
Modeling mineral dust aerosols in the Arctic with the regional
model WRF-Chem 4.6.1
Louis Marelle1, Rémy Lapere1, Anderson Da Silva1, Lucas Bastien2, Ruth Price2, and Jennie L. Thomas2

1LATMOS/IPSL, Sorbonne Université, UVSQ, CNRS, Paris, France
2Univ. Grenoble Alpes, CNRS, INRAE, IRD, Grenoble INP, IGE, 38000 Grenoble, France

Correspondence: Louis Marelle (louis.marelle@latmos.ipsl.fr)

Abstract. Important sources of mineral dust aerosols in the high latitudes, especially in the Arctic, are neglected in most

atmospheric models. Here, we create a new description of mineral dust aerosol emissions including high-latitude dust sources,

and implement it in a polar version of the WRF-Chem 4.6.1 model. We also improve the representation of mineral dust

aerosol deposition processes. A 1-year-long quasi-hemispheric simulation for 2012 is evaluated against observations of surface

concentrations and deposition fluxes at the Arctic surface. The updated model predicts 34Tg yr−1 of emissions north of 60°N,5

and our evaluation shows dramatic improvements in model performance compared to the base model, to a state-of-the-art

climate model, and to the CAMS reanalysis. We find that high latitude dust sources have significant impacts on several climate-

relevant metrics in the Arctic, such as aerosol optical depth, ice nucleating particle concentrations, and especially mineral dust

aerosol deposition to snow and ice, where high latitude sources are the main contributor over the Arctic sea ice pack. These

results demonstrate the importance of taking high latitude dust emissions into account, provide a description of these sources10

reusable in other models, and open the way for future work to better estimate the climate impacts of high latitude dust sources.

1 Introduction

Mineral dust dominates the global atmospheric aerosol mass budget, with annual emissions ranging between 1500 and 5000Tg yr−1

(Kok et al., 2021; Zhao et al., 2022). Mineral dust aerosols are primarily produced by the wind-driven erosion of soils in arid

and semi-arid regions, although anthropogenic activities can influence dust emissions both directly and indirectly. Mineral15

dust aerosols have wide-ranging impacts on climate (Kok et al., 2023, 2026) through their direct interaction with radiation

(aerosol-radiation interactions or ARI), their influence on cloud formation, especially primary cloud ice formation (aerosol-

cloud interactions or ACI), and their deposition onto snow and ice and the resulting effect on surface albedo. In addition,

mineral dust aerosols influence atmospheric chemistry and, following deposition to the surface, provide an important source

of nutrients, including iron and phosphorus, to marine and terrestrial ecosystems (e.g., Jickells et al., 2005; Okin et al., 2004).20

Despite their importance, modeling mineral dust aerosols and quantifying their impacts remain a challenge, and global dust

emissions still vary by a factor of five among the latest climate models of the Coupled Model Intercomparison Project (CMIP6,

Zhao et al., 2022). These challenges are particularly evident at high latitudes, where CMIP6 models predict little or no dust
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emissions (Zhao et al., 2022) despite evidence that high-latitude dust sources and their impacts can be significant (Meinander

et al., 2022, 2025).25

Polar climates might be particularly sensitive to locally sourced dust. Mineral dust are excellent ice nucleating particles

(INP) leading to the formation of cloud ice crystals, and polar regions could be especially sensitive to dust INP due to the

high prevalence of ice and mixed-phase clouds (Mioche et al., 2015; Listowski et al., 2019). In addition, deposited mineral

dust could have more important effects on surface albedo in the frozen polar regions. Recently, the growing recognition of the

importance of high-latitude dust has motivated the development of dedicated representations of their emissions in several at-30

mospheric models. They have been incorporated in the global chemical-transport models FLEXDUST (Groot Zwaaftink et al.,

2016, 2017) and SILAM (Sofiev et al., 2015; Meinander et al., 2022), and the regional chemical-transport model DREAM-

ICELAND (Cvetkovic et al., 2022; Meinander et al., 2022). However, these chemical-transport models were developed to

predict atmospheric composition and not their coupled impacts on atmospheric dynamics and climate. To our knowledge, only

CAM-ATRAS (Kawai et al., 2023) includes high latitude dust emissions in a coupled global climate model, and no coupled35

regional climate model able to be run at finer scales is yet able to reproduce these sources.

In this study, we present a new description of mineral dust aerosols and their high-latitude emissions, implemented within

the polar version of the regional WRF-Chem model (referred to hereafter as WRF-Chem-Polar). We also evaluate model results

and the impacts of high latitude dust in the Arctic region, which could be the most sensitive to high latitude sources (Meinander

et al., 2022, 2025). WRF-Chem-Polar includes many Arctic-specific developments, and has been extensively evaluated in the40

Arctic region (see Sect. 2), making it an excellent tool to represent mineral dust aerosols in the Arctic and their regional impacts

on atmospheric dynamics and radiative forcing.

The baseline WRF-Chem-Polar model version is presented in Section 2. In Section 3, we describe our new mineral dust

aerosol emission model, including how high-latitude sources are taken into account. In Section 4, we explain how we modified

the representation of aerosol wet scavenging and sedimentation in WRF-Chem-Polar to better represent the lifetime of dust45

aerosols in the atmosphere. In Section 5 we present the model configuration for our evaluation runs, and finally in Section 6 we

evaluate the new version of the model, we compare it to results obtained using baseline mineral dust emissions, and we quantify

the impacts of these new emissions on measures relevant for understanding the climate impacts of mineral dust aerosols in the

Arctic.

2 WRF-Chem-Polar: WRF-Chem 4.6.1 with updates for polar regions50

We include new developments for mineral dust aerosols into the WRF-Chem model (Weather Research and Forecasting model,

including chemistry, Skamarock et al., 2019, Grell et al., 2005). WRF-Chem is a coupled regional numerical weather and

atmospheric composition model, that can include the coupled feedbacks of atmospheric composition on atmospheric dynamics,

and can be used to perform dynamical downscaling of climate model simulations.

We implement our changes into WRF-Chem-Polar, a fork of WRF-Chem (currently up to date with WRF-Chem version55

4.6.1), with additional developments for polar regions. The model and its earlier versions have been extensively evaluated
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for their representation of local Arctic anthropogenic pollution (Marelle et al., 2016; Tuccella et al., 2017; Raut et al., 2022;

Ioannidis et al., 2025), long-range transport of pollution from the midlatitudes and the seasonal cycle of Arctic pollution

(Marelle et al., 2015, 2017; Raut et al., 2017; Whaley et al., 2022), natural aerosols and trace gases originating from the Arctic

Ocean (Marelle et al., 2021; Ahmed et al., 2023; Ioannidis et al., 2023; Lapere et al., 2024a, 2026), deposition of aerosols onto60

snow (Thomas et al., 2017), atmospheric boundary layers over snow (Maillard et al., 2024), and the representation of clouds

and radiation in the Arctic (Marelle et al., 2025; Lapere et al., 2026; Le Gars et al., 2026).

