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1. Introduction
Mineral dust is an aerosol that plays an important role on air quality and climate evolution. While mineral dust 
mainly occurs due to natural sources, it has a non negligible impact on air quality and human health (Wang 
et al., 2020). Mineral dust is mixed with other aerosol and its fine fraction may be counted in the air quality budget 
and can be ingested by humans (Morman & Plumlee, 2013). At larger spatial scale and over long periods, mineral 
dust has an important impact on climate evolution with influence on the atmospheric radiative balance, the 
amount of nutrients in the ocean, the modification of albedo of snow and ice, cloud formation, and precipitation 
(Carslaw et al., 2010; Schepanski, 2018). The fact that aerosol is added to the troposphere results in changes in 
radiation and cloud properties; it also has an effect on secondary gas and aerosol species such as ozone. Ozone is 
particularly sensitive to these changes being produced by photolysis. In addition, the temperature could be modi-
fied as well, having also on impact on ozone production (Jenkin & Clemitshaw, 2000; Seinfeld & Pandis, 2006).

Mineral dust emissions are mainly due to three physical mechanisms: saltation, aggregate disintegration and 
aerodynamic entrainment (Klose et al., 2014). While the first two are dominant when the 10 m wind speed is high 
(>7 m s −1), the aerodynamic entrainment may become non negligible for low wind speed conditions. In the latter 
case, it becomes important to well represent the convection effects close to the surface. Parameterizations are 
developed to take into account this Convective Turbulent Dust Emission, as in Klose and Shao (2012). In addi-
tion, wildfires may cause perturbations to the near-surface wind speed; these changes may be due to radiative or 
convective effects. For example, Lareau and Clements (2015) showed that wildfires may cause density currents, 
responsible for a modified smoke transport up to 25 km of the wildfire and at speeds up to 4.5 m s −1. The main 
cause is radiative and due to the difference between the smoke-filled and the smoke-free atmosphere: temperature 
and boundary layer height are lower under the plume, therefore the mean wind speed is modified. This effect thus 

Abstract Mineral dust emissions mainly depend on soil erodibility and near-surface wind speeds. During 
biomass burning episodes, pyroconvection locally generates high surface wind speed and non-desert surfaces 
(such as forest and shrubs) are partially replaced by barren soil. These effects may induce additional mineral 
dust emission. However, they are generally not taken into account in chemistry-transport models since the 
biomass burning and mineral dust emissions are usually considered as independent processes. This may lead 
to an underestimation of the mineral dust emissions and therefore of the transported concentrations. In this 
study, this link is added in the CHIMERE chemistry-transport model. The summer of 2021 is modeled over 
Europe using the coupled WRF-CHIMERE system. Simulations with and without the link between emission 
processes are performed. Results are compared to observations such as surface measurements of ozone and 
particulate matter by EEA and aerosol optical depth by AERONET. With more emitted mineral dust, an effect 
is found on the whole meteorological and chemical system: wind, temperature, cloud, gas (such as ozone with 
a few ppb changes) and aerosol concentrations are changed. The effect does not appear to be very important but 
significant enough to have to be taken into account in future modeling.

Plain Language Summary Biomass burning inject pollutants into the atmosphere but also change 
meteorological and surface characteristics. During the fire, forced convection can drive mineral aerosols aloft. 
After the fire, the burned surface becomes more erodible. To account for these interactions between fire and 
mineral dust emissions, we have developed a new parameterization in the coupled WRF-CHIMERE model. We 
quantify the impact of this interaction and show the regions in Europe where it adds erodible surfaces.
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changes the way the smoke plume is transported and dispersed. The radiative effects of the smoke plume may also 
have an impact on photochemistry. The shortwave radiation flux can be reduced leading to a decrease in surface 
ozone concentrations and an increase in daytime NO2 concentrations (Péré et al., 2015).

In the case of convective events, Cowie et al. (2015) discussed the impact of rare events on the total dust fluxes. 
The dust emission being a non-linear process depending on the wind speed, rare high wind events may have a 
large impact on the total emission budget: they showed that, over the region they studied, northern Africa, 25% of 
the total emissions are due to less than 2% of the events. However, as pointed out by Foroutan and Pleim (2017), 
convective events are poorly reproduced in meso-scale models, leading to an underestimation of emission flux 
calculations. They propose to modify the way the calculation is done mainly by (a) changing the mean wind 
speed by a probability distribution function and take into account gustiness and (b) make data assimilation to 
improve convective systems modeling. The first change was also made in other studies such as (Menut, 2018) 
implementing a Weibull distribution to take into account the subgrid scale variability due to the orography vari-
ance. Another shortcoming in mineral dust emission modeling is identified as the poor representation of moist 
convection (haboobs) in regional models. Roberts et al. (2018) estimated that this convection may represent 50% 
of the emissions in Sahara and Sahel during summer. They show that an explicit representation of convection 
improves the haboob representation, which then improves the diurnal cycle of wind resulting in better simulation 
of emitted dust.

Wildfires are also responsible for convective events causing an increase in mineral dust emissions, as presented 
by Wagner et al. (2018). The study is performed over a limited area of a few hundred square meters and using a 
large-eddy simulation (LES) model. They discussed the fact that during a fire event, the pyroconvection gener-
ates a large thermal wind with important vertical velocities in the updraft. This leads to a wind convergence at 
the surface with larger wind speed values, which may induce larger mineral dust fluxes if the corresponding 
surface is erodible. Their study was done at very high resolution (a few meters), for one fire, with a LES (Large 
Eddy Scale) model. They explore sensitivities of the wind speed changes to several kind of fires, considering 
grassland and shrubland landuses. The possibility to mobilize more mineral dust is discussed via an academic 
case at small scale. Dong et al. (2018) also analyzed this phenomenon and linked biomass burning and dust. In 
the Taklamakan and Gobi deserts, they analyzed several events in which smoke and dust are transported together. 
But in their case, this is a mixing due to meteorological conditions, and not to a forcing of one by the other. 
However, they quantified that this mix has an impact on other pollutants such as ozone and nitrogen oxides, 
leading to severe air pollution episodes. Schlosser et al. (2017) also analyzed aerosol composition after wildfires 
and showed that mineral dusts are present, explaining that burn front can lift soil dust particles. More recently, 
Wagner et al. (2021) investigated the impact of agricultural fires on mineral dust emission. They go further on 
their previous study and investigate the change due to fires on the saltation (via friction velocity) and the convec-
tive turbulence (via wind components).

