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Summary 
 

The aim of this thesis is to study the desert dust aerosols and their transport in the 

atmosphere and in particular to gain insight into the desert dust distribution over North Africa, 

Middle East and Europe region during a ten-year period, using dust model reanalysis products of 

various optical and physical dust particle properties. 

 

Atmospheric desert dust is one of the major contributors to global aerosol loading and is the 

dominant component of atmospheric aerosols over large areas of Earth, strongly affecting Earth’s 

radiative budget and ecosystems. Mineral dust particles, suspended in the atmosphere from arid 

and semi-arid regions, can remain in the atmosphere from several days to about a week, depending 

on their size. Huge amounts of dust can be transported over great distances under favorable 

meteorological conditions, affecting regions hundreds to thousands of kilometers away. For 

countries in and downwind of arid regions, airborne sand and dust poses a serious threat to human 

and animal health and to various socio-economic sectors, such as aviation, ground transportation, 

agriculture, infrastructure, and the solar energy and other industries. 

 

An advanced regional model reanalysis for Northern Africa, Middle East and Europe was 

produced specifically for the desert dust component in the framework of the DustClim project using 

the MONARCH atmospheric chemistry model, based on the assimilation of dust retrievals obtained 

from aerosol satellite observations over a ten-year period 2007-2016. The reanalysis products cover 

a wide range of dust-related atmospheric parameters, including optical and physical dust properties, 

- such as dust optical depth, dust extinction coefficient and dust mass concentration - along with 

dust deposition and solar radiation variables. Such kind of reanalysis can be used as suitable tool for 

having a complete picture of the desert dust distribution, at high temporal and spatial resolution, 

overcoming the gap into observations and providing reliable climatological information on sand and 

dust storm trends and current conditions. Additionally, combined dust products can be investigated 

as suitable for quantifying the impact of desert dust on aviation (visibility), air quality (dust 

concentration exposure), solar energy plants (deposition and solar energy attenuation). 

 

The main objective of this thesis is to perform a thorough evaluation of the reanalysis 

performance using a wide variety of observations and data from experimental campaigns. The 

evaluation of the model simulations, performed by comparing the model-predicted values against 

selected observed values, is critical to assess the quality and uncertainty of the simulations and to 

establish the model’s reliability. In the most recent years, the advancement in observing techniques 

and the synergistic use of passive and active sensors and of satellite and ground based 

measurements are opening new possibilities like the identification of the dust particle contribution 

to measured optical properties through lidar measurements of particle depolarization ratio and 

estimation of the dust concentration through inversion methods when collocated lidar and 

photometer measurements are available. 
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Moreover, a general overview of the desert dust climatology produced by the MONARCH 

reanalysis is provided in this work. Dust climatology aims to provide reliable reference values 

describing the spatial and temporal distribution of airborne dust, both near the Earth’s surface and 

in upper levels. In a later stage, the data analyzed and processed during this thesis, could be 

exploited for investigating the impact of the desert dust on different sectors. This kind of study could 

be of interest for developing mitigation and resilient actions to desert dust impacts. 

 

This thesis is structured in the following way: The 1st Chapter is an introduction to basic 

concepts revolving the atmospheric desert dust, its cycle – emission, transport, deposition – and its 

impacts on various socio-economic sectors. Moreover, datasets of observations and global and 

regional models, specifically for the desert dust component, are introduced. 

 

The 2nd Chapter provides a description of the MONARCH dust reanalysis, its novelties and its 

products. It also presents the approach used to evaluate the reanalysis products and describes in 

detail the main characteristics of the observational datasets used for the evaluation along with the 

assessment of satellite data quality. A description of the methodology which was applied in order 

to retrieve the dust component of the observations and the results from the evaluation procedure 

are presented for each variable separately. 

 

The 3rd Chapter provides an analysis of the inter- and intra-annual variability and climatology 

of the atmospheric dust load produced by the reanalysis. In addition, an assessment of dust 

climatological tendencies is attempted. In the final Chapter 4 the main findings and conclusions are 

summarized. 
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1. Introduction 
 

1.1 Atmospheric Dust 

 

Atmospheric desert dust is one of the major contributors to global aerosol loading and is the 

dominant component of atmospheric aerosols over large areas of the Earth (Figure 1.1). Mineral 

dust particles, suspended in the atmosphere from arid and semi-arid regions, can remain in the 

atmosphere for a time ranging from several days to about a week, depending on their size. Huge 

amounts of dust can be transported over great distances under favorable meteorological conditions, 

affecting regions hundreds to thousands of kilometers away. 