WRF-Chem-Polar was originally developed to investigate the impacts of anthropogenic pollution in the Arctic (Marelle

et al., 2017), with improved emissions, aerosol sedimentation, deposition, and gas phase photolysis. Later changes focused

on the representation of polar clouds, the radiative budget, and natural emissions of aerosols and trace gases, including: polar65

bromine and chlorine emissions and chemistry over sea ice (Marelle et al., 2021); atmospheric mercury (Ahmed et al., 2023);

improved sea spray aerosol emissions from open water, including marine organics (Ioannidis et al., 2023; Lapere et al., 2024a);

improved emissions from sea ice regions, including sea ice leads (Lapere et al., 2024a) and blowing snow (Marelle et al.,

2021); new representations of aerosol-cloud interactions (Marelle et al., 2025), improved oceanic dimethylsulfide emissions

and associated chemistry (Lapere et al., 2026), and many other smaller changes and bug fixes. Although WRF-Chem-Polar is70

developed with the aim of improving model performance in the polar regions, its development philosophy is to only include

changes that can maintain or even improve model performance elsewhere, and not to overfit parameters and processes for the

poles.

WRF-Chem-Polar model is continuously developed, and the latest released version before this study was Marelle et al.

(2026d).75

3 New mineral dust emissions in WRF-Chem-Polar

The default and most frequently used mineral dust emission model in WRF-Chem is based on the work of Ginoux et al.

(2004) for the GOCART model, and is sometimes called the WRF-GOCART dust emission model. Here, we correct known

shortcomings in the original WRF-GOCART formulation (following LeGrand et al., 2019), we update the model’s dust source

map to include potential polar emission sources, and we add new factors to represent the effect of soil moisture, snow cover80

and frozen soils that are important for emissions in the polar regions.

Besides WRF-GOCART, there are 2 advanced physically-based dust emission models in WRF-Chem, the Air Force Weather

Agency (AFWA, LeGrand et al., 2019) and University of Cologne (UoC, Shao et al., 2011) models. We chose to base our

developments on the older, more empirical model of Ginoux et al. (2004) because, first, it is simpler and less sensitive to input

parameters that are poorly constrained in polar regions, and second, in a previous intercomparison of these schemes, LeGrand85

et al. (2019) showed that the original WRF-GOCART implementation, despite its flaws, was more skilled in reproducing the

qualitative temporal and spatial variability of dust emissions at a large scale, (Figures 6 and 7 in LeGrand et al., 2019). We

also hope that this relatively simple new emission model will be easier to implement in other models, including global climate

models.
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Our new developments are integrated in a new emission module in WRF-Chem, module_mineraldust_emis.F. The same90

emission module can be used to perform emissions to every aerosol model within WRF-Chem, in contrast to the usual WRF-

Chem approach where emissions are calculated in each aerosol model code, in subroutines often reproduced with slight varia-

tions across the code base. New developments are controlled by the new WRF-Chem namelist option dust_erod_opt (to select

the new dust source map presented in Sect. 3.1) and the preexisting option dust_opt (to select the new emission model presented

in Sect. 3.3). The new option values are described in detail in the polar-options.md file documenting our changes at the root of95

the WRF-Chem-Polar model code. For now, the developments are compatible with GOCART aerosols, and with the 4-bin and

8-bin version of the MOSAIC aerosol model (Zaveri et al., 2008). Other aerosol models can easily be made compatible as long

as their dust aerosol tracers have fixed aerosol diameter limits (Sect. 3.4).

3.1 Identifying mineral dust source regions at high latitudes

In the WRF-GOCART emission model, regions able to emit mineral dust aerosols are represented by the S-function (Ginoux100

et al., 2001), also sometimes called the erodibility, or the dust source function. It is meant to represent enhanced dust emissions

from bare soils in topographical low points where alluvium accumulates, and it is calculated using the following empirical

equation:

S =

{ (
z− zmin

zmax − zmin

)5

if the soil is bare,

0 otherwise
(1)

Where z is the local altitude of the ground surface (m), and zmin and zmax (m) are the minimum and maximum altitude in105

a 10°×10° surrounding region that broadly represents the scale of major hydrological basins.

The S-function originally included in the WRF-Chem model (Figure 1a,b) does not include any sources north of 52°N.

It is not clear if this is due to missing information about bare soils at high northern latitudes at the time the S-function was

created, or to intentional filtering of high latitude sources, either explicitly by a latitude cutoff or implicitly by only allowing

emissions below some specific soil moisture or precipitation thresholds. Groot Zwaaftink et al. (2016) showed that regenerating110

the S-function from recent datasets revealed extensive potential dust sources in the Arctic.

We reproduce the work of Groot Zwaaftink et al. (2016) and regenerate the S-function from Eq. 1. We use the ETOPO 2022

global relief model for topography at 60 arc-second resolution (NOAA National Centers for Environmental Information, 2022)

to determine z, zmin, and zmax, and the Global Land Cover by National Mapping Organizations version 3 (GLCNMOv3,

Kobayashi et al., 2017) to identify bare and partially bare soil, using categories 10: “Sparse vegetation” and 17: “Bare area,115

unconsolidated (sand)”. We do not correct the S-function by the bare soil fraction in sparsely vegetated regions, because we

choose to do it instead at model runtime using the time-varying bare soil fraction (Sect. 3.3), to allow for more accurate seasonal

variations of the emissions.
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Figure 1. S-function, indicating potential mineral dust emission regions. (a-b) Original Ginoux et al. (2001) dataset used in WRF-Chem.

(c-d) S-function recalculated in this study, and replaced by detailed soil erodibility data in Iceland.

As discussed in Groot Zwaaftink et al. (2016), the S-function cannot accurately reproduce potential emissions in Iceland, a

major high latitude dust emission hotspot. There, we replace the calculated values of the S-function by the detailed erodibility120

map from Figure 2 of Cvetkovic et al. (2022).

The result of combining Eq. 1 and the Icelandic erodibility map of Cvetkovic et al. (2022) are shown on Figure 1c,d. It reveals

potential high latitude dust emission hotspots in the Canadian Archipelago, Northern Siberia, Iceland and coastal Greenland.