In this study, we consider the interaction between biomass burning and mineral dust emissions. When a fire is 
detected, the surface is modified to have more favorable conditions for mineral dust emissions. We consider that 
pyronconvection locally enhances the surface wind speed, and that the soil becomes more erodible, with less vege-
tation and smaller roughness length. A simple relation is tested to link the two processes. The impact of taking 
into account this interaction is quantified by simulating gaseous and aerosol species with the WRF-CHIMERE 
regional modeling system. The additional dust emissions due to fires and their effects on atmospheric concentra-
tions of dust are analyzed, as well as the effects of this additional dust load on radiative fluxes and meteorology. 
Differences with and without this retroaction are discussed and compared to measurements obtained during the 
summer 2021 (July and August).

2. The Modeling System
In this section, the whole modeling system is presented, including the WRF and CHIMERE regional models and 
the way they are coupled online. This also includes how the calculation of the impact of fires pyroconvection on 
mineral dust was implemented.
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2.1. The WRF and CHIMERE Models

The regional models WRF 3.7.1 (Powers et al., 2017), and CHIMERE 2020r3 
(Menut et al., 2021), are used. This version of CHIMERE is designed to take 
into account (in online mode) or not (in offline mode) the direct and indirect 
effects of aerosols on radiation and cloud properties. The way these effects 
are taken into account is described in Briant et  al.  (2017) (for the direct 
effects) and Tuccella et al. (2019) (for the indirect effects). The model config-
uration is exactly the same as in Menut et al. (2021): it includes emissions 
from anthropogenic, biogenic, sea-salt, biomass burning, lightning NOx and 
mineral dust sources. It also includes gaseous and particulate chemistry for 
tens of species and with 10 size distribution bins for aerosols. In this study, 
the WRF-CHIMERE system is used in online mode. The spectral nudging 
above the Planetary Boundary Layer is activated to avoid possible divergence 
of the model so that it is constrained by the meteorological forcing taking 
observations into account. The model domain is defined with the same hori-
zontal grid for WRF and CHIMERE and covers the whole Europe and a part 
of Asia: 170 × 90 cells with a constant resolution of 50 km. The WRF model 
has 32 vertical levels from the surface to 50 hPa. CHIMERE has less vertical 
levels, 20 layers from the surface to 200 hPa (and variables are interpolated 
during the coupling when exchanges are made between the two models).

2.2. The Biomass Burning Emission

The biomass burning emission fluxes are diagnosed from the CAMS data set (Kaiser et al., 2012). These fluxes 
are proposed as surface fluxes with a 0.1 × 0.1° horizontal resolution. Then, they are remapped on the CHIMERE 
horizontal grid, aggregated into the model species and vertically redistributed. The fluxes are also converted from 
daily to hourly bases using a diurnal profile.

Vertically, the surface flux redistribution is a key point. First the injection height, Hp, is diagnosed following the 
schemes of Sofiev et al. (2012) and Veira et al. (2015). The calculation used the Convective Available Potential 
Energy estimation being diagnosed using the Fire Radiative Power (FRP) for each fire, as:

𝐻𝐻𝑝𝑝 = 𝛼𝛼𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎 + 𝛽𝛽

(

𝑃𝑃𝑓𝑓

𝑃𝑃𝑓𝑓0

)𝛾𝛾

exp

(

−
𝛿𝛿𝛿𝛿2

𝐹𝐹𝐹𝐹

𝛿𝛿2
0

)

 (1)

with α = 0.24, β = 170 m, γ = 0.35, δ = 0.6, Pf0 = 10 6 W and 𝐴𝐴 𝐴𝐴2

0
  = 2.4 × 10 −4 s −2. The FRP, Pf, is in Watts. 

NFT is the Brunt-Väisälä frequency in the free troposphere. An empirical correction is performed for the known 
underestimation of FRP by MODIS in case of strong fires (Veira et al., 2015):

𝑃𝑃 ∗
𝑓𝑓
= 𝑃𝑃𝑓𝑓 ×

(

𝐻𝐻𝑝𝑝

𝐻𝐻𝑑𝑑𝑑𝑑𝑑𝑑𝑝𝑝

)𝜖𝜖

 (2)

with ϵ = 0.5 and Hdeep = 1,500 m. An example of Hp calculation is presented in Figure 1 as an academic case, by 
applying only the equation for fixed values of the ratio of 𝐴𝐴 𝐴𝐴𝐴𝐴2

𝐹𝐹𝐹𝐹
∕𝐴𝐴2

0
 . The curves include examples with ratios 

equal to −0.1, −0.3 and −0.6 with the Sofiev et al. (2012). For the example with the ratio equal to −0.1, we also 
present the mix between Sofiev et al. (2012) (for Hp ≤ 1,500 m) and Veira et al. (2015) (for Hp > 1,500 m). It 
shows that for FRP between 0 and 1,000 MW, Hp varies between 700 and 2,500 m. In the model, the FRP values 
are provided hourly by the CAMS fire data set and the Brunt-Väisälä frequency is calculated at each physical 
time-step (a few minutes depending on the meteorology). There are some differences in the treatment of the 
FRP compared to the previous CHIMERE model version, described in Menut et al. (2021). In this study, we use 
the FRP product proposed by CAMS directly, (Rémy et al., 2017). A diurnal profile is applied, as the one used 
for the chemical species (as in Menut et al. [2021], but with the minimum and maximum values used in Gonzi 
et al. [2015], between 0.2 and 1).

Figure 1. Values of the Hp altitude of the fire plume top as a function 
of the Brunt-Vaisala number in the free troposphere and as calculated by 
Sofiev et al. (2012) parameterization. For altitude larger than 1,500 m, Veira 
et al. (2015) is applied.
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Second, the shape of the vertical profile uses Kz-like shape that is, a local 
maximum with a slow decrease with altitude. Here we use two maxima: one 
in the surface layer and one around Hp. These configurations are described 
and used in Menut et al. (2018) (see Figure 2) and Menut et al. (2021). There 
is no subgrid scale variability in the calculation of these fluxes: fluxes are 
considered as averaged over the grid cell surface, even if the fire was small 
compared to this surface. Although the estimation of biomass burning emis-
sions remains very uncertain (Ye et al., 2021), it is not an important limitation 
for this study: the most important point is not the accuracy of the absolute 
value of the flux, but its correct localization in time and space, since we want 
to estimate the impact of fires outbreaks on mineral dust emissions.

