTIVES 

This deliverable is on the Earth system model development activities in WP3. The work described in this 

report contributes to the project objective O4:  

“To improve and evaluate state-of-the-art global ESMs (WP3) and regional climate and atmospheric 

composition models (RCMs) (WP4), targeting specific critical processes with the largest uncertainties 

(WP6) for improving future next generation climate projections” 
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1. INTRODUCTION  

This report presents advancements in the representation of aerosol radiative processes within two Earth System 

Models (ESMs): EC-Earth4 and EMAC. EC-Earth4 is the forthcoming version of the EC-Earth model, a 

European community ESM developed by the EC-Earth consortium (https://ec-earth.org/consortium/), currently 

under development in preparation for participation in the Coupled Model Intercomparison Project Phase 7 

(CMIP7). Its atmospheric component is based on the OpenIFS model developed by the European Centre for 

Medium-Range Weather Forecasts (ECMWF). EMAC (ECHAM5/MESSy Atmospheric Chemistry) is a 

modular ESM developed through a multi-institutional effort. It employs the Modular Earth Submodel System 

(MESSy) framework to integrate various scientific codes, enabling detailed studies of atmospheric chemistry 

and its interactions with the climate system. Within both EC-Earth4 and EMAC, aerosol optical properties have 

been newly defined or refined. In EMAC, particular attention was given to improving the representation of 

carbonaceous aerosols, allowing a clearer distinction between strongly absorbing species (such as black and 

brown carbon) and more scattering types (like secondary organic aerosols). In EC-Earth4, updates focused on 

the optical treatment of mineral dust, incorporating dependencies on dust composition. Notably, all revised 

optical properties now include full spectral (wavelength-dependent) resolution. While initial evaluations of 

these developments have been conducted, a more detailed analysis is planned under Task 3.4. This report serves 

to document the implemented model updates and their scientific basis. 

2. DESCRIPTION OF MODEL IMPROVEMENT  

2.1 EMAC model 

The Modular Earth Submodel System (MESSy) (Jöckel et al., 2005) provides a framework for constructing 

comprehensive Earth System Models (ESMs) using process-based modules, known as submodels. MESSy is 

designed with standardized interfaces to integrate various components, a consistent coding structure, and a suite 

of submodels developed according to these principles. The MESSy framework is organized into four distinct 

layers: (i) Basemodel Layer (BML) consisting of a central clock and run-time control but typically includes a 

general circulation model (GCM) or a box model; (ii) Basemodel Interface Layer (BMIL) including the MESSy 

infrastructure within the basemodel and serves as a communication hub between the basemodel and the 

submodels; (iii) Submodel Interface Layer (SMIL): Acts as the connection between specific processes and the 

BMIL infrastructure; and (iv) Submodel Core Layer (SMCL): Contains the implementation of Earth System 

processes or diagnostic tools, independent of the basemodel. It operates using data provided via the SMIL and 

supplies data back to other submodels and/or the basemodel. A comprehensive list of available submodels in 

MESSy can be found at www.messy-interface.org. Thanks to the continuous development of chemistry-based 

submodels, MESSy has proven to be a flexible tool for implementing Chemistry–Climate Models (CCMs). 

CCMs are sophisticated computational tools designed to simulate and analyse the complex interactions between 

atmospheric chemistry and climate variables. They allow for the isolation and detailed study of different climate 

system processes and can simulate potential future climate scenarios, assessing how various processes respond 

to perturbations induced by rapid climate change. This, in turn, contributes to the development of adaptive 

responses and mitigation strategies. The most widely used implementation of MESSy as a CCM is with the 

European Centre for Medium-Range Weather Forecasts – Hamburg v5 (ECHAM5) basemodel (Roeckner et al., 

2006), referred to as EMAC (ECHAM5/MESSy for Atmospheric Chemistry). EMAC was among the first 

community models capable of simulating the chemistry and dynamics of the stratosphere and troposphere as a 

unified system within global models (Jöckel et al., 2006). 

https://www.messy-interface.org/
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2.1.1 Development of new aerosol optical properties 

Within the current project objective, the new MESSy submodel for Aerosol Optical Properties (AOP) was 

developed to offer a substantially greater flexibility than the previously utilised submodel AEROPT. AOP 

computes particles mode-averaged refractive indices based on chemical composition and derives key optical 

properties like extinction, single scattering albedo and asymmetry factor, using pre-calculated Mie parameters. 

