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Abstract 

Mineral dust plays a vital role in the Earth’s climate system, influencing radiation, cloud formation, 
biogeochemical cycles, and air quality. Accurately simulating dust transport in atmospheric models 
remains challenging, particularly for coarse and super-coarse particles, which are often 
underrepresented due to limitations in model physics and numerical treatment. Observations have 
shown that particles larger than 20 μm can remain airborne longer than expected, suggesting that 
standard gravitational settling formulations may be insufficient. One potential contributor to this 
discrepancy is the numerical diffusion introduced by advection schemes used to model 
sedimentation processes. In this study, we compare the commonly used first-order upwind advection 
scheme, which is highly diffusive, to a third-order scheme (UNO3) that reduces numerical diffusion 
while maintaining computational efficiency. Using 2-D sensitivity tests, we show that UNO3 retains 
up to 50% more dust mass for the coarsest particles compared to the default scheme, although overall 
dust lifetime shows little change. In 3-D simulations of the ASKOS 2022 dust campaign, both schemes 
reproduced similar large-scale dust patterns, with UNO3 yielding slightly lower dust loads near 
sources and slightly higher loads over the Caribbean. Overall, domain-averaged dust load differences 
remain small (less than 2%), with minor decreases in fine dust and slight increases in coarse dust, 
indicating that reducing numerical diffusion modestly enhances long-range transport of larger 
particles. Near the surface, UNO3 leads to small decreases in fine particle concentrations and modest 
increases for coarse particles, with local differences up to 50 μg/m³. These results highlight that while 
numerical diffusion does affect dust transport—especially for super-coarse fractions—its impact is 
relatively small compared to the larger underestimation of super-coarse dust commonly observed in 
models compared to measurements. Addressing the fundamental physics of super-coarse dust 
emission and lofting may therefore be a higher priority for improving dust model fidelity than further 
refining advection numerics. Future studies may also consider implementing more computationally 
intensive schemes, such as the Prather scheme, to further minimize numerical diffusion where highly 
accurate size-resolved transport is critical. 

Keywords: dust transport; dust settling; numerical diffusion; WRF-Chem 
 

1. Introduction 

Mineral dust primarily originates from dry soils with low vegetation. It belongs to the major 
natural contributors to the global atmospheric aerosol burden, and it plays a pivotal role in the Earth's 
atmosphere. Dust mass burden is estimated at around 22-20 Tg [1] affecting human health, 
transportation and various atmospheric processes such as weather patterns [2–4], solar radiation 
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levels [5], biochemistry [6,7] and overall climate forcing [8,9]. On the one hand, mineral dust can both 
absorb and scatter radiation [3,10,11], leading to alternating effects of warming and cooling on the 
planet [8]. On the other hand, dust alternates cloud properties acting as nucleate for cloud and ice 
formation [12–14]. 

The atmospheric interactions of dust are sensitive to the total dust mass burden along with the 
particle size distribution (PSD) of dust. The dust particles can be divided into separate modes 
regarding the size of their volume equivalent diameter (D): fine dust particles with D < 2.5μm , coarse 
particles with 2.5 < D <= 10μm, super-coarse particles with 10μm<D≤62.5μm and giant dust particles 
with D>62.5μm [15]. In the SW, super coarse and giant dust particles with diameters above 10μm 
tend to have a warming effect, while finer particles tend to have an increasing cooling effect as the 
size diminishes. In the context of long-wave interactions, dust particles have a cooling effect which 
strongly depends on size, with coarse particles tending to cool the atmosphere more.[15] 

The size of dust particles influences the cloud characteristics, their abundance and their spatial 
distribution, thereby shaping global precipitation patterns and climate conditions [16,17]. Although 
less abundant in the atmosphere, coarser dust is more hygroscopic than finer particles [18] and can 
act more effectively as cloud condensation nuclei (CCN) [18] and ice nuclei (IN) [19]. Moreover, when 
larger dust particles are activated as CCN, they produce larger cloud droplets. In turn, larger cloud 
droplets can accelerate the collision coalescence process and initiate rain faster, also affecting cloud 
lifetime[20,21]. 

Last but not least, larger dust particles increase the overall dust mass, which influences the extent 
to which dust affects the oceanic carbon cycle, as well as ocean and tropical rainforest ecosystems 
[22–24]. 

During the last decade, observations have shown that super-coarse and giant dust particles are 
transported over significant distances within the Saharan Air Layer (SAL) [24–28]. However, 
atmospheric dust models, a fundamental tool for studying dust interactions, either ignore particles 
with diameters larger than 20 μm or struggle to realistically represent their contribution to the 
atmospheric dust load [29–31]. Dust PSDs measurements, during FENNEC and AER-D campaigns, 
showed a significant proportion of coarse and giant mode particles, both above the Sahara sources 
and within the Saharan Air Layer (SAL) [27]. By ignoring the particles with diameters greater than 
20 μm, mass concentration is underestimated by up to 60 %, and scattering calculations showed that 
both shortwave and longwave extinction are underestimated by up to 18 % and 26 %, respectively 
[27]. 

The retention of mineral dust coarse and giant modes in the atmosphere exceeds initial 
expectations based solely on gravitational sedimentation [24,25,30]. In [30] authors developed the 
WRF-L model, a modified version of the WRF-Chem v4.2.1 [32,33] model that extends the dust PSD 
up to 100μm. By deploying the WRF-L model for the case of the AER-D campaign, they found that if 
there is a missing physical mechanism opposing gravity then a reduction of 60-80% in the 
gravitational settling velocity is needed. 