The S-function dataset is provided at 60s, 0.1° and 0.5° resolutions as NetCDF files in Marelle (2026b), also including the

Python scripts used to generate it.125

3.2 Threshold friction velocity for mineral dust aerosol emissions

In source regions, mineral dust emissions are initiated by the saltation bombardment of loose soil by large lofted particles,

when the friction velocity U∗ exceeds a threshold value for saltation. In our model, the threshold friction velocity is based on

the classical formulation of Marticorena and Bergametti (1995), as in Ginoux et al. (2004), and depends on soil grain size and

density:130

U∗
ts,p = ffécan1999 × 0.129× 10−2

√
ρpgDp

ρair

(
1+

6× 10−7

ρpgD2.5
p

)

√
1.928(1.7546× 106D1.56

p +0.38)0.092 − 1
(2)
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Table 1. Saltation particle size classes and their properties in the soil, from LeGrand et al. (2019). clayfrac, siltfrac and sandfrac are the

soil clay, silt and sand fractions (unitless)

Saltation

size

class p

Effective soil

diameter Dp

(µm)

Soil

class

Size class fraction

fracsizep

(unitless)

Particle

density ρp

(kgm−3)

1 1.42 Clay 1×clayfrac 2500

2 2.74 Silt 0.2×siltfrac 2650

3 5.26 Silt 0.2×siltfrac 2650

4 10 Silt 0.2×siltfrac 2650

5 19 Silt 0.2×siltfrac 2650

6 36.2 Silt 0.2×siltfrac 2650

7 69 Sand 1/3×sandfrac 2650

8 131 Sand 1/3×sandfrac 2650

9 250 Sand 1/3×sandfrac 2650

Where all variables are in SI units: ρp is the soil grain density (kgm−3), Dp the soil grain diameter (m), g is the gravitational

acceleration (ms−2), ρair is the air density (kgm−3). As discussed in LeGrand et al. (2019), the values of ρp and Dp from

Ginoux et al. (2004) do not correctly represent soil properties. Following their recommendations, we use instead the values of

ρp and Dp presented in Table 1, that depend on the clay, silt and sand fractions in the soil.135

Compared to Ginoux et al. (2004), we include in Eq. 2 ffécan1999 (unitless), an empirical scaling factor to increase the

threshold velocity over wet soils in semi-arid regions (Fécan et al., 1999). It is a function of smoisgrav, the gravimetric soil

moisture (kg kg−1), and smoisthresh the threshold soil moisture (kg kg−1):

ffécan1999 =

{ √
1.+27.72(smoisgrav − smoisthresh)0.68, if smoisgrav > smoisthresh,

1, otherwise
(3)

The threshold soil moisture smoisthresh is also from Fécan et al. (1999), and is a function of the soil clay fraction clayfrac140

(unitless).

smoisthresh = 0.17× clayfrac+0.14× clayfrac2 (4)

In eqs. 3 and 4, smois and clayfrac were converted to fractional units, instead of percentage values in Fécan et al. (1999).

3.3 Source function for mineral dust aerosol emissions

Once saltation occurs, the emission flux of mineral dust aerosol to the atmosphere Fdust (µgm−2 s−1) is calculated as the sum145

of the emission fluxes Fdust,p for each saltation size class p, individually weighted by fracsizep, the fraction of each size

class in the soil.
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Fdust =
∑

p

(fracsizep ×Fdust,p) (5)

fracsizep depends on the fraction of clay, silt and sand in the model grid cell, and on the assumed granulometry of clay, silt

and sand available for saltation, set using the parameters in Table 1. Since clayfrac+ siltfrac+ sandfrac= 1 and since the150

sum of the size class fractions within each soil class is also equal to 1, the sum of all fracsizep is also always equal to 1.

Finally, Fdust,p (µgm−2 s−1) is calculated using eq. 6, a modified form of the Ginoux et al. (2004) source function:

Fdust,p = CS(1− greenfrac)ffreezefmoistureU
2
10m

(
U10m − U10mU∗

ts,p

U∗

)
, if U∗ > U∗

ts,p (6)

Where S is the Ginoux S-function from eq. 1 (unitless); greenfrac is the grid cell vegetation fraction (unitless); ffreeze is

the soil freezing and snow cover correction factor (unitless); fmoisture is the soil moisture correction factor (unitless); U10m155

is the 10-m wind speed (ms−1), U∗ is the friction velocity (ms−1), and U∗
ts,p is the threshold friction velocity (ms−1). C

is a dimensional scaling factor (0.2 µgm2 s−5), and its value is taken directly from the original implementation of the WRF-

GOCART scheme (discussed in LeGrand et al., 2019), and is not re-adjusted for this study.

Compared to Ginoux et al. (2004), we include the additional ffreeze and fmoisture scaling factors for frozen soil and soil

moisture, the time-varying bare soil fraction scaling (1− greenfrac), and we also scale the threshold velocity U∗
ts to convert160

it from a friction velocity to a 10-m velocity more appropriate for the formulation.

The soil moisture correction factor fmoisture depends on the volumetric soil moisture smoisvol (m3 m−3) (UNCCD, 2022)

fmoisture =

{
1, if smoisvol ≤ 0.15m3 m−3,

0.15/smoisvol, if smoisvol > 0.15m3 m−3
(7)

The cutoff factor for soil freezing and snow cover ffreeze depends on the skin temperature Tskin (K), and on the snow

height at the surface snowh (m). The critical snow height for cutting emissions is chosen at 0.1 m, consistently with the rest165

of the WRF-Chem model.

ffreeze =

{
0, if Tskin ≤ Tfreeze or snowh > 0.1m,

1, if Tskin > Tfreeze

(8)

Where the soil freezing temperature Tfreeze (K) is a function of the volumetric soil moisture smoisvol (m3 m−3) (UNCCD,

2022)

Tfreeze =

{ 260K, if smoisvol < 0.2,

260+12
(smoisvol − 0.2)

0.2
, if 0.2≤ smoisvol < 0.4,

272K if 0.4≤ smoisvol

(9)170

7

https://doi.org/10.5194/egusphere-2026-4112
Preprint. Discussion started: 21 July 2026
c© Author(s) 2026. CC BY 4.0 License.



3.4 Size distribution of emitted mineral dust aerosols

The total aerosol emission flux to the atmosphere from Eq. 5, Fdust, is assumed be partitioned in size following the size

distribution of Kok (2011).

dVd

dlnDd
=

Dd

cV

[
1+ erf

(
ln(Dd/D̄s√

2lnσs

)]
exp

[
−
(
Dd

λ

)3
]

(10)

Where Vd is the aerosol volume (µm3), Dd is the aerosol dry diameter (µm), σs = 3.0 is the geometric standard deviation of175

the distribution, D̄s = 3.4µm is the median aerosol diameter of the distribution by volume, cV = 12.62µm is a normalization

constant, λ= 12.0µm is the dust aggregate side crack propagation length, and erf is the error function.

In the sectional aerosol models used within WRF-Chem-Polar (MOSAIC-4bin, MOSAIC-8bin, GOCART with 5 dust size

bins) the diameter limits of the aerosol sections do not change during the simulation, and the size distributions at emissions

can be precalculated. We integrate Eq. 10 over these size section limits to obtain fixed volume scaling factors used to distribute180

the total mass flux calculated in Eq. 6 to the bins of each aerosol model. The Python code used to perform this integration is

available at Marelle et al. (2026a).

When this integration is performed over the MOSAIC aerosol size bins in WRF-Chem, 27.2% of the total aerosol mass is

emitted above the maximum aerosol diameter of 10 µm. For GOCART aerosols, the maximum diameter is larger at 20 µm,

and the missing mass is only 0.25%. We choose to discard this part of the emission flux outside of the aerosol size range, to185

avoid assigning it to a smaller size and thus overestimating its lifetime in the atmosphere. We think that this is reasonable, if we

assume that these large particles get deposited to the surface relatively quickly (approximately 2 cm s−1 at a 20 µm diameter).