2.3. The Mineral Dust Emission

The mineral dust emissions are calculated using the Alfaro and Gomes (2001) 
scheme, optimized following Menut et al. (2005). The emission depends on 
many parameters, including the surface properties of each model grid cell. 
These properties are presented in Figure 2: z0 corresponding to the saltation 
roughness length (the first marker of erodible surfaces). The “Forest” and 
“Barren” landuse categories represent the fraction area for these environ-
ments as example of all landuse considered in the model. Mineral dust could 
be emitted over barren surfaces, shrubland, cropland, grassland but not over 
forest or wetland (Menut et al., 2013). A good indicator of erodible surfaces 
is to consider the locations where we have at the same time a low roughness 
length value and a landuse corresponding to an erodible surface. The emission 
also strongly depends on the mean wind speed in the grid cell, defined as:

𝑈𝑈 =

√

𝑈𝑈 2
𝑟𝑟 + (1.2𝑤𝑤∗)

2 (3)

with U the mean wind speed used for the emission flux calculation, Ur the 
grid resolved wind speed simulated by the meteorological model, and w* the 
convective velocity scale to take into account the convective effects.

In order to take into account the sub-grid scale variability, flux calculations 
are done following several steps. First, sub-fluxes are calculated for each soil 

type of the grid cell. Second, for each soil type, the flux is also calculated for each landuse. For each sub-flux, the 
same meteorological variables are used: precipitation, soil humidity and wind speed because they represent the 
mean value in the grid cell. To take the possible subgrid scale wind variability into account, a Weibull distribution 
is applied as described in Menut et al. (2005). Depending on the orography variance in the grid cell, the k shape 
parameter of the Weibull distribution is modified (Menut, 2018). For each grid cell, the final mineral dust flux is 
thus the addition of several sub-grid fluxes as:

𝐹𝐹 =

𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
∑

𝑠𝑠=1

𝑁𝑁𝑠𝑠𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑠𝑠𝑙𝑙
∑

𝑗𝑗=1

𝑁𝑁𝑤𝑤𝑠𝑠𝑙𝑙𝑙𝑙
∑

𝑘𝑘=1

𝐹𝐹 (𝑠𝑠𝑖 𝑗𝑗𝑖 𝑘𝑘) (4)

After emission, the mineral dust is transported and deposited. The mineral dust aerosol has properties such as 
its density ρp = 2.65 g.cm −3, and its optical properties for the five wavelengths used with the FastJX photolysis 
model (Wild et al., 2000). The refractive index is defined with its real (R) and imaginary (I) parts. For the real 
part, R = 1.53 for all wavelengths. For the imaginary part, I = 5.5e −3 at λ = 200 nm, I = 5.510 −3 at λ = 300 nm, 
I = 2.410 −3 at λ = 400 nm, I = 8.910 −4 at λ = 600 nm, and I = 7.610 −4 at λ = 999 nm. These values are taken from 
the ADIENT project, (as described in Mailler et al. [2016]) and were used for validation in Briant et al. (2017) 
and Tuccella et al. (2019).

Figure 2. The simulation domain and some surface characteristics. The map 
with z0 (cm) corresponds to the saltation roughness length, “Forest” to the 
area fraction occupied by forests [0:1], “Barren,” the area fraction occupied by 
barren soil [0:1].
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2.4. Model Developments

The model developments are dedicated to link the mineral dust emission to 
the biomass burning events. The starting version is the distributed v2020r3 
CHIMERE version and only the fires and mineral dust emission schemes are 
changed for this study. Biomass burning fluxes have to be first diagnosed, 
including the fire radiative power, the burnt area and the injection height. 
Depending on these parameters, it is possible to parameterize an additional 
surface wind speed value and modify the soil and surface characteristics for 
the mineral dust emissions. These changes will only apply for mineral dust 
emission, but not for the other processes.

For the following developments, a lot of uncertainties exist and must be 
discussed. In this model version, several hypotheses were made, each time 
in the more realistic way. The main goal of this study is to evaluate if, at 
the regional scale, biomass burning has a significant impact on mineral dust 
emission. Our various hypotheses in this study make it possible for us to 
answer this question. However, regarding the exact magnitude of this impact, 
uncertainties still remain.

Two main changes are done in the model to take into account the impact of 
fires on dust emissions:

•  The change of soil and surface characteristics in the grid cell where a 
fire is diagnosed.

•  The change of 10 m wind speed used for mineral dust emission

2.4.1. Change in Soil and Surface Characteristics

The soil and surface change is an important point for this study, because a fire 
may induce a more erodible nature. This change is also relatively unknown at 
the regional scale and several hypothesis have to be made.

The first hypothesis regards the surface of the burnt area. This information is not provided with the data used. 
Some products exist with other biomass burning models, but these data are still uncertain. In addition, the CAMS 
data are recognized to have accurate results on the location and intensity of fire fluxes and there is a strong inter-
est to use it in the framework of the WRF-CHIMERE system when used in the Copernicus CAMS daily forecast. 
For this study, the hypothesis is made that the burnt surface should be proportional to the fire radiative power 
via the fire size. It is not strictly exact but corresponds to a correct first guess as quantified by Yue et al. (2014) 
and (Laurent et al., 2019). This enables us to calculate a relative fraction of the CAMS grid cell (with resolution 
0.1 × 0.1°). For each day of fire data, the new burnt surfaces are added to the previous days in a cumulative 
fashion. The accumulation starts the 1 January 2021. Examples of maps during the year 2021 are presented in 
Figure 3.