Many studies have demonstrated that dust models remove too fast the coarser dust particles. 
The reasons behind this deficiency have not been clarified yet. Many physical mechanisms have been 
proposed that potentially counteract gravity. Among them are the numerical challenges that are 
plagued with the numerical modelling of constituent transport [34], like dust aerosol. In the realm of 
numerical advection modelling, the most significant goal, after ensuring stability, is to make 
algorithms as accurate as possible. This means that the results they produce should be very close to 
the actual solution of the advection equation. Yet, the presence of numerical errors can compromise 
the accuracy of advection algorithms. In many cases, efforts to eliminate one type of error, like 
diffusion can amplify other errors like dispersion, thereby rendering the achievement of a perfect 
advection scheme impractical in reality [34]. Uncertainty in modelling mineral dust transport stems 
not only from parameterisations of emission and deposition processes but also from the choice of 
numerical advection scheme. In a sensitivity study using the CHIMERE-DUST model, [35] 
demonstrated that different horizontal transport schemes—such as UPWIND, Van Leer, and PPM—
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can lead to substantial variations in modeled dust concentration fields. Lower-order schemes tended 
to produce more spatially diffuse dust plumes with reduced peak concentrations compared to higher-
order methods like PPM, though the differences in total dust load were limited to about 1–2.5%. An 
earlier study by [36] evaluated the influence of advection schemes on dust settling by replacing the 
UPWIND scheme with the less diffusive Prather scheme in the standalone GOCART model. The 
results indicated a doubling of the modeled dust load with the Prather scheme, highlighting the 
potential of less diffusive methods to better represent dust transport, particularly for super-coarse 
particles. The Prather scheme assumes a sub-grid polynomial distribution and conserves the second 
moments of tracer concentration, thereby addressing the limitations of uniform concentration 
assumptions within grid cells. Despite its advantages, its implementation is memory-intensive and 
poses challenges in models using operator splitting, such as WRF-Chem [37]. 

Another advective scheme, which, from its implementation on 1-D and 2-D idealised tests, 
presents low self-constrained numerical diffusion, is the 3rd order Upstream Upstream non-
oscillatory (UNO3) advection scheme [38]. UNO3 has been derived by optimising existing classical 
advection schemes and combining them in different monotonic zones to avoid flux limiters for 
simplicity. It is also extended to irregular grids in the form of upstream mid-flux linear interpolation 
with symmetrical gradients and is adapted to multidimensions with an advective–conservative 
operator. UNO3 is given in finite-volume flux form and thus is consistent and conservative.  

In this study, we conduct both 2-D idealised experiments and 3-D real-case simulations to assess 
the performance of the new scheme in representing dust particle transport. Our analysis focuses on 
evaluating changes in simulated dust load, surface dust concentrations, and the vertical structure of 
dust distributions, with special attention to how these metrics are affected for the larger particle size 
classes. Our results highlight the modelling aspects of dust transport by using a computationally 
efficient and less diffusive scheme for the advection of gravitational settling losses. 

The paper is organised as follows. Section 2 provides a description of the implemented advective 
schemes and an overview of the applied methodology to realise the objectives of the study. Section 3 
provides an analysis of the differences in the simulated dust distribution using the different 
numerical schemes. Section 4 provides a discussion of the results, and Section 5 provides a summary 
of the study along with the main concluding remarks. 

2. Materials and Methods 

2.1. Transport of Mineral Dust in WRF-L 

The continuity equations that govern mineral dust aerosols account for various external factors 
influencing their behavior. Mineral dust particles are introduced into the atmosphere through 
emission processes, while their removal occurs primarily through sedimentation, and dry deposition 
onto water, soil, and other surfaces. Additionally, model equations often incorporate supplementary 
mechanisms such as particle washout, cloud and ice nucleation, and droplet evaporation which serve 
as additional sources or sinks in the model. డ஼డ௧ + 𝛻 ∙ (𝑣𝐶) = 𝐾𝛻ଶ𝐶 + 𝑅௡, (1)

Where the first left-side term is the local time derivative of mineral dust concentration C, the second 
left-side term is the change due to transport, the first right-side term are changes in mineral dust 
concentration due to turbulent diffusion, with 𝐾 the Eddy diffusivity, and 𝑅௡ is the time rate of 
change of the mineral dust concentration due to the 𝑛th external sinks and sources (emission and 
sedimentation in this study). 

The concentration C can be related to the tracer mixing ratio τ and the density of atmospheric 
air 𝜌௔௜௥ by Eq.(2): 𝐶 = 𝜏 ⋅ 𝜌௔௜௥, (2)
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Sedimentation occurs when particles fall through the atmosphere due to their mass (gravitational 
settling). The losses due to gravitational settling in WRF-L (and WRF-Chem in general) are calculated 
as the vertical advection of the mineral dust concentration due to the settling velocity, assuming that 
all particles within each transport size bin in a model grid cell share the same settling velocity. The 
corresponding equation in flux form is given below: డ஼డ௧ =  డ(௨ೞሬሬሬሬ⃗ ஼)డ௭ , (3)

Where 𝑢௦ሬሬሬሬ⃗   is the settling velocity vector of the particles, calculated for the effective diameter of each 
model transport size bin, as described in [30]. 

By expressing Eq. (3) in terms of the mixing ratio τ, we obtain: డఘೌ೔ೝ⋅ఛడ௧ =  డ(௨ሬሬ⃗ ⋅ఘೌ೔ೝ⋅ఛ)డ௭ , (4)

In the WRF-L (WRF-Chem) ARAKAWA-C grid (Figure 1a, b), the mineral dust mixing ratio is 
computed at the mass grid points indicated by In the WRF-L (WRF-Chem) ARAKAWA-C grid 
(Figure 1a, b), the mineral dust mixing ratio is computed at the mass grid points indicated by 𝜃 
points in Figure 1a, b and the orange lines in Figure 1c. Therefore, we can derive an equation using 
the discretization scheme of the interpolation approach to represent Eq. 1 as follows: 

ఘೌ,೗೟శభ⋅ఛ೗೟శభିఘೌ,೗೟ ⋅ఛ೗೟௱௧ =  ௨ೞ,೗షభమ೟ ⋅ఘೌ,೗షభమ೟ ⋅ఛ೗షభమ೟ ି ௨ೞ,೗శభమ೟ ⋅ఘೌ,೗శభమ೟ ⋅ఛ೗శభమ೟  ௱௭೗೟ , (5)