However, in some conditions, coarse dust aerosols can be transported over long distances, and modelers might prefer to include

this missing mass at the risk of overestimating its lifetime. We added an option in the code (off by default) to emit it to the

coarser size bin if wanted.190

3.5 New land mask and land surface classification in WRF-Chem-Polar

Arctic mineral dust sources are strong in coastal areas, but we found an issue in the WRF and WRF-Chem models where

coastal land is often incorrectly classified as water, preventing emissions (Figure 2a). This is due to errors in the land cover

dataset and in how it is used in the WRF preprocessing system (WPS) part of the code, at the “geogrid” step that defines the

model grid and interpolates static geographical data onto it.195

This issue is partly caused by the procedure for setting the land surface classification in geogrid. First, for each model

grid cell, the nearest point in the static land use dataset is selected. The default dataset is a modified 21-category land use

classification mosaic based on the MODIS land cover type. Second, the dominant category in the grid cell is selected, and if it

is a land category, the grid cell is categorized as land, otherwise it is categorized as water. Since there are 19 land categories

but only 2 water categories (water and lakes) in this classification, in coastal areas the dominant category is much more likely200

to be water, even if it represents less than 50% of the grid cell area.
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Figure 2. Example WRF model land mask at a 25 km horizontal resolution. a) Original mask, showing spurious open water points, most

notably around Greenland, Iceland, Svalbard, and Novaya Zemlya. b) New mask calculated from MODIS MCD12Q1.061 land cover data,

correcting these issues. c) difference, showing new land in brown and new water in light blue.

We also found a separate issue in the land cover classification dataset, where high latitude glaciers and ice caps are often

incorrectly categorized as lakes. The origin of the lake data in the WRF land use is not documented, so it is not clear what

caused this issue in the original lake dataset.

Last but not least, it is also not clear what time period was used to generate WRF land cover categories, but since this dataset205

has not been modified recently, it is likely not up to date with the rapidly evolving distribution of glaciers and vegetation in the

Arctic.

In order to fix these issues, we regenerate the modified 21 category MODIS land use in WRF from the original MODIS 17-

category dataset. Specifically, we use the MODIS/Terra+Aqua Land Cover Type Yearly L3 Global product at 0.05° resolution,

version 6.1 (MCD12C1.061, Friedl and Sulla-Menashe, 2022). Furthermore, instead of using a sub-grid land cover mosaic in210

each pixel, only the dominant category in MCD12C1.061 is kept, to avoid the weighting issue presented above. This is unlikely

to degrade model results because almost every common configuration of WRF and WRF-Chem and every past configuration

of WRF-Chem-Polar only represents the surface by its dominant classification type.

Category 21 (lakes) in the new dataset is assigned by identifying MODIS water points contained in any of the Natural

Earth Data lake shapefiles (Kelso and Patterson, 2010). We do not re-generate WRF categories 18, 19, and 20 corresponding to215

tundra, because the procedure to create them was not documented, and because we find that extended areas defined as grassland

in MODIS are defined as mixed tundra (woodland+grassland) in WRF, which warrants further review of these data.

We generate this new WRF landuse dataset for the full MCD12C1.061 time span (years 2003-2024), and the dataset for

the closest year to the simulation start date is selected at runtime. Following the WRF nomenclature, the dataset is named

modis_landuse_20class_3m_with_lakes. We show on Figure 2b how using the new dataset leads to a more realistic WRF land220

mask in the Arctic.

The full dataset and the Python scripts to generate it are provided at Marelle (2026a). We generated the landuse dataset

using the highest MCD12Q1.061 resolution available as a global single raster. This resolution is relatively coarse, at 0.05°

(approximately 5.5 km in latitude), and for this reason we do not recommend using it with high resolution WRF runs (e.g.,

< 10 km). For high resolution applications, the dataset could be regenerated in the future at full MODIS resolutions (∼500m).225
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4 Additional developments for simulating mineral dust aerosols in WRF-Chem-Polar

Studies focused on mineral dust aerosols using the WRF-Chem model (e.g., LeGrand et al., 2019; Ukhov et al., 2021; Drakaki

et al., 2022; Pino-Carmona et al., 2024) usually select a simplified aerosol setup based on the GOCART model (Chin et al.,

2002; Ginoux et al., 2004), which does not include gas-phase chemistry or the production of secondary aerosols. In GOCART,

dust aerosols are represented by 5 size-sectional dust tracers only affected by emissions, advection, mixing, deposition, and230

sedimentation.

There is no wet scavenging by grid-scale clouds in GOCART within WRF-Chem. This is a serious limitation for reproducing

the long-range transport of dust from lower latitudes to the poles, or the evolution of dust concentrations at high latitudes. In

addition, the sedimentation of GOCART aerosols in WRF-Chem uses a simplified "upwind" numerical scheme which is known

to be very diffusive, and could further degrade the representation of the long-range aerosol transport (Drakaki et al., 2025).235

These shortcomings are corrected below.

4.1 New wet scavenging for GOCART mineral dust aerosols

The GOCART aerosol model in WRF-Chem does not include wet scavenging by grid-scale clouds. Here we included a simple

aerosol wet scavenging module in WRF-Chem-Polar, module_aer_wetscav_simple.F, performing the calculations described

below. It is enabled by the preexisting namelist option wetscav_onoff = 1.240

4.1.1 Wet scavenging of GOCART mineral dust by rainout processes

Rainout (also sometimes called in-cloud wet scavenging) is the removal of aerosols activated in clouds by the conversion of

cloud droplets and ice crystals to precipitation. In our simple model, rainout is only performed for aerosols activated within

liquid cloud droplets, because ice nucleation is comparatively very inefficient except at temperatures where homogeneous

freezing starts to dominate, near -38°C and below. In addition, we found that trying to model wet scavenging in mixed phase245

clouds using such simplified parameterizations (as in, e.g., Luo et al., 2020) strongly overestimates wet scavenging because

dust aerosols activated in ice crystals end up being artificially removed by precipitation generated from the liquid phase.

The aerosol concentration removed by rainout Crainout (µg kg−1) is calculated as:

Crainout = qlsink×∆t× cloudbornefrac×Caer (11)

Where Caer is the aerosol concentration in the grid cell (µg kg−1) , qlsink is the rate of conversion of cloud water to precip-250

itation calculated in the cloud microphysics model (kg kg−1 s−1), ∆t is the model time step (s), and cloudbornefrac is the

fraction of aerosols activated in clouds (unitless), calculated as follows:

cloudbornefrac= liquidfrac× cloudfrac× aeraqfrac (12)

Where cloudfrac is the cloud fraction in the grid cell (unitless), liquidfrac is the fraction of total cloud water in the liquid

phase, and aeraqfrac is a parameter representing the activation efficiency of the species in cloud liquid droplets (unitless).255

10

https://doi.org/10.5194/egusphere-2026-4112
Preprint. Discussion started: 21 July 2026
c© Author(s) 2026. CC BY 4.0 License.