The total optical properties for each model grid cell are then obtained by weighting the contributions of 

individual modes according to their number distributions, followed by interpolation or calculation to the target 

wavelengths. 

Compared to the earlier hard-coded implementation, AOP allows for a flexible number of aerosol size modes 

and offers greater adaptability in handling aerosol optical properties across varying chemical compositions, 

allowing pre-calculating necessary properties during model simulation. While AEROPT already distinguished 

between bulk organic matter, dust, soot, sea salt, water-soluble species and sulfuric acid, in AOP we extended 

this set by introducing explicit optical properties for (volcanic) ash and speciated organic carbon (OC), including 

Secondary Organic Aerosol (SOA), Brown Carbon (BrC), and residual primary organic carbon. While the 

optical properties implementation has been extended to additional aerosol components, no changes were made 

on the capabilities of the model to simulate atmospheric composition.  

Implementation of AOP allowed to achieve a more accurate representation of atmospheric aerosols throughout 

the atmosphere in a new “whole-atmosphere” (WA) EMAC setup which more consistently represents diverse 

atmospheric domains spanning from the surface to the upper stratosphere. Previously, model setups were 

specifically tailored for accurate representation of either stratospheric or tropospheric compositions, which 

resulted in poor performance of either in other domains, a common shortcoming of EMAC in the upper 

troposphere/lowermost stratosphere regions. Using AOP, we have introduced the extended 5-modes scheme 

with the additional “small course” mode bridging the accumulation and coarse modes (listed in Table 1). A 

preliminary evaluation of the new scheme confirms better representation of aerosol growth processes and 

lifetimes specifically in the upper troposphere and lowermost stratosphere. The calculation of optical properties 

in the new scheme was carried out using the new AOP submodel. 

 

Table 1. Modal size distribution in the new whole atmosphere (WA) setup compared to the earlier separate 

tropospheric (TR) and stratospheric (ST) setups. The "small coarse" mode is devised to bridge the accumulation 

and coarse modes. 

Setup  Diameter range [nm] (modal width, σ) 

 Mode Nucleation Aitken Accumulation Small Coarse Coarse 

TR  1–12 (1.59) 12–120 (1.59) 120–1400 (1.59) – >1400 (2.0) 

ST  1–12 (1.59) 12–140 (1.59) 140–3200 (1.49) – >3200 (1.7) 

WA  1–12 (1.59) 12–120 (1.59) 120–800 (1.4) 800–3200 (1.25) >3200 (1.7) 
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Figure 1. Comparison of annually averaged (year 2017) simulated column Aerosol Optical Depth (AOD) from 

EMAC (WA setup) with MODIS observations at 550 nm. (a) Global map of the logarithmic ratio of simulated 

to observed AOD; green indicates overestimation by the model, pink indicates underestimation. (b) Scatter plot 

comparing simulated and observed AOD globally. Each dot represents one model grid box. The central dotted 

line indicates 1:1 agreement between observations and simulations, while the surrounding dashed lines represent 

overestimation and underestimation by a factor of two. 

The new EMAC WA model setup was extensively evaluated using ground-based (GHOST database prepared 

in FOCI project, EPA, EEA AQ, EMEP data, etc.), aircraft (ATom, EMeRGe, CAFE-Africa/Brazil/Pacific, 

StratoClim and ACCLIP campaigns) and satellite observations (OSIRIS, CALIOP, SAGE-III, GloSSAC and 

MODIS). Figure 1 shows the evaluation of the EMAC-simulated column Aerosol Optical Depth (AOD) and 

observations from the MODIS instrument. Higher AOD values, particularly those observed in polluted regions, 

are well reproduced in the simulations (typically within a factor of two). Some overestimations over desert areas 

are present, possibly due to the coarse assumption on dust optical properties in this model simulation. On the 

other side, the model tends to underestimate AOD over the remote oceans likely attributed to (i) 

misrepresentation of sea salt aerosol number densities, (ii) lack of aerosols formation (nucleation) from 

precursors emitted by ocean and typical for marine environment (e.g. from halogen or sulfur-containing gases). 