Or 𝜌௔,௟௧ାଵ ⋅ 𝜏௟௧ାଵ =  (𝜌௔,௟௧ ⋅ 𝜏௟௧ + (𝑢௦,௟ିభమ௧ ⋅ 𝜌௔,௟ିభమ௧ ⋅ 𝜏௟ିభమ௧ − 𝑢௦,௟ାభమ௧ ⋅ 𝜌௔,௟ାభమ௧ ⋅ 𝜏௟ାభమ௧ ) ⋅ ௱௧௱௭೗೟), (6)

Here, 𝜏௟௧ାଵ,𝜌௔,௟௧ାଵ and 𝜏௟௧,𝜌௔,௟௧  represent the mixing ratio of mineral dust 𝜏 and the atmospheric 
air density 𝜌௔  at the center of (𝑙)𝑡ℎ  grid point and at time 𝑡 + 1 and 𝑡, respectively. 𝑢௟,௦ ௧  is the 
vector of settling velocity of the particle. The 𝑙 + ଵଶ (𝑙 − ଵଶ) terms are evaluated at the grid cell faces 
between 𝑙  and 𝑙 + 1  (𝑙  and 𝑙 − 1) cell faces. The grid cell width at grid point 𝑙  and time 𝑡  is 
denoted as 𝛥𝑧௟௧, and 𝛥𝑡 represents the time step. Since the vertical coordinates of the WRF model are 
hybrid-pressure levels 𝑛, there is a temporal and spatial dependency on the 𝛥𝑧 value. 
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Figure 1. Description of the vertical levels based on the Arakawa C-Grid of WRF-L (& WRF-Chem). The “mass 
grid” where the dust concentration is solved is denoted with the “x” symbol and the defined ‘gost’ levels for the 
setting of the boundary conditions, in grey. 

2.1.1. The Default 1st Order UPWIND Advective Scheme of WRF-L 

The determination of the term 𝜏௟ାభమ௧  (and 𝜌௔௜௥,௟ାభమ௧ ,𝑢௦,௟ାభమ௧ ) can be accomplished using the following 

straightforward approach: 𝜏௟ାభమ௧ = 𝜏௟ାଵ௧ , (7)

𝜏௟ିభమ௧ = 𝜏௟௧, (8)

The above approach, with the additional assumption that 𝜌௔,௟௧ାଵ = 𝜌௔,௟௧ , leads to the following 
equations, which describe the default advective scheme of WRF-L (based on WRF-Chem v4.2.1) for 
the calculation of the changes in dust mixing ratio due to gravitational settling: 𝜏௟௧ାଵ =  𝜏௟௧ ⋅ (1 + 𝑢௦,௟௧ ⋅ ௱௧௱௭೗೟)− 𝑢௦,௟ାଵ௧ ⋅ 𝜏௟ାଵ௧ ⋅ ఘೌ,೗శభ೟ఘೌ,೗೟ ⋅ ௱௧௱௭೗೟, (9)

Or  𝜏௟௧ାଵ =  𝜏௟௧ ⋅ ൬1 − ห𝑢௦,௟௧ ห ⋅ ௱௧௱௭೗೟൰ + ห 𝑢௦,௟ାଵ௧ ห ⋅ 𝜏௟ାଵ௧ ⋅ ఘೌ,೗శభ೟ఘೌ,೗೟ ⋅ ௱௧௱௭೗೟ (10)

2.1.2. The Upstream Non-Oscillating Scheme III (UNO3) in WRF-L Context 

The UNO3 scheme has been developed based on a combination of already existing interpolation 
numerical schemes to cure the problem of numerical oscillations, which attributed to the evaluation 
of the 𝐶௟ାଵ/ଶ௧  term in Eq.11. The cell notation in UNO3 follows that initially proposed by [39] and is 
presented here in Figure 2. 

 
Figure 2. SkewT-LogP diagram for the meteorological conditions used for the initialization of the 2-D WRF-L 
experiments. Only the zonal circulation is taken, based on the average wind speed and direction, of the area of 
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Cabo Verde calculated from Final Analysis (FNL) Operational Global Analysis data, at 1°×1° grid, for the years 
2014-2018. 

Written in terms of concentration, the trace concentration 𝐶௟௧ in level l at integration time t is 
given by Eq.11: 𝐶௟௧ାଵ =  𝐶௟௧ + (𝑢௦,௟ିభమ௧ ⋅ 𝐶௟ିభమ௧ − 𝑢௦,௟ାభమ௧ ⋅ 𝐶௟ାభమ௧ ) ⋅ ௱௧௱௭೗೟, (11)

The cell coordinate 𝑧 represents the cell center, with a positive cell width Δ𝑧 that may vary for 
non-uniform grids. Consequently, a cell face is positioned at half the cell width from its respective 
cell center. Because of the sigma pressure vertical coordinates in WRF model grid, a modification is 
needed in the definition of the grid cell width Δ𝑧 in the WRF model grid to align with the midpoint 
between the two bounding cells: 𝛥𝑧 =  {2 ⋅ ൫𝑧௟௧ − 𝑧௙௨௟௟,௟௧ ൯,                 𝑓𝑜𝑟 𝑙 = 1   𝛥𝑧 = 2𝑧௟௧ − 2𝑧௟ି௟ ௧ − 𝛥𝑧௟ିଵ௧ , 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒  , (12)

Other than the above modification, the implementation of UNO3 has been done as described in 
Li (2008), with the settling velocities to be evaluated in the cell center (model “mass” grid) and the 
cell face velocities are interpolated from the settling velocity of the neighbouring cell centers, 
weighting their relative distance from the cell face according to Eq. 13 and Eq.14. We should note that 
in our implementation, we assume that 𝑙 = 1 refers to the bottom model level, thus settling velocity 
is negative 𝑢௟௧ = −|𝑢௟௧|. 𝑢௟ାభమ௧ = ௱௭೗శభ೟௱௭೗శభ೟ ା௱௭೗೟ 𝑢௟ାଵ௧ + ௱௭೗೟௱௭೗శభ೟ ା௱௭೗೟ 𝑢௟௧, (13)

𝑢௟ିభమ௧ = ௱௭೗షభ೟௱௭೗షభ೟ ା௱௭೗೟ 𝑢௟ିଵ௧ + ௱௭೗೟௱௭೗షభ೟ ା௱௭೗೟ 𝑢௟௧, (14)

To set the boundary conditions, we add extra levels outside the bottom and top boundaries 
(ghost levels) with the same cell width and the same settling velocity as the first (bottom) and the last 
(top) model grid level, respectively. We assume that zero tracer concentration comes from the top 
and a zero-gradient boundary condition at the bottom. To implement this, the tracer concentration at 
the top ghost levels is set to zero and the tracer concentration of the bottom ghost cells equal to the 
concentration of the first model level. 