Table 2. Ai and Bi coefficients for the calculation of the washout loss rate, for each precipitation type and depending on the aerosol diameter,

from Luo et al. (2020)

Class i Name Ai (kg−Bi m2Bi sBi−1) Bi (unitless)

Fine aerosols, Dd < 2µm

1 rain 4.3× 10−6 0.61

2 snow 8.8× 10−6 0.96

3 ice 1.76× 10−6 0.96

Coarse aerosols, Dd ≥ 2µm

1 rain 2.6× 10−4 0.79

2 snow 4.2× 10−4 0.96

3 ice 8.4× 10−5 0.96

We chose aeraqfrac= 0.5 for mineral dust aerosols, 1.0 for sea salt, and 0.8 for hydrophilic OC and BC, consistently with

the values already present in the wet scavenging code of the Grell subgrid cumulus model in WRF-Chem.

4.1.2 Wet scavenging of GOCART mineral dust by washout processes

Washout (also sometimes called below-cloud wet scavenging or impaction scavenging) is the removal of aerosols or trace gases

by impaction with precipitation. In our simple wet scavenging model, we represent these processes by the formulation of Luo260

et al. (2019) and Luo et al. (2020), where the concentration of aerosols removed by washout Cwashout is a function of the

precipitation type (rain, snow, ice); the fraction of the model grid cell experiencing precipitation fracwashout, and whether the

aerosol is coarse or fine.

Cwashout = fracwashout(1− e−washoutrate×∆t)Caer (13)

Where washoutrate (s−1) is the sum of the washout loss rates from each precipitation type i (rain, snow, ice), calculated from265

RRi, the precipitation rate for precipitation type i (kgm−2 s−1)

washoutrate=
∑

i

Ai

(
RRi

fracwashout

)Bi

(14)

Where empirical coefficients Ai (units kg−Bi m2Bi sBi−1) and Bi (unitless) are given in Table 2 and depend on the the precip-

itation type and whether the aerosol is coarse or fine. As a simplification, we use the aerosol dry diameter Dd instead of the

wet diameter to determine this.270

The fraction of the grid cell experiencing washout, fracwashout, represents the fraction of the grid cell where precipita-

tion is present, and is taken as the maximum between the fraction of the grid cell experiencing rainout, fracrainout, and of

fracwashout in the vertical level directly above it, such that it can only increase with decreasing altitude. fracrainout (unitless)
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is calculated following Luo et al. (2019):

fracrainout =
rainrate(

k0 +
rainrate

cloudwater

)
× cloudwater

cloudfrac (15)275

Where rainrate is the precipitation formation rate (kg kg−1 s−1), k0 = 10−4 s−1 is a first-order rainout rate, and cloudwater

is the total condensed cloud water mixing ratio (kg kg−1). Compared to Luo et al. (2019), we added a scaling by the cloud

fraction cloudfrac, because otherwise fracrainout can easily exceed cloudfrac even though precipitation cannot be generated

out of the cloud.

We do not include resuspension of scavenged aerosols by evaporating precipitation, because tests showed that this could lead280

to very high, unrealistic spikes in surface aerosol concentrations when precipitation evaporates, even when applying a strong

scaling factor to the process (not shown, tested down to 0.1 in an earlier version of the model). It is possible that aerosols

released by resuspension processes in the real atmosphere are still too large and sediment too fast to affect concentrations

durably, because they are still hydrated or because they coagulate in the evaporating raindrop or snowflake.

4.2 New sedimentation for GOCART mineral dust aerosols285

The GOCART aerosol model in WRF-Chem performs sedimentation with a simple first-order upwind advection scheme,

which is known to cause severe numerical diffusion. We reimplement the sedimentation module to perform advection with the

scheme of Després and Lagoutière (1999), a remarkably anti-diffusive approach, following the recommendations of Mailler

et al. (2021).

The new module is called module_aer_settling_simple.F, and controlled by the new namelist option aer_settling_opt. The290

module is currently only enabled for the GOCART aerosol model, but we created it so that it can be used in the future to

perform sedimentation for other aerosol models in WRF-Chem.

Sedimentation is performed with a first-order scheme similar to the typical upwind scheme, where the new concentration at

vertical level k, c(k) is calculated from the upwind concentrations c′, the sedimentation velocity vsettl (ms−1), the vertical

level depth ∆z (m) and the model timestep ∆t (s)295

c(k,t+1) = c(k,t)+ c′(t)× vsettl(k+1)×∆t

∆z(k+1)
(16)

, taking the proper precautions of subsetting the time step if it is larger than what is allowed by the CFL condition, and

converting the native WRF-Chem aerosol mixing ratios in µg kg−1 to vertically resolved loads in µgm−2 that can be transferred

between vertical levels of different depths and air densities, before converting them back.

The difference between the approach of Després and Lagoutière (1999) and the usual upwind scheme is in the calculation300

of c′(t), where instead of c(k+1, t), the following formulation is used:

c′ = c(k+1)+
1− ν

2
×Max(0,Min(

2

ν
× c(k+1)− c(k+2)

c(k)− c(k+1)
,

2

1− ν
))× (c(k)− c(k+1)) (17)

Where ν = vsettl×∆t/∆z (unitless) is the Courant number.
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As showed in Mailler et al. (2021), using the result of Eq. 17 in the first-order advection scheme of Eq. 16 almost completely

cancels the effect of numerical diffusion in vertical advection, at a minimal computational cost.305

5 WRF-Chem-Polar simulation setup

In order to evaluate the new dust emission model, we perform a 1-year simulation from 2012-01-01 to 2013-01-01, at

100 km×100 km horizontal resolutions, on the quasi-hemispheric domain presented on Figure 3a. We use 70 vertical lev-

els from the surface to 50 hPa, with the lowest level top at 20mAGL. Initial and boundary conditions for meteorology are

from the ERA5 reanalysis (Copernicus Climate Change Service, 2017), with spectral nudging to ERA5 winds, geopotential,310

and temperature above the 700 km scale. Initial and boundary conditions for aerosols including mineral dust are from the

CESM2.2 CAM-Chem model (Tilmes et al., 2022).

The detailed WRF-Chem simulation setup is given in the namelists and configuration files available at Marelle et al. (2026b).

It follow best practices from previous simulations evaluating WRF-Chem-Polar. Briefly, we use the Noah Land Surface Model

(Tewari et al., 2004), the MYNN 2.5 surface layer and boundary layer (Nakanishi and Niino, 2009), RRTMG for radiative315

tranfer (Iacono et al., 2008), Thompson 2-moment microphysics (Thompson et al., 2008), and Grell-3 cumuli (Grell and

Dévényi, 2002) including tracer transport and removal by subgrid clouds. The cloud fraction used for radiative transfer and for

wet scavenging by grid-scale clouds is diagnosed following Xu and Randall (1996).

To model mineral dust aerosols, we use the simple GOCART aerosol model already presented above (Ginoux et al., 2004,

GOCART_SIMPLE in WRF-Chem), only representing primary black carbon (BC), organic carbon (OC), sea salt, sulfate, and320

mineral dust. In GOCART_SIMPLE, mineral dust is represented by 5 size bins, covering the dry diameter range from 200 nm

to 20 µm. We also use the new developments to the GOCART_SIMPLE aerosol model presented in Sect. 4.