Stratospheric AOD and extinction simulated in the three EMAC evaluation setups were compared with satellite 

observations derived from GloSSAC observations (shown in Figure 2). The Global Space-based Stratospheric 

Aerosol Climatology, or GloSSAC, is a 38-year climatology of stratospheric aerosol properties focused on 

extinction coefficient measurements by the Stratospheric Aerosol and Gas Experiment (SAGE) series of 

instruments through mid-2005 and on the Optical Spectrograph and InfraRed Imager System (OSIRIS) and the 

Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) data thereafter. Data from other 

space instruments and from ground-based, air and balloon borne instruments to fill in key gaps in the data set. 

The end result is a global and gap-free data set focused on aerosol extinction coefficient at 525 and 1020 nm. 

The selected period for the model evaluation (from January 2016 to December 2018) was relatively volcanically 

quiescent (Schallock et al., 2023), mostly representing background stratospheric conditions. In general, the 

simulations with the stratospheric (ST)/tropospheric (TR) setups produce highest/lowest AOD values, 

respectively, which is explained by the differences in used size modes distribution (see Table 1 above). In the 

TR setup, aerosols rapidly grow into the coarse mode and subsequently quicker sediment from the stratosphere. 

In contrast, the accumulation mode in the ST setup has wider mode boundaries and narrower sigma of the log-

normal distribution, which limits growth into the coarse mode, resulting in a more realistic stratospheric size 

distribution. Introduction of the intermediate mode in the WA setup buffers this effect: while particles still grow 

into the small coarse modes, sedimentation is reduced compared to that in the TR setup, although the 

stratospheric lifetime of the particles slightly decreases compared to that in the ST setup.  It must be stressed 

that the difference in optical absorption between the different setups stems also from another effect. Particles 
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with a diameter similar to the incident radiation scatter most efficiently according to Mie scattering, depending 

on aerosol composition (e.g. Bohren and Huffman, 1998). As a result, both setups (WA and ST) show much 

better agreement at 1020 nm and matching the observations, due to the presence of a larger coarse mode (above 

3200 nm) compared to the TR configuration (see Table 1) The newly adjusted size distribution, however,  

exhibits a minimum around 500 nm due to the mode boundary at 800 nm, and is a computational effect. While 

this could be corrected by the addition of a further aerosol mode, the resulting computational cost would increase 

significantly. We therefore decide to maintain the current set-up, being an optimal compromise between 

computational costs and simulation accuracy.     

– – Observations     –– WA     –– ST     –– TR 

 

Figure 2. Time series of simulated stratospheric AOD in the three EMAC setups compared to observations 

from the GloSSAC database at the four GloSSAC wavelengths (left to right), in the tropics (top), NH higher 

latitudes (middle), and SH higher latitudes (bottom). 

2.1.2 Updated OC/BC and introduced BrC optical properties 

A further development of the aerosol physics representation in EMAC was accomplished in FOCI through 

revisiting the to date used optical properties of organic and black carbon (BC and OC, respectively) following 

the introduction of new brown carbon (BrC) species, a distinguishing separate class of organic aerosols differing 

from organic aerosols (OA) in higher efficiency in absorbing UV and visible radiation. BrC is a wide class of 

aerosol species whose reported optical properties span from near-dark (close to BC) to transparent/reflective 

(close to OC) and are potent in their impact on Earth’s climate radiative forcing (RF). To date, uncertainties 

about BrC contribution to the RF are larger compared to that of BC/OC, trace gases and other factors (IPCC, 

2023) which is to a considerable extent due to current Earth System Models (ESMs) lacking sufficient 

representation of BrC. Since no consistent unified classification and framework for BrC implementation in 

ESMs has been developed yet, we have reviewed options and strategy of BrC implementation in the recent 

EMAC/MOM version including the state-of-the-art gas- and aerosol-phase organics representation (Pozzer et 

al., 2022).  

Although several reported BrC optical properties is available from ambient measurements, these represent 

various mixing states of BrC at different ages (e.g. degree of photochemical processing) and are generally not 

suitable for a process-based (submodel) implementation. However, there are a few controlled lab experiments 

(e.g. Alexander et al., 2008; Hoffer et al., 2017) whose data could be projected onto two principal kinds of BrC, 

viz. fresh and aged, implemented in EMAC. The former, darker “fresh” tarballs originate from primary OA 

sources (mostly biomass burning) and resemble reflectivity of OC previously implemented in EMAC, however 
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with more efficient absorption in the shortwave (SW) range. The latter, lighter BrC represent secondary OA 

formed from gas-phase precursors and bleached tarballs that underwent photochemical. Fresh/aged BrC 

generally resemble OC/BC absorption efficiencies in SW than originally used in EMAC. Implementation of 

source-specific emission fractions of BrC species as well as aging parameterisation (conversion of fresh to aged 

species) allow simulating variable mixing states of BrC. Some further details on the BrC implementation in 

EMAC were reported during intermediary presentation of this FOCI activity (Gromov et al., 2025). 