2.2. Model Experimental Set-Up 

In this work, we use the WRF-L [30] model in both 2-D and 3-D configurations. In the 2-D 
configuration the model simulates the transport and the deposition of the dust particles, while in the 
3-D configuration the model simulates additionally the emission of dust based on the GOCART-
AFWA modified scheme [30].  

Before we apply the new UNO3 scheme in real 3-D dust transport cases, we performed a set of 
2-D idealized dust transport simulations to test the performance of the new advective scheme and 
provide a benchmark for its comparison with the default upwind scheme in WRF-L. Following the 
implementation of both schemes into WRF-L, we apply the model for simulations covering the period 
ASKOS 2022 experimental campaign. 

2.2.1. WRF-L/2D Benchmark Sensitivity Tests 

To test the performance of the code, we performed 2-D idealized simulations with WRF-L 
coupled with the dust mode component. A list of the 2-D sensitivity tests is presented in Table 1.  
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Table 1. 2-D Experimental runs that were performed in this study. 

2-D Experiments Horizontal resolution 

Δx (km) 

Vertical resolution 

Δ𝑧±z′ (km) 

Numerical scheme 

for gravitational 

settling 

UPWIND_L30 50km 1.058±0.187 UPWIND_WRF 

UPWIND_L60 50km 0.516±0.086 UPWIND_WRF 

UPWIND_L120 50km 0.258±0.046 UPWIND_WRF 

UPWIND_L240 50km 0.129±0.023 UPWIND_WRF 

UNO3_L30 50km 1.058±0.187 UNO3 

UNO3_L60 50km 0.516±0.086 UNO3 

UNO3_L120 50km 0.258±0.046 UNO3 

UNO3_L240 50km 0.129±0.023 UNO3 

The model domain consists of 91 grid points with 50 km horizontal spacing. We performed 
several sensitivity tests by varying the number of the vertical levels (30, 60, 120 and 240) to examine 
the sensitivity of the vertical spatial resolution on the dust transport. In the simulation, we reproduce 
the transport of a dust plume that travels approximately at 4-6 km altitudes from Cabo Verde Island 
towards Barbados. The dust plume is initialized in 2, 4, 8, or 15 vertical layers in the model with a 
total mass mixing ratio normalized to 1000 μg/kg of dry air. The vertical resolution is approximately 
1 km for the configuration with 30 vertical layers, and 500 m, 250 m and 125 m for the configurations 
with 60, 120 and 240 levels, respectively. When applying both numerical schemes (UPWIND and 
UNO3) a constant timestep is applied. A more detailed description of the simulation setup is given 
in Table 2. 

Table 2. Domain resolution and size for the WRF-L/2D tests. The vertical resolution varies with height and 
surface pressure thus representative median value and the mean value with its standard deviation are presented. 

# of horizontal 

grid points in 

the x-direction 

Lx*(km) Δx (km) Δz (km) 

median 

Δ𝒛±z′ (km) Lz* 

(km) 

# of Vertical 

Levels 

91 5050 50 1.005 1.058±0.187 30 30 

91 5050 50 0.496 0.516±0.086 30 60 

91 5050 50 0.246 0.258±0.046 30 120 

91 5050 50 0.122 0.129±0.023 30 240 

* Lx, Lz are the total horizontal and vertical dimensions of the domain in km. 

To initialise the meteorological conditions in the model, we used a radiosonde of Tenerife from 
the database of the University of Wyoming (Figure 2) with a modified wind profile. The wind profile 
has been replaced with the zonal wind speed profile, calculated based on the average wind speed 
and direction, of the area of Cabo Verde provided by the Final Analysis (FNL) Operational Global 
Analysis data, at 1°×1° grid and for the years 2014-2018. Simplified physics are used within the model 
and the dust scheme linked to the dust simulation is that of WRF-L. 

For the time integration, the RK3 scheme is activated. A fifth-order advection scheme is used for 
the horizontal advection of momentum and scalars, whereas a 3rd order scheme is utilized for the 
vertical advection [33]. Monotonic filters are applied to sustain monotonicity in the advection of 
turbulent kinetic energy, moisture, scalars and chemical variables (e.g mineral dust). Open lateral 
boundaries are assumed and an implicit Rayleigh damping for the vertical velocity [33]. 
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2.2.2. WRF-L/3D: Real Cases 

Using the WRF-L code in a 3-D configuration, we first ran the CONTROL experiment using the 
default UPWIND scheme for the gravitational settling of dust followed by identical experiments 
using the UNO3 scheme as described in Sect. 2.1.2. Our simulation period coincides with the ASKOS 
campaign of 2022. 

After we performed the control set of simulations activating the UPWIND scheme 
(UPWIND_ASKOS experiment), we performed an additional set of simulations applying the UNO3 
scheme for the calculation of gravitational losses of dust (UNO3_ASKOS). The two sets of runs differ 
only in the application of the advective scheme for sedimentation. We follow the same model 
configuration as in Drakaki et al., (2022), regarding the selected physics and dynamics in the model 
and the simulation cycle structure. Moreover, we use the fifth generation ECMWF (ERA5) reanalysis 
data to set the initial and boundary conditions every 6 hours, in a spatial grid resolution of 0.25×0.25o. 
The domain is an equal-distance grid with a spatial grid spacing of 15 km × 15 km consisting of 
620 × 320 points, and 33 vertical sigma pressure levels (automatically defined) of up to 50 hPa. 
Approximate heights of the levels are provided in Table 3. As in 2-D simulations, when applying 
both numerical schemes (UPWIND and UNO3) we keep a constant timestep. 

