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Abstract Aerosol reanalyses are a well-established tool for monitoring aerosol 
trends, for validation and calibration of weather chemical models, as well as for 
the enhancement of strategies for environmental monitoring and hazard mitigation. 
By providing a consistent and complete data set over a sufficiently long period, they 
address the shortcomings of aerosol observational records in terms of temporal and 
spatial coverage and aerosol speciation. These shortcomings are particularly severe 
for dust aerosols. A 10-year dust aerosol regional reanalysis has been recently pro-
duced on the Barcelona Supercomputing Center HPC facilities at the high spatial 
resolution of 0.1◦. Here we present a brief description and an initial assessment of 
this data set. An innovative dust optical depth data set, derived from the MODIS 
Deep Blue products, has been ingested in the dust module of the MONARCH model 
by means of a LETKF with a four-dimensional extension. MONARCH ensemble 
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has been generated by applying combined meteorology and emission perturbations. 
This has been achieved using for each ensemble member different meteorological 
fields as initial and boundary conditions, and different emission schemes, in addition 
to stochastic perturbations of emission parameters, which we show is beneficial for 
dust data assimilation. We prove the consistency of the assimilation procedure by 
analyzing the departures of the assimilated observations from the model simulations 
for a two-month period. Furthermore, we show a comparison with AERONET coarse 
optical depth retrievals during a period of 2012, which indicates that the reanalysis 
data set is highly accurate. While further analysis and validation of the whole data 
set are ongoing, here we provide a first evidence for the reanalysis to be a useful 
record of dust concentration and deposition extending the existing observational-
based information intended for mineral dust monitoring. 

Keywords Dust · Aerosol regional reanalysis · Aerosol data assimilation · Modis 
deep blue · Aerosol speciation 

1 Introduction 

Desert dust plays a key role in the Earth’s system: it influences the atmospheric 
radiation balance by scattering and absorbing solar and terrestrial radiation (Miller 
et al., 2014), it affects cloud formation and chemistry (Cziczo et al., 2013), it acts 
as a fertilizer when deposited over the ocean and land (Jickels et al., 2005; Yu et al., 
2015). This has implications both in the short-term (in particular upon air quality 
and visibility, but also upon weather), and in the long-term by producing a radiative 
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forcing on the climate system. Atmospheric dust concentrations vary considerably 
in space and time. Different types of measurements monitor its cycle and are done 
either in-situ or remotely by satellite, air-borne and ground-based sensors. Dust 
observations are best exploited by being combined with model simulations either to 
provide optimal initial conditions (analyses) to model forecast or to monitor current 
and past states of the atmosphere through the production of reanalyses. 

We present here an initial assessment of a regional reanalysis of desert dust aerosol 
which has been produced by the Barcelona Supercomputing Center. The reanalysis 
spans a 10-year period, from 2007 to 2016, has a horizontal resolution of 0.1◦ latitude 
× 0.1◦ longitude, and a 3-hourly temporal resolution. It provides a regional recon-
struction of past dust conditions for Northern Africa, the Middle East and Europe, 
obtained by combining satellite remote sensing observations of dust with a dynamical 
model. 

2 Methodology 

The dust reanalysis is based on three pillars: (i) the Multiscale Online Non-hydrostatic 
AtmospheRe CHemistry model (MONARCH; Klose et al., 2021; Pérez García-
Pando et al., 2011); (ii) the Local Ensemble Transform Kalman Filter (LETKF) 
data assimilation scheme (Di Tomaso et al., 2017; Hunt et al., 2007; Schutgens 
et al., 2010); (iii) coarse-mode dust optical depth (DOD) at 550 nm retrieved from 
the Moderate Resolution Imaging Spectroradiometer (MODIS) Deep Blue Level 
2 products (Collection 6; Ginoux et al., 2012; Pu & Ginoux, 2016). MONARCH 
ensemble has been generated for data assimilation purposes with the use of different 
meteorological initial and boundary conditions (MERRA-2 with ERA5 soil and the 
ECMWF ERA-Interim reanalysis) and emission schemes, additionally to perturba-
tions of model emission parameters. Previous studies showed that combined mete-
orology and aerosol source ensembles are necessary to produce sufficient spread in 
outflow regions. Similarly, our test experiments showed the benefit of using different 
meteorology and emission schemes for dust data assimilation (see Fig. 1). 