The second hypothesis is about the change of soil and surface properties. The goal is to just consider that the 
burnt surface is more erodible. Without impact of fires on dust, the erodibility is diagnosed for each grid cell, and 
each percentage of landuse and soil in this specific cell. The MODIS product adapted by Beegum et al. (2016) 
is used. This satellite product being mostly accurate over the desert, the landuse is screened for the model cell 
using the USGS data used for the simulation. In case of erodible but non-desert cells, the erodibility is estimated 
as the surface (1.-greenfrac), “greenfrac” being the USGS vegetation fraction used by the meteorological part of 
the modeling system, WRF. In case of fires, soil and surface properties are thus changed for the area fraction of 
the model grid cell, considering that: (a) the soil moisture becomes 0.1 kg⸱kg −1 to represent a dry soil, (b) the 
aeolian roughness length becomes z0 = 0.01 cm to represent an erodible surface, (c) the soil becomes sand to have 
properties of erodible material and to be closer to soil after burning such as what is presented by the Chernozemic 
soils studied with the same model in Bessagnet et al. (2008), and (d) the erodibility (measured by MODIS) is 
considered as 100% for the burnt fraction area.

Figure 3. Estimation of accumulated burnt area fraction over the modeled 
domain. Examples are presented for 1 May 2021 and 1 October 2021.
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2.4.2. Change on 10 m Wind Speed

As displayed in Figure 4, the fire may change the mean wind speed in two 
ways: (a) an increase at the surface and (b) an increase of vertical transport 
due to pyroconvection.

For the increase of wind speed at the surface, we propose a simple relation-
ship between the FRP and the mean wind speed. For the sake of realism, 
we can only compare our equation to the calculations at high spatial resolu-
tion data presented in Wagner et al. (2021). This study is a keystone for the 
topic of wildfire-driven mineral dust emissions: LES modeling is used and 
an order of magnitude of the impact is clearly estimated and presented. We 
thus can consider this study as a reference for this geophysical problem. An 
extra term of wind speed due to a fire in the grid cell may be expressed as:

Δ�10� = ��
1 + �� exp(−�� × ��� ) (5)

with the FRP between 0 and 1,000 MW. Equation 5 implements a logistic sigmoid function, with maximal value 
uc = 3 m s −1, ua = 100, growth rate ub = 0.01 MW −1. This equation ensures a smooth relationship between ΔU 
and FRP, with 𝐴𝐴 Δ𝑈𝑈 =

𝑢𝑢𝑐𝑐

2
 for FRP = 460 MW. The value of uc is arbitrary and was selected to be realistic. Figure 5 

presents Equation 5 with the additional 10 m wind speed, ΔU10 m, as a function of the FRP (MW) in a grid cell. 
For example, three values of the parameter uc are used with uc = 2, 3, and 5 m.s −1.

Unfortunately, there is no data that can be used as constraint to fit these parameters. The only way to qualify these 
values is to perform regional simulations and to quantify the impact on available observations. For the convective 
effects due to the pyroconvection, we add a direct injection term of the emitted dust in the boundary layer, up to 
the Hp calculated for the wildfire emissions.

The two effects are summarized in Figure 6: in the first case, DFno, the surface wind speed is represented by a 
Weibull distribution. Only wind values above the wind threshold Ut are used to calculate mineral dust emissions. 
Dust emissions are injected in the first model vertical grid cell only. In case of a link between fires and dust, 

the fluxes are expressed as DFvert. The surface wind speed is larger, then 
more wind values are up to Ut: the mineral dust emission flux is larger. In 
addition, considering that pyroconvective effect transports surface emissions 
in the boundary layer, a wildfire-driven vertical profile of dust emissions is 
applied. This profile represents a uniform distribution of the dust in all levels 
from the surface to Hp.

2.5. The Test Case and the Observation Data

The test case corresponds to the summer of 2021, from 1 July to 31 August 
and for the whole Europe and a part of Asia. During this period, numerous 
fires were observed as described by the European Forest Fire Information 
System (EFFIS) web site with daily biomass burning maps (https://effis.
jrc.ec.europa.eu). Two main spots are observed: in Russia, as already stud-
ied by Konovalov et al.  (2011), Konovalov et al.  (2015), and in Greece as 
already studied by Hodnebrog et  al.  (2012), Rea et  al.  (2015), and among 
many others. The simulation domain is presented in Figure 7. This Figure 
also presents the sum of wildfire flux of Carbon Monoxide (CO) during the 
months of July and August 2021.

Two simulations will be compared in this study, corresponding to notations 
in Figure 6:

•  “DFno”: A simulation with all possible emissions including fire 
and mineral dust. It corresponds to the usual configuration of the 
WRF-CHIMERE model used for analysis or for forecast.

Figure 4. Principle of the impact of wildfires on wind speed in a model grid 
cell: the fire induces more surface wind speed and then more saltation, and 
more convection.

Figure 5. Equation 5 linking the additional 10 m wind speed, ΔU10m to the 
FRP (MW). Three values of the parameter uc are used with uc = 2, 3, and 
5 m⸱s −1.
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•  “DFvert”: Same configuration as “DFno” but with the impact of fires on 
mineral dust emissions.

For the impact at the surface, the simulation results will be compared to 
particulate matter, PM2.5 and PM10 surface concentrations. Mineral dust 
having also an impact on radiative transfer, then photochemistry, compar-
isons are also performed with surface ozone concentrations. All measure-
ments are hourly and come from the European Environment Agency (EEA, 
https://www.eea.europa.eu) database. Stations are presented in Figure 8. For 
the impact on the whole troposphere, we compare the simulation results to 
aerosol optical depth (AOD) data taken from the AErosol RObotic NETwork 
global remote sensing network (AERONET, https://aeronet.gsfc.nasa.gov), 
(Holben et al., 2001) and the inversion product providing aerosol size distri-
bution (Dubovik & King, 2000).

For the vertical structure of the troposphere with aerosol, the CALIOP lidar 
is used. It is on-board the Cloud-Aerosol Lidar Pathfinder Satellite Observa-

tion (CALIPSO) satellite (Winker et al., 2010). The product is used to obtain an aerosol sub-type classification 
(CALIOP v4.10 product). Aerosol classification was developed by Omar et al. (2010) and Burton et al. (2015). 
It provides information on the vertical extent of aerosol layers. The aerosol sub-type classification is built on 
thresholds of lidar-derived optical characteristics and remains uncertain, its limitations are described in Tesche 
et al. (2013). With CHIMERE, a specific development was implemented for the comparison between CALIOP 
and the model results. It is described in detail in Menut et al. (2018).

The different periods presented in this study are:

•  From 1 January to 31 December 2021: analysis of the fire emissions and storage of the burnt locations and 
landuse and soil changes.