Table 3. Approximate level heights of the 3-D WRF-L experiments. 

Model levels Heights (km) Δz (km) 
1  0 - 
2 0.05 0.05 
3 0.1139 0.0639 
4 0.1952 0.0813 
5 0.298 0.1028 
6 0.4272 0.1291 
7 0.5878 0.1607 
8 0.7855 0.1977 
9 1.0256 0.24 

10 1.3126 0.287 
11 1.6496 0.337 
12 2.0377 0.3882 
13 2.4756 0.4379 
14 2.9593 0.4837 
15 3.4851 0.5258 
16 4.0561 0.5709 
17 4.675 0.6189 
18 5.3449 0.6698 
19 6.0684 0.7235 
20 6.8482 0.7798 
21 7.6865 0.8383 
22 8.5850 0.8985 
23 9.5449 0.9599 
24 10.5662 1.0213 
25 11.6479 1.0817 
26 12.7033 1.0554 
27 13.7271 1.0237 
28 14.7508 1.0237 
29 15.7746 1.0237 
30 16.7983 1.0237 
31 17.8221 1.0237 
32 18.8458 1.0237 
33 19.8696 1.0237 
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The simulation comprises nine 84-hour forecast runs, with each run initialized at 12:00 UTC. The 
first cycle is a cold start for dust field, while in the next cycles the dust field is initialized based on the 
previous cycle. The 30-second Global Multi-resolution Terrain Elevation Data 2010 (GMTED2010, 
Danielson and Gesch, 2011) are used to represent model topography while land use is determined 
using modified Moderate-resolution Imaging Spectroradiometer (MODIS) observational data from 
the University of Boston (Gilliam and Pleim, 2010). The initial 12 hours of each 84-hour cycle serve as 
a model spinup and are neglected. Similarly, the first week of the simulation is designated as a spinup 
period to accumulate background dust loading and is therefore omitted from the analysis. The 
simulation runs are performed in dust-only mode, neglecting aerosol-radiation interactions. Dust 
source strength is scaled by tuning the empirical proportionality constant in the horizontal saltation 
flux equation [40] to obtain the best match between the modelled DOD and the AERONET AOD 
(RMSE = 0.44, bias = 0.05) acquired at eight desert stations: Banizoumbou (13.54693 oN, 2.66519 oW), 
Izana (28.30932 oN, 16.49906oE), IER_Cinzana (13.278433 oN, 5.933867 oE), Saada (31.62583 oN, 
8.15583 oE), Tamanrasset_INM (22.79 oN, 5.53 oW), Ben_Salem (35.55055 oN, 9.914003 oW), 
Medenine-IRA (33.499633 oN, 10.642547 oE), Dakar_Belair (14.7017 oN, 17.4256 oE). Only AERONET 
records with AOD > 0.2 (Version 3.0, Level 1.5, Giles et al., 2019; Sinyuk et al., 2020) and Angström 
exponent < 0.75 are used in the comparison, targeting dust-dominated conditions. The tuning 
constant is equal to 1.6 and is applied throughout the model domain and the simulation period. 

The simulation area for all experiments encompasses the major Saharan desert, also including 
the downwind areas in the eastern tropical Atlantic. The complete configuration options for the runs 
(UPWIND_ASKOS, UNO3_ASKOS) are listed in Table 4. 

Table 4. Configuration parameters of the 3-D WRF-L runs. 

Parameterisation Reference Namelist variable Namelist option 

Surface model Noah (Tewari et al., 2004) sf_surface_physics 2 
Surface layer Monin–Obukov–Janjic (or Eta Similarity 

Scheme) (Janić, 2001; Janjić, 1994; Monin and 
Obukhov, 1954) 

sf_sfclay_physics 2 

Radiation 
 (SW & LW) 

RRTMG (Iacono et al., 2008)  ra_sw(lw)_physics  4 

Microphysics Morrison two-moment (Morrison et al., 2005) mp_physics 10 

Cumulus Grell-3 (Grell, 1993; Grell and Dévényi, 2002) cu_physics 5 

Boundary layer MYNN 2.5 (Nakanishi and Niino, 2006; Olson 
et al., 2019) 

bl_pbl_physics 5 

Chemistry GOCART simple (Chin et al., 2002; Ginoux et 
al., 2001) 

chem_opt 300 

Dust scheme AFWA (LeGrand et al., 2019) dust_opt 3 

The series of the above sensitivity runs has been performed, aiming to resemble possible 
numerical errors that are responsible for the differences between the simulated dust field and the 
observed in terms of their spatial and vertical distribution. The comparison between the CONTROL 
and UNO3 runs is expected to reveal the effect of the numerical diffusion on the transport of dust 
particles, with a particular focus on the behavior of super coarse and giant dust particles. Finally, the 
full list of the 3-D performed experiments is given in Table 5. 
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Table 5. 3-D Experimental runs that were performed in this study. 

3-D Experiments Horizontal resolution 
Δx (km) 

# of vertical levels 
 

Numerical scheme 
for gravitational 

settling 

Simulation Period 

UPWIND_ASKOS 15kmx15km 33 1st order UPWIND 
(Default) 

01/06-30/09/2022 

UNO3_ASKOS 15kmx15km 33 UNO3 01/06-30/09-2022 

3. Results 

3.1. Benchmark 2-D WRF-L Dust Simulations 

To evaluate the influence of numerical formulation on dust sedimentation, we conducted a series 
of idealized simulations with varying vertical resolutions and advection schemes, as described in 
Subsection 2.2.1 (Tables 1 and 2). Figure 3 presents results for simulations using two different 
numerical schemes—UNO3 and UPWIND—applied to the vertical advection associated with 
gravitational settling. Simulations were performed with 30, 60, 120, and 240 vertical levels. 