 

 

 

 

 
 

Figure 1.1. Annual mean distribution of total (top) and non-spherical (bottom) aerosol optical depth 
in 2020 (MISR Level 3 Data). Non-spherical dust particles constitute the main aerosol type over the 
dust sources and the nearby outflow regions. 
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The most significant dust source areas are located in the Northern Hemisphere in an area 

called “dust belt” (i.e., North Africa, Middle East, East Asia and North America), while other minor 

sources are in Australia, South America, and South Africa. The North African and Arabian deserts 

are the most important dust sources in the world and dust from these sources is frequently driven 

to America, Asia and Europe. When winds are strong, large amounts of sand and dust are lifted from 

bare, dry soils into the atmosphere. Atmospheric mineral dust aerosol accounts for one-third to 

one-half of the mass of the total aerosol burden. It is estimated that between 1000 and 3000 Tg of 

mineral dust is uplifted into the atmosphere annually with Saharan desert being the largest global 

contributor (Zender et al., 2004). Also, human activities, such as improper agricultural and grazing 

practices, may contribute up to 20 – 50 % of the atmospheric loadings through the suspension of 

soil dust which is out of the scope of this thesis. Inadequate water management, agricultural and 

grazing practices have contributed to the desertification of land throughout the globe. The 

estimated burden of mineral dust is, therefore, likely to increase due to the predicted increase in 

human activities as well as the expansion of arid regions due to global warming. 

 

Suspended dust particles generate semi-permanent patterns of local and regional scales that 

persist in the atmosphere for several days. Dust particles with an aerodynamic diameter lesser than 

10 μm have a relatively long lifetime in the atmosphere and can be transported downwind over long 

distances, to the extent of thousands of kilometers (Prospero, 1999), depending on the 

meteorological conditions in the free troposphere (Figure 1.2). 

 

 

 

 
 

Figure 1.2. Saharan dust intrusion over Haute-Savoie region, French Alps, on 7-Feb-2021 (photo from 
@MontaudPro). 
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1.2 Dust Impacts 
 

The impact of atmospheric dust upon the environment - including climate, weather, 

atmospheric chemistry and ecosystems -, health and economies represents a major scientific and 

societal issue. Dust aerosols can interact with solar and thermal radiation and with clouds, having 

an impact on radiative forcing and on precipitation formation and thus influencing Earth’s weather 

and climate (IPCC: AR5 Climate Change, 2013). In particular, mineral dust affects the Earth’s 

radiation budget directly through absorption and scattering of solar and terrestrial radiation (Tegen 

et al., 1996; Haywood and Boucher, 2000; Myhre and Stordal, 2001; Slingo et al., 2006; Perez et al., 

2006; García et al., 2018). By acting as cloud condensation nuclei (Levin et al., 1996; Karydis et al., 

2017) and ice-nucleating particles (Hoose and Möhler, 2012; Murray et al., 2012), dust influences 

cloud formation and the associated indirect radiative forcing. 

 

Once dust particles are deposited, through wet or dry deposition, they have numerous 

impacts on marine and terrestrial ecosystems: agriculture (Sivakumar, 2005), forests (Yu et al., 

2015), oceans (Jickells et al., 2005), fisheries (Lekunberri et al., 2010), snow cover (Painter et al., 

2007, 2012), by affecting their biogeochemistry (Mahowald et al., 2010). 

 

Although it is not usually considered, dust plays an important role in our everyday life. For 

countries in and downwind of arid regions, airborne sand and dust poses a serious threat to human 

and veterinary health (asthma, infections, Meningitis in Africa) and to various socio-economic 

sectors, such as aviation, ground transportation, infrastructure, and the solar energy and other 

industries. 

 

Dust events can strongly affect the air quality conditions. Human exposure to airborne 

mineral dust may adversely affect human health, causing or aggravating allergies, respiratory 

diseases and eyes infections (Gyan et al., 2005; Griffin, 2007; Mallone et al., 2011). Short-term 

effects of high PM10 and PM2.5 levels include increases of asthma episodes particularly in children 

(Cadelis et al., 2014). Desert dust outbreaks over southern Europe frequently exceed daily and 

annual safety thresholds of particulate matter (PM) set by the European Union directive on ambient 

air quality and cleaner air (e.g., Basart et al., 2012; Pey et al., 2013). 