•  From 1 July to 31 August 2021: simulation with WRF and CHIMERE over Europe.
•  From 15 to 31 August 2021: refinement of the analysis of the impact on fires on dust emissions.

3. Impact on Mineral Dust Emissions and Meteorology
3.1. Impact on Emissions

The first quantified impact is on mineral dust emissions. Results are presented 
in Figure 9. First, a map of emissions averaged over the last two weeks of the 
simulated period, from 15 to 31 August 2021 is presented. Emissions are with 
the “DFno” test case, meaning that the model has no changes compared to 
the reference CHIMERE version v2020r3. It shows that emissions are mainly 
located in two areas: Algeria and East of the domain (Kazakhstan, Uzbeki-
stan, Turkmenistan). The second map shows the differences of time-averaged 
emissions between “DFvert” and “DFno.” The first area, around Algeria, 
does not show differences, highlighting no impact of fires on dust emissions. 
In this case, it is because the area is mainly desert and fires did not occur 
in this region. Very low negative values are observed, showing the impact 
on mean wind speed, discussed later in Section  4.3. It is not the case for 
the second region where differences are important: the region was originally 
erodible, but also contains vegetation susceptible of burning which results in 
an increase of the already present erodible surfaces. It shows that the most 
important impact of the changes made in the model will be in this area. 
Unfortunately, it is not a region where a lot of observations are available. A 
third region of dust emissions is visible, at the North of the second one and 
corresponding to the area where fires were observed during August 2021, at 
the border between Kazakhstan and Russia. This area is a prominent example 
the effect of fires on mineral dust emission.

Figure 6. Schematic plot of the principle of the impact of wildfires on 
mineral dust emissions. On the left side, when there is no link between dust 
and fire emissions, the emissions DFno are moderate and only injected in 
the first vertical level. When the link is taken into account, the flux DFvert is 
with more emissions at the surface and is injected upto the altitude of the fires 
injection height.

Figure 7. Cumulative fire fluxes during the months of July and August 2021 
for carbon monoxyde, CO (molecules cm −2 s −1 × 10 −15).
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3.2. Variability of Meteorology

Very few meteorological data are available in the Eastern part of the domain, where wildfires are observed and 
mineral dust may be additionally emitted. 2m temperature and 10m wind speed are available at the station of 
Petropavlovsk (UACP, Kazakhstan) (latitude 54.78°N and longitude 69.18°E). Comparison between the meas-
urements and the two simulations is displayed in Figure 10.

Figure 8. Maps of AERONET and EEA stations used.
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Comparison shows that the model is able to reproduce the 2 m temperature. 
From observations, the mean temperature increase during the month of July 
and beginning of August, until a sudden decrease from 27 August to 31 
August. The model reproduces this decrease for the end of the period, but 
with a variability that is too large. For the minimum temperatures, the model 
underestimates the observed values during the night, probably a problem of 
representativity and subgrid scale orography variability when we compare 
a local measurement to a mean averaged model grid cell. But during the 
day, the maximum values are well reproduced. It is the same conclusion for 
10m wind speed: the two simulations are different but the observation data 
(recorded with a poor accuracy of 1 m⸱s −1) varies between 1 and 10 m s −1 and 
are not closer than one simulation or the other.

4. Impact on Atmospheric Concentrations and AOD
In this section, we compare modeled results to available data recorded at the 
surface (in situ or vertically integrated). First, AOD and Angström exponent 
(ANG) time-series are compared to AERONET data. Second, maps of surface 
concentrations of pollutants are presented. For aerosols, mineral dust concen-
trations illustrate the impact of the change proposed in this study. For gase-
ous species, surface ozone concentrations are presented, being a secondary 
species highly sensitive to variations in radiation and temperature. It is also 
a long-lived species (several days), then it is interesting to see if changes  are 
impacting remote areas. For the same species, vertical cross-sections are also 
presented. Third, aerosol size distributions are presented for some sites where 
the inverted AERONET data are available.

4.1. Time-Series of Aerosol Optical Depth and Angström Exponent

Time series are presented in Figure 11 for AOD and ANG. Data are from 
the AERONET database v.1.5 (Figure 8) and are averaged daily same as the 
model results. Athens (Greece), IASBS (Iran) and Dushanbe (Tajikistan) 
stations are selected because an effect is visible and they correspond to the 
available data closest to the fire areas. For many other stations, no change (or 
negligible changes) were observed. For all locations, AOD is under-estimated 
by the model, independently of the configuration DFno or DFvert. Despite 
this bias, the time variability is realistic for a major part of the stations, except 
Dushanbe. The differences between DFno and DFvert are low in Athens but 
non negligible in IASBS and Dushanbe. For ANG, the comparison shows 
that the variability of the aerosol size distribution is well reproduced by the 
model. In Athens there is mainly fine particles, when they are coarser in 
IASBS and clearly coarse in Dushanbe. ANG remains close between DFno 
and DFvert in Athens, mainly because the impact of the additional emissions 
is not important. In IASBS, ANG is less correct with DFvert: adding mineral 
dust induces having too coarse aerosol size distribution. In Dushanbe, the 
opposite happens: ANG is modeled better with DFvert. The Angstrom expo-
nent variability is due to transport of mineral dust over this region, because in 
all cases, modeled aerosol are more coarse. The fact to have worst scores in 
IASBS is due to the fact that in the DFno configuration the model is already 
biased: Angstrom exponent is well modeled but it is certainly a compensation 
of errors. For this specific case, the biased emission then transport of mineral 
dust may be due to several factors: (a) the soil characteristics and its humidity 
is less well represented in the databases or by the meteorological model, (b) 
the 10 m wind speed used as dust is less well diagnosed over IASBS than 

Figure 9. Maps of time-averaged (from 15 to 31 August 2021) mineral dust 
emissions for “DFno” and differences between simulations calculated as 
“DFvert” minus “DFno.”

Figure 10. Two meter temperature and 10 m wind speed measured at station 
Petropavlovsk (UACP, Kazakhstan) and modeled with WRF-CHIMERE and 
for simulations DFno and DFvert. The period is from 15 to 31 August 2021.
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over other sites such as Athens of Dushanbe, (c) the boundary layer characteristics are less well estimated lead-
ing to more transport of deposition. Due to the lack of observations in this region, it is difficult to identify and 
quantify the reason.