The simulations demonstrate that numerical errors do not enable significant long-range 
transport of coarser particles (bins 4 and 5) to distant locations such as Barbados . Within the 
simulation time range the full lifecycle is simulated only for bins 4 and 5. The smaller particles, at 
bins 1, and 3, have lower settling velocities and more time is required to simulate their total lifetime, 
but the behavior is expected to be the same. 

Increasing the vertical resolution (i.e., number of vertical levels) extends the retention time of 
dust mass in the atmosphere, reflecting increased particle lifetimes. This is attributed to the reduction 
of numerical diffusion: finer vertical resolution results in sharper gradients in dust concentration, 
limiting artificial smoothing and facilitating faster deposition at lower altitudes (as illustrated in 
Figure A1). The dependence of the simulated dust concentration on the number of vertical levels 
selected in the model configuration is also shown in Figure 3. With increasing number of levels, non-
zero dust mass is retained in the model domain for longer period, indicating higher particle lifetime 
for both schemes. This can be explained by the reduced numerical diffusion associated with the lower 
vertical resolution (or the higher number of model vertical levels). With less numerical diffusion, the 
dust concentration peaks of the dust waves are less smoothed out and the wave is narrower. In that 
case, dust mass reaches lower altitudes and deposits faster, as depicted in Figure 3. 

Both schemes converge as the number of model levels increases. The UPWIND scheme 
converges at 240 levels, while UNO3 converges sooner at 120 levels. As the number of vertical levels 
increases while keeping a constant timestep, the Courant number also increases. A higher Courant 
number leads to reduced numerical diffusion, especially in the first-order UPWIND scheme. This 
also helps explain the retention of higher dust mass in the atmosphere in UPWIND simulations. 

While high-order schemes such as UNO3 are designed to provide accurate and non-oscillatory 
solutions, particularly in the presence of discontinuities, our experiments reveal a counterintuitive 
behavior: as spatial resolution increases, UNO3 may exhibit faster degradation of mass conservation 
compared to a first-order UPWIND scheme. This is attributed to the activation of nonlinear limiters 
in UNO3, which introduce localised smoothing in steep regions to suppress spurious oscillations. As 
the grid becomes finer, these steep features become more pronounced, triggering stronger limiter 
action and effectively reducing the total transported quantity over time. 

Importantly, in our configuration, both UNO3 and UPWIND are applied exclusively to the 
vertical advection due to gravitational settling of dust, not to the full three-dimensional transport. 
Therefore, the observed mass loss originates solely from the numerical treatment of sedimentation. 
Although UNO3 is theoretically more accurate, the limiter-induced smoothing under grid refinement 
can outweigh this benefit. In contrast, the UPWIND scheme, despite being more diffusive in nature, 
maintains better mass conservation under resolution increase due to its linear and conservative 
formulation, especially in the context of pure vertical sedimentation without particle mass variation. 
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It should also be noted that the number of vertical levels may influence other components of the 
WRF model beyond the sedimentation scheme. Coarser vertical resolution can degrade the 
representation of vertical wind structures, stability profiles, and moist processes, which in turn may 
indirectly affect dust transport and deposition. While our analysis isolates the numerical effects of 
the sedimentation scheme, such interactions between vertical resolution and physical 
parameterisations may further modulate the total dust mass budget. 

In Figure 3, we can see the effect of the numerical diffusion in the dust plume concentrations to 
be positive in high concentration regions and negative during the dissipation phase of the transport 
of the plume (Figure 3). This effect is expected, since the effect of numerical diffusion in the transport 
of a square beam produces greater maxima and reduces the width of the beam spread (Figure A1). 
Considering the varying lifetimes of the dust particles in the size bins, the effect of diffusion varies 
depending on particle size. In the transport of the dust plume in the 2-D simulations, the effect of 
diffusion can be identified by the higher dust mass concentration throughout the transport period in 
the case of UNO3 and the low concentration values that are kept longer in the case of UPWIND. In 
our 5-day transport, the benefit of a less diffusive scheme is identified in the simulation of the coarser 
dust particles of bin4 and bin5. The total mass in the atmosphere can be approximately 50% more 
when using the UNO3 scheme. The large relative differences observed between the different schemes 
in the 240-level simulations result from small absolute differences combined with reference values 
that are near zero. Consequently, these differences are negligible. 

  

(a) (b) 

  
(c) (d) 

  
(e) (f) 
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(g) (h) 

  
(i) (j) 

Figure 3. In (a), (c), (e), (g) and (i) we present the comparison of the time evolution of the dust mixing ratio using 
the UNO3 and the UPWIND schemes, in 30, 60, 120 and 240 vertical levels model configuration, respectively. In 
(b), (d), (f), (h) and (j) the time evolution of the relative differences of the mixing ratio simulated between 
UPWIND and UNO3 is shown, for the different configurations. (a), (b) correspond to model size bin1: D = 0.2-
2.0 μm, (c), (d) to bin2: D = 2.0-5.5 μm, (e), (f) to bin3: D = 5.5-17.0 μm, (g), (h) to bin4: D = 17.0-40.0 μm, and (i), 
(g) to bin5: D = 40.0-100.0 μm). 

3.2. Changes in Atmospheric Dust Fields Due to Advection Scheme 

We extended our analysis to 3D simulations under realistic meteorological conditions (Section 
2.3), comparing two four-month runs (June–September 2022) labeled ASKOS_UPWIND and 
ASKOS_UNO3. The model configuration and dust emission setup are identical in both runs, differing 
only in the vertical advection scheme. Our simulations consist of two four-month runs, covering the 
period from June to September 2022, in alignment with the ASKOS 2022 campaign (Table 2). These 
simulations are designed to evaluate dust transport under realistic meteorological conditions, 
focusing on how the choice of advective scheme for dust sedimentation, influences particle transport. 
The experiments use identical model configurations and differ only in the applied advection scheme, 
as described in Section 2.1. Accordingly, the experiments are labeled ASKOS_UPWIND and 
ASKOS_UNO3. 