Primary sea salt and marine organic emissions are included following Ioannidis et al. (2023) and Lapere et al. (2024a),

and emissions from sea ice leads following Lapere et al. (2024a). Sea salt emissions from blowing snow over sea ice are

also included (Marelle et al., 2021). Emissions of mineral dust use the new developments described in Sect. 3. We include325

anthropogenic and fire emissions of primary BC, OC and sulfate aerosols, and other unspeciated primary PM10 and PM2.5,

from the ECLIPSEv6 (Klimont et al., 2017) and FINNv2.5 (Wiedinmyer et al., 2023) inventories respectively. These emissions

and sea salt emissions do not influence mineral dust directly, except through the effect of aerosol-radiation interactions on

modeled meteorology.

We enable aerosol-radiation interactions (ARI) in order to diagnose the effect of our changes on modeled aerosol optical330

depth (AOD), and to better reproduce the observed meteorology, especially during summer when the AOD from fire aerosols

can be significant. We do not enable aerosol-cloud interactions (ACI), because the GOCART_SIMPLE aerosol model in WRF-

Chem does not represent secondary sulfate, which is critical to predict cloud condensation nuclei (CCN). For this reason, we

use a version of the Thompson cloud microphysics scheme that is only double-moment for ice, but single-moment for liquid

water (Thompson et al., 2008), with fixed droplet concentrations of 100 cm−3. Primary ice formation follows Bigg (1953) for335
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Figure 3. Simulated mineral dust emissions in 2012, in a) WRF-Chem with baseline dust emissions b) WRF-Chem with new dust emissions

developed in this study, also showing c) a zoom over the Arctic region.

immersion freezing, and Cooper (1986) for ice nucleation in the deposition mode. These formulations do not include the effect

of prognostic aerosols on ice nucleating particles (INP) and primary cloud ice formation.

We perform 3 simulations with the modified version of WRF-Chem-Polar: 1) WRF-Chem-OLD, using the original WRF-

GOCART baseline dust emissions; 2) WRF-Chem-NEW, using the new dust emissions developed in this study; 3) WRF-

Chem-NEW_NOHLD, using the new dust emissions but without high latitude sources (> 60°N ). All simulations include the340

new wet scavenging and sedimentation options developed in this study for GOCART (Sect. 4.1 and 4.2), and the new MODIS

land use (Sect. 3.5), to only evaluate the contributions of the different emissions.

6 Model evaluation and results

Using the new version of the model described in Sect. 3 and 4 and the setup described in Sect. 5, here we compare the simulated

dust emissions (Sect. 6.1) in WRF-Chem-OLD and WRF-Chem-NEW, and evaluate both simulations with climatological345

observations of mineral dust aerosol concentrations (Sect. 6.2) and deposition (Sect. 6.3) at the surface in the high latitudes of

the Northern Hemisphere. Finally, in Sect. 6.4 we show the impact of the new emissions on quantities relevant for the climate

impacts of mineral dust.

6.1 Simulated emissions of mineral dust aerosols

Figure 3 shows the simulated annual dust emission flux in WRF-Chem-OLD and WRF-Chem-NEW. Even though emissions350

are cut when the ground is frozen, covered in snow, or too humid, high latitude sources are still significant using the new

emissions, and total emissions above 60°N go from 0 in WRF-Chem-OLD to 34Tg yr−1 in WRF-Chem-NEW, comparable to

the estimate of 48Tg yr−1 from Groot Zwaaftink et al. (2016).

The most intense Arctic emissions are found where the S-function is also strong, for example in Iceland, in the Canadian

Archipelago and in Northern Siberia. The only exception is coastal Greenland, where emissions are limited even where the S-355

function is high, and even though strong dust events are known to be possible (Meinander et al., 2022). This is probably because,
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at coarse resolutions, the model cannot reproduce strong winds and dry unfrozen soils in narrow glacial throughs during the

warm season. To reproduce an event of this kind in Alaska, Bellamy et al. (2026) had to use a resolution of 600m and to

significantly fine-tune the model surface characterization. These resolutions, and detailed local fine-tuning, are not feasible

in a medium- or large- scale model, and simulating these events would likely require the development of advanced subgrid360

parameterizations to estimate the local conditions in glacial outwash plains from larger-scale variables. It is also possible that

glacial dust has different properties than other dust sources, such as a finer size, and that it is able to be mobilized more easily

than traditional dust sources. In this case, emissions could also be improved by using better descriptions of soil composition in

these regions.

6.2 Simulated concentrations of mineral dust aerosols365

We compare on Figure 4 the yearly averaged concentrations of mineral dust aerosol simulated at the surface with the clima-

tological observations of mineral dust aerosols concentrations at the surface available north of 50°N. We use the observations

from Checa-Garcia et al. (2021) for the lower latitudes, and Groot Zwaaftink et al. (2016) for Stórhöfði-Heimaey (Iceland,

1997 to 2002). At other high latitude sites, we estimate dust concentrations from aluminum measurements, assuming a mass

ratio of 8% (Prospero, 1999), at Zeppelin (Svalbard, 1996 to 2025; Aas, 2024), Villum (Greenland, 1994 to 2000 and 2008370

to 2012; Kemp, 2018), and Alert (Canada, 1983 to 1995; Barrie, 2018). The full data table is also provided at Marelle et al.

(2026b), including detailed references for each entry.

We compare the updated WRF-Chem simulations (WRF-Chem-NEW) to the setup with old emissions (WRF-Chem-OLD).

We also compare our results to dust concentrations from the CAMS reanalysis (Copernicus Atmosphere Monitoring Service,

2020; Inness et al., 2019), and from the CESM2.2 CAM-Chem simulation used to set initial and boundary conditions in WRF-375

Chem. It is important to note that, because there are very few mineral dust aerosol observations available in a given year, we

compare simulation results for 2012 to longer-term observations from different years, and that a degree of disagreement should

be expected due to inter annual variability.

The new mineral dust emissions (WRF-Chem-NEW, Figure 4e,i) strongly improves model results (R= 0.79, RMSE =

0.70, all measures in log space) compared to the baseline emissions in WRF-Chem-OLD (Figure 4d,h) (log-R= 0.45, log-380

RMSE = 1.73), and especially compared to the driving global CESM simulation (Figure 4c,g) (log-R= 0.43, log-RMSE =

2.8). This is mostly due to improvements at high latitudes. At lower latitudes (50°N < latitude < 60°N ), WRF-Chem-NEW

also has better performance than other models on average, but concentrations are still strongly underestimated (log-RMSE =

0.72, corresponding to an underestimation by a factor of 2). This could be because of missing agricultural dust sources, which

are not included in any of the models shown here, but could have a large impact in the mid-latitudes (Shi et al., 2025).385

Although the CAMS reanalysis assimilates aerosol observations and is often considered as a validation dataset for aerosols,

Figure 4b,f shows that it struggles to reproduce observed mineral dust concentrations (log-R= 0.37, log-RMSE = 2.6), and

underestimates concentrations more than any of the WRF-Chem setups.
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Figure 4. Annual mean surface concentrations of mineral dust: a) observed climatology; b-e) modeled 2012 average; f-i) comparison of cli-

matological observations and of 2012 model results at observation sites. b,f) CAMS reanalysis; c,g) CESM2.2 CAM-Chem global simulation

used to drive WRF-Chem initial and boundary conditions; d,h) WRF-Chem with baseline dust emissions; e,i) WRF-Chem with new dust

emissions developed in this study. On the scatter plots, red dots indicate Arctic sites (latitude > 60°N).