Time-series comparisons were also performed for surface ozone and particulate matter, PM2.5 and PM10. But, for 
these variables, the differences between model configurations DFno and DFvert were so low that we determined 
there is no interest in presenting them. However, it is important to note that no specific bias was calculated for 
PM. Therefore, the bias of AOD is not due to a problem of mass underestimation over the whole size distribution.

Figure 11. Time-series of Aerosol Optical Depth and Angström exponent. The comparison is performed between observation data from AERONET and modeled data 
for the WRF-CHIMERE simulations. Results are presented for the AERONET stations of Athens, IASBS, and Dushanbe.
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4.2. Concentrations of Mineral Dust

Results are presented as time-averaged maps and the average interval is 
limited to the period from 15 to 31 August 2021. This choice is made to 
have more realistic averaged maps than if we had averaged over the entire 
2-month period. Figure 12 presents surface concentrations of mineral dust (in 
μg m −3). The map is presented for the concentrations for the DFno simulation 
and in term of differences (DFvert-DFno). For DFno, two main areas of high 
concentrations are displayed, corresponding to the most emitting areas as 
presented in Figure 9. They correspond to the South-Eastern (Morocco) and 
South-Western (Kazakhstan, Uzbekistan) parts of the modeled domain. It 
corresponds mainly to barren surfaces where some fires were also observed. 
The map of differences shows new areas with mineral dust concentrations: 
they correspond to the new process linking wildfires and dust emissions. 
At the latitude 50°N, many new emitted areas are present in Russia (around 
Omsk, Novossibirsk). Around latitude +35°N, from Saudi Arabia to Syria, 
different regions appear with additional emissions.

Vertical cross-section is displayed in Figure 13. Values are presented for an 
iso-latitude transect, values being averaged for latitudes between 35° and 
45°N. Values are also time-averaged for the simulated period, from 15 to 31 
August 2021. Values are then displayed in longitude and altitude, as differ-
ences between the two simulations. The increase appears at the East of the 
domain and is significant until an altitude of 3,000 m AGL. The most impor-
tant differences remain in the boundary layer (the gray line in the Figure).

Figure 14 presents a comparison between the CALIOP aerosol product and the same analysis with the CHIMERE 
simulations. The CALIOP classification is for the transects of 16 (08:40 UTC) and 26 (22:23 UTC) August 2021 
over Europe. The data are displayed along the latitude, from ≈20° to 65°N. The original trajectory is displayed 
in Figure 15. Several structures are present: mainly mineral dust in the southern part but mainly pollution dust 
in the northern part. For the 16 August, the CALIOP detection algorithm diagnoses a mix of several aerosols 
all along the transect, including dust, pollution smoke and pollution dust. With the simulation DFno, there is 
no aerosol attribution above latitude 48°N even if there are present in the measurements. These aerosols are 
present in the DFVert simulation with “polluted dust.” This comparison shows that the mineral dust emissions 
increase the realism compared to the CALIOP data. For the 26 August and in altitude, between 6 and 8 km, a 
mix of several aerosols is observed with clean layers, elevated smoke and polluted dust. But these may be of 
other origin, the uncertainty remaining important with this type of interpreted data. With the two simulations, 

DFno and DFvert, the main vertical structure is well modeled. Some differ-
ences appear between the two model configurations. Mainly, the aerosols 
are not the same around  the latitude 50°N when the classification changes to 
“polluted smoke” for DFvert where it was “Not Attributed” for DFno. The 
shape of the structures are slightly different between the two simulations as 
well, mainly showing that the additional mineral dust emissions change the 
atmospheric composition until an altitude of 6,000 m for this transect.

4.3. Impact on Other Variables

The fact that adding mineral dust concentration changes the atmospheric 
composition means that it will then modify the meteorological variables 
and other pollutants concentrations as a consequence. This realistic effect is 
modeled with the online version of the WRF-CHIMERE modeling system.

The map of surface ozone concentrations, Figure 16, shows that values range 
from 10 to 80 ppb in average during the period. Concentrations are increasing 
with decreasing latitude, due to the increasing radiation and air temperature. 
The map of differences (DFvert-DFno) has no specific pattern. The most 

Figure 12. Surface concentration maps of mineral dust (in μg⸱m −3). Values 
are for the DFno simulation and the differences between DFno and DFvert. 
Values are averaged over the period 15–31 August 2021.

Figure 13. Vertical cross-sections of mineral dust concentrations as 
differences DFvert minus DFno. Values are time-averaged for latitudes 
between 35° and 45°W and for the period 15–31 August 2021. The gray line 
indicates the mean averaged value of the boundary layer.
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important differences are in the North and East of the domain and they may be positive or negative, even if the 
most important values are positive, with ≈+3.75 ppb.

The patchy structure of ozone difference map is an effect of the model's coupling. Small changes on mineral 
dust emissions induce changes in mineral dust concentrations, then radiative effects, then photochemistry, then 
meteorology and pollutants concentrations such as ozone. These perturbations are then transported and the final 
picture mainly showing that taking direct and indirect effects into account in the model induces many interactions 
between processes difficult to prioritize and quantify.

A vertical cross-section of ozone is presented in Figure 17. The differences may be negative or positive from the 
surface to the top of the domain (8,000 m AGL). In the troposphere, differences are ≈± 2 ppb. These transects 
show that the changes in mineral dust are limited to close to the lower atmosphere, but changes for ozone are in 
the whole atmosphere and may be long-range transported.

Maps of differences are also presented for 2 m temperature and 10 m wind speed, Figure 18. It is noticeable 
that the increase in 2 m temperature is collocated to the additional mineral dust emissions. The changes are 
±1K over the whole domain. Some changes are also noted for the 10 m wind speed with maximum changes of 
±0.75 m.s −1. These changes are in different places than the mineral dust emissions and ozone changes mainly 
show a non-linear effect, transported in the modeled domain.

4.4. Correlation

With these time-series, the question becomes to quantify the impact of this new process on the correlation 
between observations and model. The model performances show a large variability of spatial correlation depend-
ing on the parameter. But, mainly, adding the interaction between fires and dust is not always an important gain 
in the correlation comparisons. That is why a scatter-plot as presented in Figure 19 is more relevant to present the 
correlation coefficient results.