3 Results 

We describe here an initial validation of the reanalysis coarse DOD at 550 nm for a 
period of 2012 in terms of data assimilation inner diagnostics (statistics of departures 
from assimilated observations) and in terms of a comparison against independent 
observations that have not been assimilated. A more detail analysis can be found in (Di 
Tomaso et al., 2021) and (Mytilinaios et al. 2022, in prep.). Figure 2 shows an example 
for July 9 2012 of assimilated retrievals of coarse DOD, model ensemble mean first-
guess and analysis DOD at 550 nm, while Fig. 3 reports the BIAS, RMSE, CORR, 
FRGE of the DOD at 550 nm of a free-run experiment (with no data assimilation),
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Fig. 1 Mean bias (BIAS), root mean square error (RMSE), Pearson correlation coefficient (CORR), 
and fractional gross error (FRGE) calculated against AERONET retrievals for the DOD at 550 nm 
of an assimilation experiment with emission parameter perturbation (magenta) and with the use of 
different emission schemes and meteorology initial and boundary conditions, additionally to the 
perturbation of emission parameters (black) 

Fig. 2 Assimilated retrievals of coarse DOD at 550 nm from the Aqua MODIS Deep Blue Collection 
6 Level 2 product (left), DOD at 550 for the ensemble mean first-guess (centre) and ensemble mean 
analysis (right) for July 9 2012 

Fig. 3 Bias, RMSE, CORR, FRGE calculated against MODIS assimilated retrievals for the coarse 
DOD at 550 nm of a free-run experiment (fc; green), the first-guess (fg; blue) and the analysis (an; 
red) for a summer month (August; left) and a winter month (February; right) of 2012. Model fields 
are ensemble mean
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Fig. 4 Time series of coarse DOD values for a period of 2012 at three AERONET stations for 
the mean analysis (red), for AERONET SDA AOD (black triangles) and for MODIS coarse DOD 
retrievals 

of the first-guess and of the analysis versus MODIS coarse DOD at 550 nm for a 
summer month and a winter month of 2012. As expected, the analysis is closer to the 
assimilated observations than the first-guess and outperforms a simulation without 
data assimilation. Timeseries of model coarse DOD at 550 nm for the mean analysis at 
three AERONET stations are in Fig. 4 together with coarse AOD retrievals at 550 nm 
(level 2.0, version 2.0) from the spectral de-convolution algorithm (SDA; O’Neill 
et al., 2003), and assimilated MODIS data, when available. We use the AERONET 
value closest to the model time step and within a ±30 min interval. These timeseries 
show that the analysis characterizes well most dust events at sites close and far from 
emission areas. 
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Questions and Answers 

Questioner: Andy Delcloo. 
Question: ERA-Interim is still used, can you please elaborate why and when 

will you switch to ERA-5? 
Answer: Indeed we have used in this work the ERA-Interim reanalysis as mete-

orological initial and boundary conditions of our simulations. We have 
not used ERA5 (with the exception of ERA5 soil) since, when test-
ing its use, we faced technical issues to simulate some specific dates. 
Extending the current reanalysis with ERA5 (in particular from the 
end day of production of ERA-Interim on 31 August 2019) would 
not be correct for the production of a consistent data set and could 
introduce spurious trends associated to the change of meteorological 
initial and boundary conditions. However, we can switch to the use of 
ERA5 in a new version of our reanalysis. This will allow us to extend 
our data set to present dates. 

Questioner: Andy Delcloo. 
Question: Ensemble approach, can you please explain about the introduction of 

spread in the ensemble, using Kalman filtering. 
Answer: We adopted the LETKF scheme for the estimation of our dust reanal-

ysis. Therefore, model uncertainty is estimated from the realizations 
of the dust fields in MONARCH ensemble simulations. The use of 
ensemble simulations allows for the estimation of a flow-dependent 
background uncertainty which would be otherwise difficult to esti-
mate for a dust model due to the highly varying nature of dust con-
centrations. More specifically, MONARCH ensemble has been gen-
erated with the use of different meteorological initial and boundary 
conditions (MERRA-2 with ERA5 soil and ERA-Interim reanaly-
sis) and different emission schemes, additionally to perturbations of 
model emission parameters. The latter choice was made on the basis 
that uncertainties in dust emission is one of the major contributor to 
model error. Previous studies showed that combined meteorology and 
aerosol source ensembles are necessary to produce sufficient spread 
in outflow regions. Similarly, the test experiments presented in this 
work showed the benefit of using different meteorology and emission 
schemes for dust data assimilation.
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