6.3 Simulated deposition of mineral dust aerosols

We compare on Figure 5 accumulated mineral dust aerosol deposition at the surface in 2012 north of 50°N in WRF-Chem to390

climatological observations from the datasets of Checa-Garcia et al. (2021) and Huneeus et al. (2011). The full data table is

also provided at Marelle et al. (2026b). Only a few measurements are available at higher latitudes, and in the Arctic only in

Greenland.

Both WRF-Chem-OLD and WRF-Chem-NEW simulations show comparable and reasonable performance (log-R= 0.92

and 0.94, and log-RMSE = 0.86 and 0.86, respectively). Both simulations overestimate dust deposition in Greenland, how-395

ever, the largest differences between simulations are found in Northern Russia, the Canadian Archipelago and in Iceland, where

there are no direct observations to evaluate results. Arnalds et al. (2016) found that background dust deposition fluxes in Ice-

land were 10 to 50 gm−2 yr−1. Deposition in Iceland in WRF-Chem-NEW is 2 to 20 gm−2 yr−1, and in WRF-Chem-OLD

less than 0.5 gm−2 yr−1. Modeling Icelandic dust remains a challenge (Groot Zwaaftink et al., 2017; Cvetkovic et al., 2022)

and developments should be continued in the future to improve this source.400

6.4 Impacts of mineral dust emissions on simulated INP, AOD, and deposition to snow and ice

In this section we will show the impacts of simulated high latitude dust emissions on several measures related to the climate

impacts of dust aerosols. The radiative impacts of mineral dust on climate occur mainly through:

– their direct interactions with solar and terrestrial radiation (ARI), which increases with AOD

– their interactions with clouds (ACI), and especially their influence on INP concentrations and ice clouds which remains405

extremely uncertain
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Figure 5. Annual deposition of mineral dust at the surface a) observed long-term climatology b-c) modeled in 2012 d-e) comparison of

climatological observations and of 2012 model results at observation sites. b,d) WRF-Chem with baseline dust emissions c,e) WRF-Chem

with new dust emissions developed in this study. On the scatter plots, points in red indicate Arctic sites (latitude > 60°N).

– their effect on surface albedo when deposited onto snow and ice, which is related to the total deposition flux to frozen

surfaces.

The total simulated deposition of mineral dust aerosols onto snow and ice in 2012 is presented on Figure 6a. Compared

to Figure 5c, the deposited dust flux is proportionally stronger in the high Arctic, due to the extensive snow and ice covers410

nearly year-round. There, high-latitude dust sources are responsible for nearly 100% of the total deposition to frozen surfaces

(Figure 6b), indicating that they could have a disproportionate impact on albedo in the high Arctic. This confirms earlier results

from Groot Zwaaftink et al. (2016). It will be possible in future work to include a parameterization of snow and ice albedo that

includes the effect of light absorbing impurities (e.g. SNICAR, Flanner et al., 2021, very recently implemented in version 4.8.0

of WRF-Chem) to assess the effect of deposited mineral dust on the radiative budget of the Arctic.415

The interactions between aerosols and radiation are related to their optical depth. Figure 6c shows the total AOD in the

WRF-Chem-NEW simulation. Even though the aerosol setup does not include any secondary aerosols, the order of magnitude

of the simulated AOD is representative of Arctic conditions (between 0.05 and 0.2, Sand et al., 2017; AMAP, 2022). High

latitude dust emissions have a clear but limited effect on AOD (Figure 6d, at most 0.01 or ∼ 10% over source regions. These

results show that in the future, this setup can be used to diagnose the ARI effect of Arctic dust including high latitude sources.420

Mineral dust aerosols are efficient ice nucleating particles (INP) that can initiate the formation of ice clouds. INP could have

a disproportionate impact in the Arctic (Matsui et al., 2024), where supercooled liquid clouds and mixed-phase clouds are

especially prevalent (Mioche et al., 2015). In the WRF-Chem model, dust INP effects on primary ice formation can be taken

into account in the cloud microphysics model of Thompson and Eidhammer (2014), using the formulation of DeMott et al.

(2010) to calculate INP:425
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NINP = 5.94× 10−5(−Tc)
3.33N−0.0264Tc+0.0033

aer0.5 (18)

Where NINP is the number concentration of INP (standardL−1), Tc is the air temperature (°C, valid between -35°C

and -5°C) and Naer0.5 is the number concentration of all aerosols larger than 500 nm (standard cm−3), but the WRF im-

plementation only uses the number of dust aerosols above this size. Instead of using climatological dust concentrations as in

Thompson and Eidhammer (2014) within WRF-Chem, WRF-Chem-Polar can also use prognostic aerosols from the GOCART430

or MOSAIC aerosol schemes to set Naer0.5 and calculate INP (Marelle et al., 2025)

In WRF-Chem-NEW, we did not include this coupled interaction of prognostic dust on INP and clouds, but we can re-

calculate a posteriori the concentration of INP using Eq. 18. We show on Figure 6e the yearly averaged INP column from

WRF-Chem-NEW at -20°C, a temperature typical of dust INP activity. The amounts are relatively low in the Arctic compared

to continental regions at lower latitudes, with typical Arctic surface concentrations of 0.1 to 1L−1 (Li et al., 2022). Adding435

high-latitude dust sources only has a modest effect on the total INP column, at most 20% (Figure 6f). This is partly due to the

form of Eq. 18, which is non linear: a 10× increase in aerosols only leads to 3.4× more INP. More up-to-date surface-area-

based formulations (e.g., Niemand et al., 2012; Ullrich et al., 2017) could be more linearly sensitive to dust aerosols.

In addition to the impacts illustrated on Figure 6, mineral dust aerosols could also have an important effect on liquid clouds,

because Arctic aerosols are often internally mixed with hydrophilic compounds (Kirpes et al., 2018), and large particles such440

as dust usually constitute better CCN. In addition, dust has been shown to strongly influence atmospheric chemistry and even

biological activity (Kok et al., 2023)). These effects were not investigated specifically here, but could be modeled using the

MOSAIC aerosol setup in WRF-Chem-Polar also compatible with our developments, and our study lays the groundwork for a

future investigation of the full range of impacts of Arctic dust on climate (ARI, ACI, snow albedo, chemistry, and biology).