Following the introduction of BrC in EMAC (in AEROPT and subsequently AOP submodels, see Sect. 2.1.1 

above), optical properties of OC and BC had to be reviewed, as their profiles implicitly included an assumed 

fraction of (to date not implemented) BrC inherited from optical properties databases (e.g. OPAC). Recent 

literature recommendations for OC and BC optical properties suggest much weaker absorption of OC in the SW 

and greater reflectivity in the longwave (LW) ranges. Such is the case for more recent OC optical properties 

profiles adapted from another Earth System Model (the Community Earth System Model, CESM2), from which 

we obtained the LW and SW band-by-band cloud radiative kernel (Huang et al., 2019). Regarding the BC, its 

absorption was updated to be close to unity in the entire simulated wavelength range (as BC absorbs virtually 

at any wavelength), thus correcting the earlier lower absorption in the LW range. Original, updated and newly 

introduced optical properties of OC, BC and BrC species in EMAC are presented in Figure 3. 

 
Figure 3. Original, updated and newly introduced optical properties of carbonaceous aerosol species in EMAC. 

Left and right panels show the real (refractive index) and imaginary (absorption coefficient) parts of species’ 

refractive indices, respectively. New properties are implemented in submodels (both earlier used AEROPT and 

newly developed AOP) simulating optical properties of aerosols in EMAC. 

Several evaluation simulations were carried out with the EMAC in order to estimate the sensitivity of radiative 

forcing (RF, instantaneous) to the improved representation of aerosol optical properties introduced. Using the 

comprehensive setup for simulations developed in the project for the MOM model configuration (Pozzer et 

al.2022), we have applied black carbon (BC)-like properties to the bulk of primary OA represented in the model. 

The reference and sensitivity simulations were integrated in medium resolution (T63L31ECMWF, ~1.88° 

horizontal grid size, up to 10 hPA) due to computationally very intensive chemistry and detailed aerosol 

microphysics (with 7 modes and full gas-aerosol equilibrium) implementation, with specified tropospheric 

dynamics for 2009−2010 and no chemical/aerosol feedback on dynamics. The resulting sensitivities indicate a 
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substantial sensitivity of the RF to the BrC properties, with increases up to +(0.452–0.466) W/m2 (from a 

reference value of +(6.04±0.71) W/m2) in terms of net top-of-atmosphere annual averages. This exceeds the 

current RF estimates for OC and BrC (about −0.2 and +0.15 W/m2, respectively, figs. from IPCC, 2023, Chapter 

6) by a factor two or more and justifies BrC speciation development further performed within the project. 

A subsequent set of evaluation simulations was performed with the EMAC FOCI setup tailored for longer-term 

simulations used in other (cross-cutting) project activities. The main difference to the setup described above is 

the use of computationally efficient (reduced) organic chemistry scheme which allowed integrating the 2000–

2020 period in order to obtain sufficient statistics for projections of the RF sensitivity to the changes in OA 

optical properties. No BrC simulation was included. The latter were separately updated and simulated in 

individual sensitivity simulations. The obtained sensitivities (shown in Figure 4) exhibit about 4 times larger 

instantaneous RF responses to OC properties changes compared to that for BC. For OC, largest changes are 

typically co-located with the regions of SOA production and biogenic POA emission sources. For BC, co-

location occurs only with POA emissions. The resulting sensitivities are typically of opposite sign and about 

factor 4/5 larger at the top of simulated atmosphere compared to surface, which is attributed to changes 

backscatter and greater LW absorption. The opposite sign is due to the fact that an increase (or decrease) 

absorption in the atmosphere does increase(decrease) the net radiation at the top of the atmosphere, while 

simultaneously reducing (increasing) the radiation reaching the planet’s surface.   Overall, we conclude that the 

update of the AO optical properties is accomplished successfully and confirmed by the evaluation simulations. 