For O3, PM2.5 and AOD, the correlation ranges between 0 and 1. There is no simulation with a systematically better 
correlation. But a non-negligible variability is observed, showing that depending on the station, the correlation 

Figure 14. Comparison of vertical transects measured by the CALIOP lidar aboard CALIPSO and the two CHIMERE simulations DFno and DFvert, for the 16 August 
2021, 08:40 UTC and 26 August 2021, 22:23 UTC.
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may be better or not with DFvert. Even if the DFvert simulation represents 
a more realistic modeling (by adding a realistic process), there is no major 
impact on the surface concentrations (O3, PM2.5) or the aerosols atmospheric 
load (through the AOD).

Figure  20 presents maps of differences of statistical scores calculated for 
ozone and using the EEA measurements. These EEA measurements are 
located in western Europe only. The differences between DFvert and DFno 
show a decrease in scores with blue colors and an increase with red colors. 
For the correlation, the overall differences are low, between −0.015 and 
0.015. Differences alternate between negative and positive values and it is 
difficult to have a region with a systematic response. The same behavior is 
noted for the bias. The bias changes between −0.375 and 0.375 ppb. The 
values are also very low, even if they are in average. But by comparing the 
two, correlation and bias differences, it appears that where the bias decreases, 
the correlation increase, like over the Belgium and Netherlands, showing a 
positive impact of the process.

4.5. Aerosol Size Distribution

In this section, we compare the aerosol size distributions between AERONET 
and the model. All modeled aerosol species are cumulated in each model bin 
to have a total aerosol concentration per size. The model has 10 bins when 
the AERONET product has 15 bins. Results are presented, in Figure 21, for 
stations with available data and close as possible of the wildfires regions. 
Unfortunately, the closest stations of the additional dust emissions did not 
provide such data. Stations with data are here Athens (Greece), Lampedusa 
(Italia) and IASBS (Iran). Clearly, the modeling of the aerosol size distri-
bution remains a challenge and it is true for all chemistry-transport models 
(Seinfeld & Pandis, 2006). With observations, we can see two distinct modes, 
one peaking around the mean mass median diameter Dp ≈ 0.2 μm and the 
second one around Dp ≈ 3 μm.

Overall, results are not very stable and the modeled size distribution varies 
a lot compared to the observations: one time DFno provides better results, 
one time it is DFvert. In Athens, for the 28 August 15:00 UTC, the modeled 

fine mode is too little compared to the AERONET value. The coarse mode is better modeled with DFno than 
with DFvert. But for the 30 August, the result is the opposite: the coarse mode is better modeled with DFvert. In 
IASBS, the fine mode is underestimated for the 2 days. A common point is that the coarse mode is closer to the 
observations with DFvert than with DFno. In Lampedusa, the coarse mode dominates in the observations. The 
model is able to reproduce this and the comparison is better with DFno for the 28 August but better with DFvert 
for 30 August. Finally, there is no clear benefit to have the additional mineral dust emissions for the size distri-
bution: results are different between DFno and DFvert but there is no systematic gain compared to observations.

A complementary way to understand the changes in aerosol size distribution is to split the aerosol individual 
contributions. It is presented in Figure 22 corresponding to the 28 August 2021 12:00 UTC at the station IASBS. 
When the fine mode shows low concentrations, its composition is made up of different species. It is different 
for the coarse mode when the composition is mainly made up of mineral dust. The increase is a direct impact of 
the additional emissions due to fires. The magnitude is realistic, showing that the parameterization used is in the 
correct order of magnitude.

4.6. Sensitivity Tests

The hypotheses done are numerous and some of them can be evaluated using sensitivity tests. In this section, two 
tests are performed, corresponding to sensitive parameters. They are done on what we consider to be the most 
uncertain and/or sensitive terms in the new parameterization. But other weak points exist. The first sensitivity test 

Figure 15. The two studied transects of the CALIPSO satellite for the 16 
August 2021, 08:40 UTC and 26 August 2021, 22:23 UTC. Original images 
from the NASA web site: https://www-calipso.larc.nasa.gov/products/lidar.
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is on the magnitude of the possible increase of wind speed. The second one is 
the using the model online, with a feedback from aerosols to meteorology,  in 
place of the offline version.

Numerous other sensitivity tests are possible: for example, the soil type 
considered as newly erodible, the roughness length value or the percent-
age of surface newly erodible. Some of these parameters were tested and 
the results showed that the impact was very small. The main reason is 
that the  surfaces affected by fires are less important that the ones already 
considered as erodible without fires. This is true over Europe (where there 
is at the same time fires and erodible soils), but will be more over Africa 
or Australia for example, As pointed out by Mandel et  al.  (2011), the 
fires induce non negligible additional sensible and latent heat fluxes that 
have to be added in the surface flux budget in the meteorological model. 
By changing surface fluxes, pyroconvection also modifies the precipita-
tion regimes downwind large fires, then also mineral dust wet deposition 
(Zhang et  al.,  2019). Another uncertainty is not taking the fire type and 
the burning vegetation type into account when it comes to the intensity of 
the mineral dust local emissions. This aspect could be a promising future 
development and improvement. But now, there is no available informations 
capable of providing constraints for this type of calculation. For analysis or 
forecast, the fires input data used in this study, the CAMS product, does not 
contain information about these types of data. And even if the information 
exists, there is no data/study able to quantify the amount of dust emission 
as a function of the fire or vegetation type.

4.6.1. The Magnitude of the Potential Wind Speed Change

One fixed parameter is the value of the wind increase as a function of the burnt area surface. All results were 
presented with a value of |U|max = uc = 3 m  s −1 in Equation 5. This corresponds for the test to “DFvert” in 
Figure 23. In addition, the two months period was resimulated with uc = 5 m s −1, corresponding to DFvert5. The 
time-series presented are for AOD and for the Dushanbe site, close to the additional emissions, and for the whole 
modeled period, from 1 July to 31 August 2021. Modeled results are compared to the AERONET measurements 
(as in Figure 11). The differences between the two models configurations appears only at the end of the period: 
from 10 to 31 August. The difference values are not very important and show that the results are not very sensi-

tive to the value of |U|max. Even if this parameter is difficult to constrain, it is 
hopefully not a blocking point in the use of this parameterization.