7 Discussion and conclusions445

We created a new version of the WRF-Chem-Polar model with modified emissions and sinks of mineral dust aerosols, and

including previously missing high latitude sources, available at Marelle et al. (2026c). The upgraded model compares well to

observed dust surface concentrations and deposition, and improves on the original WRF-Chem model and on a state-of-the-

art global model and reanalysis, in the Arctic and in the northern mid-latitudes. However, because of the relative paucity of

direct observations of mineral dust in the Arctic, constraining the model remains a challenge. It would be very useful if future450

observation campaigns could measure dust aerosol concentrations and deposition in the high Arctic, where our model predicts

they are the most sensitive to high-latitude sources. For example, we find that high latitude sources are responsible for nearly

100% of dust deposition over Arctic Ocean sea ice, and 10% of AOD close to emission sources in Northen Siberia, Iceland and

the Canadian Archipelago. Observations close to these regions would be especially interesting, ideally in locations sufficiently

removed from local sources to sample regional background concentrations.455

The model is able to represent the effect of mineral dust aerosols on radiation and clouds, and can be used in the future to

better quantify the impacts of dust on the Arctic climate. The current configuration of the model is able to represent the effect
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Figure 6. Effect of high latitude dust emissions on: a,b) dust deposition on snow and ice; c,d) Aerosol Optical Depth (AOD) at 550nm; e,f)

total column of Ice Nucleating Particle (INP) number at -20°C. Left: Annual mean WRF-Chem model results with the new dust emissions

developed in this study. Right: Contributions from high latitude dust emissions, calculated by comparing WRF-Chem-NEW with WRF-

Chem-NEW_NOHLD.

of aerosol-cloud interactions (ACI) on liquid, ice, and mixed-phase clouds, but the representation of INP and their effect on

primary ice formation in the model is outdated and will have to be further tested and improved for an accurate representation

of ACI. Generally speaking, optical properties, INP activity, and size distributions of high latitude dust could be very different460

than in other regions (Di Biagio et al., 2026; Matsui et al., 2024) and the sensitivity to these parameters will need to be explored.
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The model predicts that high latitude dust has a major impact on dust deposition fluxes onto snow and ice. The associated

radiative effect can be calculated using a snow albedo model, and some of them already implemented in other versions of

WRF-Chem that can be integrated into our version for evaluating these effects.

While our new dust emissions represents a significant progress, we believe there is still room for improvement. For example,465

recent studies indicate that emissions of agricultural dust in the mid-latitudes, not represented in WRF-Chem or in almost any

other model (Shi et al., 2025), could be transported to the Arctic (Ansmann et al., 2023; Raif et al., 2024). In addition, the

seasonal variation of the bare soil fraction in WRF-Chem, used to scale emissions in regions with partially bare soil in our

model, is based on a monthly, fixed climatology. Using more resolved time-varying vegetation data instead would certainly im-

prove the simulated temporal variation of these emissions. Last but not least, we found that mineral dust emissions from glacial470

outwash plains in Greenland are probably underestimated by our model, either because local conditions in complex topography

cannot be resolved directly in a large scale model, or because their properties are different and they could be mobilized more

easily than other sources. It would be necessary to improve their description, with more up-to-date soil composition data in the

Arctic or with additional sub-grid parameters to estimate local meteorological conditions in this complex terrain.

The new FORTRAN modules created for this study (for dust emissions, aerosol sedimentation, and wet scavenging) were475

written to be as model-agnostic as possible, in order to be more easily portable to other models than WRF-Chem. To facilitate

this, we also provide an offline version of the modules that can be run outside of WRF-Chem, and the associated test programs,

at Marelle et al. (2026a). In addition, the emission module developed in this study is structured to be easily modified to include

other recent formulations of mineral dust aerosol emissions (e.g., Shao et al., 2011; Kok et al., 2014; Groot Zwaaftink et al.,

2017; LeGrand et al., 2023), and could serve as a basis for a future intercomparison of these emission models in a single model480

framework, in the Arctic or elsewhere.

The model version developed in this study was not specifically tuned for the northern high latitudes, and it can be used to

investigate other regions, such as Antarctica where dust aerosol can be transported from the southern midlatitudes, (Lapere

et al., 2024b), or even outside of the poles, where dust transport events from major deserts can degrade air quality and influence

the predictions of weather models.485

Code and data availability. We provide the updated WRF-Chem-Polar model version used in this study as Marelle et al. (2026c). Standalone

"offline" versions of the 3 new WRF-Chem-Polar modules created for this study for dust emissions, aerosol sedimentation, and wet scaveng-

ing, are also provided as Marelle et al. (2026a) so that they can be tested without running coupled WRF-Chem runs, and can be more easily

integrated in different models if needed. The S-function (erodibility) source term for dust emissions created for this study can be obtained

from Marelle (2026b), also including the associated preprocessing scripts needed to regenerate it from ETOPO 2022 elevation data (available490

at NOAA National Centers for Environmental Information, 2022) and the GLCNMOv3 land cover dataset (https://archive.softwareheritage.

org/browse/snapshot/ce449a02d46d67d5cef07ef842d41bde9b5246e4/directory/?origin_url=https://github.com/globalmaps/gm_lc_v3.

The WRF preprocessing system (WPS) version 4 is available at https://archive.softwareheritage.org/swh:1:snp:096256316e752343901abad92a7dd9c2529f48cb;

origin=https://github.com/wrf-model/WPS. The new land cover dataset for WPS modis_landuse_20class_3m_with_lakes and the configu-

ration files required to use it in WPS are available at Marelle (2026a), as well as the scripts needed to regenerate it from the MODIS495
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MCD12C1.061 land cover (available at Friedl and Sulla-Menashe, 2022) and from Natural Earth Data lake shapefiles (https://www.naturalearthdata.

com/downloads/10m-physical-vectors/10m-lakes/, last accessed 2026-07-03).

WRF-Chem preprocessor tools (mozbc, fire_emiss and bio_emiss) are available at https://www2.acom.ucar.edu/wrf-chem/wrf-chem-tools-community.

We also provide the WRF-Chem namelists, run and setup scripts for the simulations presented here, as well as the preprocessing codes, post-

processing codes, and figure data associated to this study as Marelle et al. (2026b). ERA5 input data on pressure and surface levels for500

WRF are available at Copernicus Climate Change Service (2017), and the CESM CAM-Chem input data for initial and boundary condi-

tions at Tilmes et al. (2022). The CAMS reanalysis is available at Copernicus Atmosphere Monitoring Service (2020). The ECLIPSE V6b

anthropogenic emissions can be obtained from https://iiasa.ac.at/models-tools-data/global-emission-fields-of-air-pollutants-and-ghgs (last

accessed: 2026-07-03) FINNv2.5 emissions are available at https://doi.org/10.5281/zenodo.7868652. Aluminum measurements at Zeppelin

(Svalbard), Villum (Greenland), and Alert (Canada) can be obtained at Aas (2024) Kemp (2018) and Barrie (2018) respectively. Dust con-505

centration and deposition data are available in the supplements of Checa-Garcia et al. (2021) and Huneeus et al. (2011), and were reproduced

in Marelle et al. (2026b).
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