 

 
Figure 4. Changes to the instantaneous radiative forcing at the top of atmosphere (left panels) and surface (right 

panels) due to the updated optical properties of BC (upper panels) and OC (lower panels) in EMAC. Sensitivities 

are obtained for the 2000–2020 period, stippled areas denote statistically significant differences (Welch t-test, 

two-tailed, α=0.05). 
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2.2 EC-Earth 

EC-Earth is an Earth System Model (ESM) collaboratively developed by a consortium of European 

meteorological services and research institutes (https://ec-earth.org/; Döscher et al., 2022). At present, the EC-

Earth4 version is being developed, which will be the basis for the contribution to the phase 7 of the Coupled 

Model Intercomparison Project (CMIP7). Within this effort, FOCI has allowed to introduce novelties and 

improvements in the calculation of the aerosols’ optical properties of the model, with a focus on mineral dust.  

Dust aerosols have been often simulated in ESMs as compositionally homogeneous entities, neglecting the 

regional variations in dust composition that arise from the varying mineralogy of source soils (Claquin et al., 

1999; Journet et al., 2014). This widely used simplification leads to biases in the global distribution of dust 

radiation absorption in models (Obiso et al., 2024), because it implies that only size variations determine the 

absorption variations while the contribution of a varying imaginary refractive index (IRI) is neglected. However, 

specific minerals such as iron oxides (primarily hematite and goethite) are known to determine the dust 

absorption at ultraviolet (UV) and visible (VIS) wavelengths (Sokolik and Toon, 1999; Balkanski et al., 2007; 

Moosmüller et al., 2012). Therefore, at those wavelengths, distinguishing at least two dust components, that is 

iron oxides and all other weakly-absorbing minerals, represents a first step towards a refined representation of 

the dust-radiation interaction. 

The introduction of varying mineralogy as a factor to the calculation of the dust optical properties requires the 

representation within the EC-Earth4 framework of the iron oxides as separate tracers, and the introduction of 

appropriate complex refractive indexes for the iron oxides and the host minerals. The work will be initially 

conducted in the OpenIFS 48r1 (ECMWF, 2023), the atmospheric core of EC-Earth4, that includes the HAM-

M7 aerosol representation (Tegen et al., 2019; Vignati et al., 2004), OIFS48r1-AC from now on. 

The introduction of iron oxides as separate tracers will rely in EC-Earth4 in the soil mineralogy map of Claquin 

et al. (1999), with the modifications of Nickovic et al. (2012). The emitted mineral mass fraction of iron oxides 

is calculated for the accumulation and coarse modes, where dust is represented, by applying an extension of the 

brittle fragmentation theory to dust emission (Kok et al., 2011) – see Section 2.2.1 

In parallel, the calculation of the appropriate optical properties will be done online by combining the iron oxides 

complex refractive index with that of the host minerals – see Section 2.2.2.  

2.2.1 Emitted mineral fractions of iron oxides 

Part of FOCI developments conducted in EC-Earth4 have focused on the implementation of the dust emission 

scheme of Tegen et al. (2002, 2004). The work done is described in deliverable 3.1 and complemented in 

deliverable 3.3. Here, we summarize the steps taken to implement the emitted mineral mass fraction for iron 

oxides to be able to independently trace them in the model.  

The information on the soil mineralogy of the arid and semi-arid regions of the world is based on the soil 

mineralogy atlas of Claquin et al. (1999), with the updates included by Nickovic et al. (2012). The atlas is built 

relying in literature data of soil descriptions that are used to create a mean mineralogical composition of different 

soil types, from those defined by the Food and Agriculture Organization of the United Nations (FAO, 1974). 

Linking these two sources of information it is possible to describe the geographical distribution of mineralogical 

fractions (%w) for two soil size classes, clay (up to 2 µm) and silt (2 to 63 µm) over the main dust sources at 

the global scale. The map provides information on 8 minerals relevant for their climatological impacts, amongst 

them hematite, which is considered in this study as a proxy for the abundance of iron oxides in the soil (i.e., 

hematite and goethite together). 

https://ec-earth.org/
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Figure 5. Iron oxides mass fraction at emission as derived from the Claquin et al. 1999; Nickovic et al. 2012 

soil maps after the projection in the accumulation and coarse modes of OIFS48r1-AC. The assumption of the 

underlying soil maps of assigning the same iron oxide relative content across soil particles results in the same 

mass fraction for both modes, only the accumulation mode is shown. 