4.6.2. Feedback of Aerosols on Meteorology

The analysis of the previous results showed that the additional mineral dust 
emission induces a lot of changes in the atmospheric composition: meteor-
ological variables are different as well as all atmospheric concentrations of 
gaseous and aerosol species. It is then interesting to know if the impact on 
mineral dust is mainly due to its additional emissions or too many interac-
tions between meteorology and aerosol content. In offline models, commonly 
used for analysis and forecast, the impact of aerosol concentrations is limited 
to photolytic chemistry (if taken into account in the chemistry-transport 
model), with then no retroaction from aerosol to meteorology. Thus, adding 
new emissions generally induces an increase of concentrations of the emit-
ted species, and on other species impacted by chemical reactions. The 
offline model version makes possible the calculation of ozone change and 
to compare it to the results in Figure 16. Results are presented in Figure 24 
and show very little changes in ozone surface concentrations (note that the 
color scale was changed to fit the low difference values). In offline mode, the 
impact on ozone reaches only ≈± 0.5 ppb. In online mode, the change was 

Figure 16. Surface concentrations maps of ozone (ppb). Values are for the 
DFno simulation (left) and the differences between DFno and DFvert. Values 
are time-averaged over the period 15–31 August 2021.

Figure 17. Vertical cross-sections of ozone concentrations as differences 
DFvert minus DFno. Values are time-averaged for latitudes between 35° and 
45°W and for the period 15–31 August 2021.
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larger and rises to ≈± 5 ppb. It means that the most important impact is not 
due to a change of photochemical chemistry but to changes in meteorology 
mainly temperature and water vapor content (water vapor drives the radi-
ative budget particularly at night), with then retroactions through indirect 
effects on chemistry (Bessagnet et al., 2020). It is surprising and question-
ing to observe such large effects despite the activation of nudging that is 
supposed to constraint the simulation and confirms some recent findings (He 
et al., 2017) where they show significant impact of this kind of aerosol feed-
backs on ground  temperatures.

5. Conclusion
The main goal of this study was to implement the sub-grid scale effect of 
wildfire outbreaks on mineral dust co-emissions. These additional emissions 
may be induced by mainly two processes: (a) a horizontal convergence of 
the near-surface wind speed due to the horizontal gradient in temperature 
between the fires and its surrounding, (b) the pyroconvection increasing 
turbulence in the fire column and entraining aerosol from the surface. This 
process was already studied but at very local scale. In this study, we try to 
implement this process in a regional chemistry-transport model, by adding 
a new sub-grid scale process. To take into account this process, we have to 
consider two time scales: (a) a change in the soil and surface characteristics: 
this may appear during and after the fire and remains for several months or 
years depending on the biome, (b) during the fire, a change in the wind speed, 

at the origin of mineral dust emissions. The quantification of this impact remains uncertain and numerous hypoth-
esis are made to make this calculation possible. These hypotheses are realistic compared to the existing literature, 
even if measurements adapted to the situation are missing.

To quantify the impact of wildfires on mineral dust emissions, two months in summer 2021 were simulated 
over Europe and Asia with the models WRF and CHIMERE. The CHIMERE model used is the latest model 
version (v2020r3) in its online mode. The main model developments are done in CHIMERE, while WRF was 
not modified. In case of an active fire detection using MODIS data, the soil moisture becomes 0.1 kg kg −1, 
the aeolian roughness length becomes z0 = 0.01 cm and the soil becomes sand to have the same properties as 
erodible materials. These changes are only valid during the fire event. In addition, the erodibility is consid-
ered to be 100% for the burnt fraction area and this information is saved for the simulation for the following 
months. Only for the calculation of the mineral dust emissions, the 10 m wind speed is increased during a 
fire event. The increase follows a simple equation, linking the Fire Radiative Power range to an additional 
wind speed range. A test showed that results are not really sensitive to the value of the maximum possible 
wind speed increase. Finally, an important change is that the mineral dust emission, depending on the fire and 
atmospheric properties, may be injected in the whole troposphere whereas it is injected only at the surface 
in current models.

The first expected impact of additional mineral dust emissions is on its own concentrations. The interest of the 
new scheme is to have new locations emitting dust, not a priori listed in the used inventories. In this study, we 
expected to increase the correlation coefficient between measured and modeled AOD, but it was not systemati-
cally the case. It shows that the addition of a location is not the only uncertainty on dust modeling and that trans-
port and deposition also have an important role in the atmospheric mineral dust life cycle. The second expected 
impact is on the other pollutants through the reduction of photolysis and other direct and indirect effects. This 
impact appears to be significant since, in time averaged during 15 days, ozone may change by ≈± 3 ppb over 
some locations. The 2 m temperature is also modified on average by ≈± 1 K. This effect does not appear if the 
model is used offline (only photolysis is impacted by a change on aerosol) meaning that the impact on the mete-
orology is important with this process.

Figure 18. Surface maps of differences between DFno and DFvert for the 2 m 
temperature (K) and the 10 m wind speed (m⸱s −1). Values are time-averaged 
over the period 15–31 August 2021.
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Figure 19. Scatter-plot of correlation calculated for the two simulations, DFno and DFvert, and between observations and 
model results for (a) O3, PM2.5 and PM10 and (b) AOD and Angström exponent. Values are for the period from 1 July to 31 
August 2021. Measurements used are those of the stations presented in Figure 8.
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Figure 20. Maps of correlation and bias differences for ozone and for the simulations DFvert and DFno.
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Figure 21. Aerosol size distribution measured by AERONET (inversion product) and calculated with CHIMERE for the two simulations DFno and DFvert. 
Comparison is performed for the sites of Athens, IASBS and Lampedusa, and for the 28 and 30 August 2021.

Figure 22. Aerosol size distribution, with the aerosol composition, at IASBS for the 28 August 2021 12:00 UTC and for the 
DFvert simulation.
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Figure 23. Time-series of AOD and Angström component at the Dushanbe AERONET station and for the AERONET 
observations and two simulations involving the impact of fires on dust emissions, but with the maximum possible wind speed 
of |U| = 3 m s −1 (DFvert configuration) and the sensitivity test with |U| = 5 m s −1 (DFvert5 configuration).

Figure 24. Surface concentration maps of ozone (ppb) and differences DFvert minus DFno. Simulations are performed 
without direct and indirect effects: the CHIMERE model reads WRF files but there is no retroaction from CHIMERE to 
WRF. Values are averaged over the period 15–31 August 2021.
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