With the current configuration, WRF-L produces a total dust emission of 300 Tg in each 
experiment. The dust sources in the domain are in the Saharan desert. Therefore, a high dust load 
(columnar integral of dust concentration) is simulated over northern Africa, which is being reduced 
further away. The dust plume travels towards the West, within 5o and 25o degrees of latitude, a 
typical pattern for that year's season. The spatial distribution pattern is similar for all three 
simulations using the different advective schemes. The UNO3 scheme produces lower mean total 
atmospheric dust loads (sum of dust load across all five size bins) from June to September 2022 near 
the dust sources and higher in the Caribbean Sea, compared to the default UPWIND scheme. The 
relative differences near the sources reach up to approximately -20%, while greater differences are 
observed in the Niger, Chad and Sudan. Besides, the relative increase in the Caribbean is close to 20–
40%, indicating higher lifetimes for dust particles. Although, these positive differences correspond to 
low dust-load absolute differences close to 0.3 g/m2. The domain-averaged dust load differences 
between UPWIND and UNO3 schemes remained relatively modest (~-1.44%), with a slight decrease 
in bins 1 and 2, which correspond to finer particles and a slight increase for coarser particles in bins 
3, 4 and 5 (Table A1). 
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The observed reduction of the average dust load for the period (June to September) using the 
UNO3 scheme, which is depicted in Figure 4, can be attributed to the fact that dust particles under 
less diffusion are transported at less high altitudes and thus travel at shorter distances. This process 
is also supported by the increase of the average near-surface concentrations in Figure 5. Positive 
differences in the 4-month surface dust concentration dominate above the Sahara Desert reaching up 
to approximately 50 μg/m3 corresponding to 3%, indicating that particles either deposit more or, stay 
at lower heights. On the other hand, negative differences in near surface concentration dominate over 
the Atlantic Ocean, reaching up to 30 μg/m3 corresponding to 6-9%, which are consistent with the 
decreased dust load, as well. Moreover, the contrasting behavior of finer and coarser particles can be 
attributed to the distinct vertical dynamics of dust particles. Coarser particles, which are primarily 
transported near the surface, experience limited vertical movement. With reduced numerical 
diffusion in UNO3, their vertical transport is further suppressed, leading to quicker deposition and, 
consequently, increased dust load over source regions. In contrast, finer particles, which can be lifted 
to higher altitudes, rely more on vertical motion for long-range transport. The suppression of vertical 
mixing due to lower numerical diffusion limits their ascent and thus their horizontal dispersion, 
ultimately reducing their dust loads. 

  

(a) (b) 

  
(c) (d) 

Figure 4. The spatial distribution of the temporal mean dust load of June, July, August and September 2022 is 
presented for the experiments using the (a) UPWIND and (c) UNO3 schemes. In (b) and (d) the absolute and 
relative differences, respectively, between the simulated dust load using the UNO3 scheme and those using the 
UPWIND scheme are presented. 
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Figure 5. The spatial distribution of the temporal mean near-surface dust concentration of June, July, August 
and September 2022 is presented for the experiments using the (a) UPWIND and (b) UNO3 schemes. In (c) and 
(d) the absolute and relative differences, respectively, between the simulated near-surface dust concentration 
using the UNO3 scheme and those using the UPWIND scheme are presented. 

To assess the relative impact of numerical diffusion on particle size and the model’s particle size 
distribution (PSD), we compute the coarse-to-fine dust load ratio (C2F), as shown in Figure 6. The 
C2F ratio is defined as the sum of dust loads in model bins 3, 4, and 5, di-vided by the sum of dust 
loads in bins 1 and 2. 
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Figure 6. The mean dustload ratio of the coarse dust particles (bin 3 and 4) and the finer dust particles (bins 1, 
2and 3) (C2F) for June, July, August and September 2022 is presented for the experiments using the UPWIND 
(a) and UNO3 schemes (b). The absolute and relative differences, respectively, between the simulated dust load 
C2F ratio using the UNO3 scheme and that using the UPWIND scheme are presented (c) and (d). 

A comparison between the two experiments reveals an increase in the C2F ratio when using the 
UNO3 scheme, suggesting that numerical diffusion affects fine and coarse particles differently. 
Specifically, the C2F ratio shows a consistent, increase with the less diffusive UNO3 scheme across 
all regions. The magnitude of difference is up to 2%, over the dust sources and in the outflow of dust 
towards the Atlantic Ocean, while higher observed values are artifacts that correspond to low C2F 
ratio values. These C2F ratio differences come from a reduction in dust load in bins 1 and 2 (finer 
particles) and an increase in bins 3, 4, and 5 (coarser particles), as illustrated in Figure A3, suggesting 
modelst changes in the dust particle size distribution. 

4. Discussion 

Mineral dust, particularly coarse and super-coarse particles, plays a pivotal role in climate 
processes, yet remains difficult to simulate accurately. This study focused on quantifying the effect 
of numerical diffusion—arising from sedimentation advection schemes—on the transport of mineral 
dust particles of varying sizes. By comparing the standard first-order UPWIND scheme to the less 
diffusive third-order UNO3 scheme in both idealized 2D and realistic 3D setups, we assessed how 
reducing numerical diffusion influences dust mass retention, vertical and horizontal redistribution, 
and optical properties. 

In the 3D simulations of the ASKOS 2022 campaign, both advection schemes yielded similar 
large-scale dust load distributions, with domain-averaged total dust loads differing by less than 1%. 
However, this minimal global discrepancy conceals notable regional and size-dependent effects. The 
UNO3 scheme produced up to 20% lower dust load near Saharan sources and up to 20–40% higher 
loads over the tropical Atlantic and Caribbean—a redistribution pattern indicative of reduced 
artificial dispersion and enhanced long-range transport capacity. 

The size-resolved behavior of dust under UNO3 shows an important distinction. For fine 
particles (D = 0.2–5.5 μm; bins 1–2), UNO3 simulations yield small decreases in atmospheric and 
surface concentrations (~1–2% domain-averaged), reflecting a slightly more efficient deposition due 
to reduced vertical mixing. In contrast, coarse particles (D = 5.5–40 μm; bins 3–4) are better preserved 
in the atmosphere under UNO3, with increases in both column and surface concentrations reaching 
up to 2–3%, and local surface differences up to 50 μg/m³. These trends affirm that numerical diffusion 
disproportionately affects larger particles, likely because their stronger gravitational settling is more 
sensitive to vertical smearing induced by low-order advection schemes. 