The mineral mass fraction in the soils differs from that in the airborne dust, particularly because the 

determination of mineral abundances in soils is usually conducted via destructive techniques (e.g., wet sieving), 

that break soil aggregates that are many times found in the airborne dust samples. To circumvent this issue, 

several previous works have applied an extension of the brittle fragmentation theory for dust emission (Perlwitz 

et al., 2015; Gonçalves Ageitos et al., 2023), that allows reconstructing the emitted particle size distribution of 

dust relying on information from the disturbed parent soil size distribution (Kok et al., 2011).  

In this case, we apply the BFT to derive the mass fraction at emission for the iron oxides in the accumulation 

and coarse modes, defined for dust, considering the dry mass median diameter (0.74 and 3.5 µm, respectively) 

and standard deviation (1.59 and 2 µm, respectively) of these modes. We obtain then a %w of iron oxides per 

grid cell at 1ºx1º resolution at the global scale, that can then be applied to the dust emission flux as estimated 

by the EC-Earth4 (shown in Figure 5). 

2.2.2 Calculation of optical properties.  

OIFS48r1-AC uses a modal aerosol representation, M7 (Vignati et al., 2004). Dust is present in the accumulation 

and coarse modes by its own (insoluble) or internally mixed with other aerosol species (soluble). The model 

calculates the optical properties of aerosols following the Mie theory for each mode, where the different aerosol 

refractive indices are mixed proportionally to the volume fraction of the aerosol component.  

Here, we supply the model with this new feature adopting a semi-empirical approach that builds upon the 

methodology developed by Obiso et al. (2024). This approach relies on dust measurements by Di Biagio et al. 

(2019; DB19 hereafter) to derive new observationally constrained IRIs for iron oxides. This allows us to 

circumvent the uncertainty of a large range of possible values for hematite available in the literature (Zhang et 

al., 2015) as well as the lack of measurements for goethite at UV-VIS wavelengths. DB19 re-suspended in a 

laboratory chamber a number of dust samples collected in different source regions and simultaneously measured 

the mineral composition and the refractive index of dust aerosols at seven solar wavelengths ranging from 0.370 

to 0.950 µm. One of their findings was a quasi-linear relation of the retrieved dust IRI at each wavelength to the 
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fractional content of iron oxides measured in the samples. We take advantage of this result to derive a new set 

of IRIs for iron oxides, through an inversion procedure based upon a theoretical particle model. 

By retrieving a single IRI for each dust sample using Mie theory, DB19 implicitly assumed that dust particles 

in their samples were spheres with homogeneous composition across sizes (up to 10 µm in diameter). To derive 

a separate IRI for iron oxides (including both hematite and goethite), it is necessary to apply a mixing rule for 

refractive indices. We therefore make the additional assumption that all particles were internal mixtures of a 

host amalgam (i.e., non-iron oxide minerals blended together) and small inclusions of iron oxides, whose 

volume fraction was constant in each sample but varying across different samples. This hypothesis is consistent 

with the Maxwell Garnett mixing rule (Markel, 2016), which gives the effective complex permittivity: 𝜀 =

(𝑛 + 𝑖𝑘)2, with n being the real part of the complex refractive index and k the imaginary part (IRI). starting from 

the permittivities of a homogeneous host medium and small accretions (iron oxides).  

We define the host component by mixing refractive indices of individual weakly-absorbing minerals collected 

by Scanza et al. (2015), according to global volume fractions of the same minerals calculated by the MONARCH 

model (Pérez et al., 2011; Gonçalves et al., 2023) featuring mineral speciation of dust based on the soil 

mineralogy map from Claquin et al. (1999). We then fit a linear model to the relation of dust IRI to the iron 

oxide fraction found by DB19, at each of their seven experimental wavelengths, imposing the IRI of the host 

amalgam as the intercept and setting the linear slope as the only free fit parameter. As a final step, we match the 

experimental slope to a theoretical expression derived by linearizing the Maxwell Garnett rule (Markel, 2016) 

for small volume fractions of the inclusion (Obiso et al., 2024). Because the IRI of iron oxides is the only 

unknown (for the real index we use the hematite value from Scanza et al., 2015), this equation allows us to 

calculate its value by minimizing the difference between theoretical and experimental estimates. 