This differential behavior is further illustrated by the coarse-to-fine (C2F) dust load ratio, which 
consistently increases in UNO3 simulations—especially in long-range transport regions like the 
Atlantic outflow. The lower C2F ratio implies that the relative contribution of coarse particles 
increases, confirming that reduced diffusion helps retain these larger particles during westward 
transport. While absolute changes remain modest, this has important implications for aerosol 
radiative forcing, sedimentation rates, and ocean fertilization studies that rely on accurate coarse dust 
representation.  

Our findings align with previous studies on the role of numerical diffusion, however there are 
differences in the impact magnitude. [36] showed that reducing numerical diffusion using a second-
order moment scheme significantly increased simulated dust mass loading by up to a factor of two 
compared to a first-order upwind scheme. In contrast, our study finds more modest differences 
(maximum 20%), likely due to differences in model setup. [36] used a global standalone model with 
coarser resolution and shorter simulation periods, whereas we used a high-resolution, regional, 
online-coupled simulation over four months. Additionally, the two studies used different advective 
scheme. It should be noted that, the UNO3 scheme performs higher numerical diffusion when it is 
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applied on an irregular grid. This can explain the lower differences found in this study compared to 
the default UPWIND scheme. Despite these differences, both studies emphasize the importance of 
minimizing numerical diffusion to better represent the transport of coarse dust particles, however 
the effects appear to be scale- and resolution-dependent, suggesting that the sensitivity to numerical 
diffusion may vary under different model configurations or grid structures. 

Similarly, [35] evaluated the impact of different transport schemes on modeled dust 
concentrations using the CHIMERE-DUST model. They found that while numerical diffusion 
significantly affected dust plume spread and peak concentrations, the domain-averaged dust burden 
differences between high- and low-diffusion schemes remained relatively modest (~1–2.5%). Their 
results are consistent with ours, showing that numerical diffusion has a measurable but moderate 
impact under realistic atmospheric conditions.  

Overall, our study shows that numerical diffusion has a measurable but moderate influence on 
the simulation of dust transport, particularly in terms of regional redistribution and the preservation 
of coarse particles during long-range transport. While it does not substantially alter domain-averaged 
dust budgets, it systematically affects the spatial distribution and size-resolved behavior of dust 
plumes. The magnitude and significance of these effects may depend on specific modelling 
conditions, such as the advective scheme, model configuration or grid resolution. As such, further 
investigations involving additional numerical schemes and a broader range of test cases are 
warranted to better quantify the role of numerical diffusion and guide the selection of appropriate 
advection methods in dust modelling applications. 

5. Summary and Conclusions 

This study assessed the impact of numerical diffusion in vertical sedimentation schemes on the 
simulation of mineral dust transport, using the WRF-Chem model with the ASKOS 2022 campaign 
as a reference. By comparing the commonly used first-order UPWIND scheme to the less diffusive 
third-order UNO3 scheme, we evaluated how reducing numerical diffusion affects dust mass 
retention, distribution, and optical properties, with a focus on particle size sensitivity. 

While domain-averaged differences in total dust load were small (~-1.44%), UNO3 produced 
notable regional and size-resolved effects. Specifically, it led to reduced dust concentrations near 
source regions and enhanced dust transport over the Atlantic and Caribbean—particularly for coarse 
particles—indicating that reducing numerical diffusion can improve the representation of long-range 
dust plume structure and coarse particle retention. These effects were also reflected in the higher 
coarse-to-fine (C2F) dust load ratio in UNO3 simulations, highlighting its ability to better preserve 
super-coarse dust during transport. 

Despite these improvements, a large underestimation remains relative to broader model 
challenges, such as the persistent underrepresentation of super-coarse dust. This underscores the 
need to improve physical parameterisations related to emission and lofting processes in addition to 
refining numerical schemes. 

The results demonstrate that the sensitivity to numerical diffusion is highly dependent on model 
configuration, grid structure, and resolution. Therefore, further investigation involving additional 
advection schemes, different modelling frameworks, and a range of meteorological regimes is 
essential to better understand the scale-dependent behavior of numerical diffusion and to guide the 
development of robust dust transport modelling strategies. 
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The following abbreviations are used in this manuscript: 

UNO3 Upstream Non-Oscillating III 
C2F Coarse to Fine dustload ratio 

Appendix A 

 

Figure A1. Transport of a square beam using the UPWIND and the UNO3 schemes for Courant number C=0.2. 
We use constant transport velocity, while the timestep is adjusted to the levels’ width and the Courant number. 
(a) 60 (59), (b) 120 (119), (c) 240 (239) and (d) 480 (478) full (mid) levels during the transport of the beam at the 
approximate same height. 
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Figure A2. The spatial distribution of the temporal mean dust load of June, July, August and September 2022 for 
bin 1 is presented for the experiments using the UPWIND (upper left) and UNO3 (upper right) schemes. The 
absolute and relative differences, respectively, between the simulated dust load using the UNO3 scheme and 
those using the UPWIND scheme are presented in lower left and right. 

 

Figure A3. Same as A2, for model bin 2. 
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Figure A4. Same as A2, for model bin 3. 

 

Figure A5. Same as A2, for model bin 4. 
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Figure A6. Same as A2, for model bin 5. 

Table A1. Temporaly and spatial average, over the domain, dustload absolute and relative difference. 

Variable UNO3-UPWIND  
Absolute Difference [g/m2] 

UNO3-UPWIND  
Relative Difference [%] 

Total Dustload -0.015 -1.44  
Dustload bin 1 -0.003 -2 
Dustload bin 2 -0.007 -1.6 
Dustload bin 3 0.007 0.3  
Dustload bin 4 7×10⁻⁴ 1.9 
Dustload bin 5 9.2×10⁻⁵ 2.3 
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