This inversion procedure allows us to estimate the IRI of iron oxides at the seven experimental wavelengths of 

DB19. We calculate the values at the UV-VIS wavelengths of OIFS48r1-AC by linear interpolation. For 

wavelengths outside these bands, we use the hematite IRI collected by Scanza et al. (2015). In Table 2, we 

report the new IRIs for host amalgam and iron oxides at the UV-VIS wavelengths of OIFS48r1-AC, along with 

the dust IRIs currently used in the model. 

 

Table 2. New imaginary refractive indices (k) for host amalgam and iron oxides (irox), along with the values 

for dust currently used in EC-Earth4, at the ultraviolet-visible wavelengths (λ) included in the model. 

λ (µm) 0.230 0.300 0.390 0.530 0.700 

khost 1.25·10–3 1.07·10–3 6.87·10–4 3.44·10–4 3.65·10–4 

kirox 1.63·10–1 1.63·10–1 1.63·10–1 1.20·10–1 4.48·10–2 

kdust 2.50·10–2 2.00·10–2 2.50·10–3 1.00·10–3 9.50·10–4 
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Figure 6. Panels a-d: Comparison between imaginary refractive indices (IRIs) of 18 dust samples from Di 

Biagio et al. (2019) (orange symbols) and our values (blue symbols) calculated by mixing the IRIs of host 

amalgam and iron oxides from Table 2, using the Maxwell Garnett mixing rule and assuming mass fractions of 

iron oxides from 0.01 to 0.06, at the four shortest experimental wavelengths from Di Biagio et al. (2019). 

In Figures 6-a to 6-d, we compare the IRIs of a dust mixture composed of the host amalgam and increasing mass 

fractions of iron oxides (from 0.01 to 0.06), calculated by mixing our IRIs of the two components reported in 

Table 1 through the Maxwell Garnett rule, with the dust IRIs of 18 samples retrieved by DB19 at their four 

shortest experimental wavelengths. These plots demonstrate that our newly derived IRIs for iron oxides, and 

the host IRI as the value in the limit of vanishing iron oxides, explain the empirical relationships between dust 

IRI and iron oxide content found by DB19. We actually see a stronger agreement for small mass fractions of 

iron oxides, whereas for larger fractions the calculated IRIs seem to underestimate the experimental data. In this 

regard, it is worth noting that our calculations are fairly consistent with those experimental data that have a 

smaller error bar and thus a higher weight in the linear fit. 

In Figure 7, we show our new IRIs for iron oxides, at the visible wavelengths of DB19, compared to data sets 

available in the literature (mostly referring to the sole hematite). Primarily at UV and short-VIS wavelengths, 

we see that our observationally constrained IRI for iron oxides is much lower than other widely used values 

(i.e., Querry, 1985; Longtin et al., 1988; Scanza et al., 2015) but consistent with the data from Bedidi and 

Cervelle (1993), which to our best knowledge is the only study reporting values for goethite at VIS wavelengths. 

This implies that our inversion of the experimental data of DB19 leads to a weaker absorption of radiation by 

dust even at those wavelengths where the absorption of iron oxides typically peaks. 
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Figure 7. Comparison between our IRIs for iron oxides at the visible wavelengths of Di Biagio et al. (2019) 

and values from the literature, mostly for hematite; the referenced studies are Querry (1985; QE85), Longtin et 

al. (1988; LG88), Scanza et al. (2015; SZ15) and Bedidi and Cervelle (1993; BC93).  
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5. OUTLOOK 

We have reported on advancements made in the representation of aerosols optical properties in EC-Earth4 and 

EMAC. Details on developments related to aerosol-cloud interactions are to be given in the Deliverable D3.3.  

For EMAC, we have presented the improvements and the implementation of new wavelength dependencies for 

carbonaceous material, i.e. Black Carbon, Brown Carbon as well as Organic Aerosols (primary and secondary). 

In the EC-Earth4 model, the wavelength dependence of the imaginary part of the refractive index for dust 

aerosols have been implemented, depending also on the dust composition. In the coming months a large part of 

the efforts will be devoted to evaluating the effect of such changes in representing the aerosols optical depth on 

a global scale and quantifying the improvements in the model representation against observational data. In 

addition, a more detail evaluation of the model numerical results will be reported in D3.4. 
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