 

Moreover, airborne dust is a serious problem for solar energy power plants (Schroedter-

Homscheidt et al. 2012). Mineral dust reduces solar irradiance and thus the energy generation 

potential of solar plants by absorbing and scattering light reducing the strength mainly of the direct 

beam (e.g., Kosmopoulos et al., 2018). In addition, the dust deposition on the solar installations 

reduces their efficiency (Costa et al., 2016). Continuous monitoring of the impact of dust aerosols 

on solar energy has become an important activity at many research and operational centers due to 

the growing interest from the solar energy industry (Goossens and Van Kerschaever, 1999; Mani 

and Pillai, 2010; Jiang et al., 2011; Kosmopoulos et al., 2018). 
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Mineral dust can cause significant problems in aviation since high dust concentrations 

significantly reduce visibility through increased light extinction and may affect aircraft and airport 

operations or flight schedule (e.g., Weinzierl et al., 2012; Al-Hemoud et al., 2017). They can also 

deteriorate the aircraft engines, causing erosion, corrosion or even engine flame out in flight (Lekas 

et al., 2014; Clarkson and Simpson, 2017). 

 

Substantial impacts of dust on climate, environment and on everyday life, have generated 

societal and research interest in better understanding atmospheric dust processes, monitoring and 

predicting dust events and preventing or mitigating their unwanted impacts. Different research 

collaborative international initiatives and projects have been set in the last years to provide insight 

into the atmospheric dust lifecycle and its effects, covering various aspects. The World 

Meteorological Organization Sand and Dust Storm Warning Advisory and Assessment System (WMO 

SDS-WAS) aims to enhance the ability of countries to deliver timely, quality sand and dust storm 

forecasts, observations, information and knowledge to users through an international partnership 

of research and operational communities, operating three regional nodes: (i) for Northern Africa, 

Middle East and Europe (NAMEE), (ii) for Asia and (iii) for the Americas. Similarly, European Research 

Council (ERC) projects like A-LIFE, FRAGMENT and D-TECT aim to investigate the desert dust 

distribution in the atmosphere, the dust transport dynamics, the optical and physicochemical 

properties of dust particles and how they interact with radiative forcing, clouds, atmospheric 

dynamics and chemistry, among others. Such comprehensive studies require a holistic analysis of 

the atmospheric dust based on synergies between continuous measurements and accurate model 

simulations of the atmospheric dust distribution and its properties. 

 

 

 

1.3 Dust Observations and Simulations 
 

Over the last two decades, systematic aerosol observations have been made by satellite and 

ground-based sensors, facilitating the integrated study of the atmospheric aerosols, combining 

various measurements techniques and data analysis methods. Various ground-based observational 

systems have been established to monitor aerosols either regionally (e.g., over Europe) or globally 

(e.g., EMEP, Airbase, AERONET, CARAGA, EARLINET). Satellite remote sensing is the most convenient 

tool for providing spatial and temporal distribution of aerosols. Moreover, technological 

advancements nowadays allow for detailed aerosol characterization such as the identification of 

dust particle contributions to measured optical properties, providing a reliable depiction of the 

atmospheric dust distribution globally (e.g., Klüser et al., 2015). A list of new advanced space-borne 

sensors and the corresponding satellite datasets suitable for dust detection is presented in Table 

1.1. 

 

Despite the number of available aerosol observations, there are still some gaps, especially in 

the early phase of dust transport or in the proximity of desert sources. Moreover, there are 

limitations regarding the spatiotemporal coverage of the observations. Ground-based 
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measurements may provide high sampling frequency, e.g., one or more measurements per hour; 

however, they are limited to land surfaces. Further, the distribution of surface stations is not ideal 

in itself for the current study, as the regions most affected by sand and dust storms are generally 

not well supported by research infrastructures and networks. On the other hand, polar-orbiting 

satellite sampling capabilities above both land and sea are limited, due to low temporal resolution, 

as they obtain global coverage at best every 1 to 2 days (e.g., MODIS). For both surface- and space-

based aerosol remote sensing, data availability is affected by the weather conditions (e.g., clouds, 

snow), and instruments that operate within the visible spectral range (e.g., MODIS, MISR, AERONET 

sun-photometers) cannot obtain measurements during nighttime. 

 

 

 

Table 1.1. Satellite datasets suitable for the detection of dust particles in the atmosphere. 

Instrument Satellite Parameter 

AATSR ENVISAT 
Aerosol Optical Depth 
Dust Aerosol Optical Depth 

ATSR-2 ERS-2 
Aerosol Optical Depth 
Dust Aerosol Optical Depth 

AVHRR NOAA Aerosol Optical Depth 

CALIOP CALIPSO 
Aerosol Optical Depth 
Dust Aerosol Optical Depth 
Extinction Coefficient 

CATS ISS 
Aerosol Optical Depth 
Extinction Coefficient 

IASI 
Metop-A 
Metop-B 

Aerosol Optical Depth 
Vertical Profile 

MISR Terra 
Aerosol Optical Depth 
Coarse Aerosol Optical Depth 
Non-Spherical Aerosol Optical Depth 

MODIS 
Aqua 
Terra 

Aerosol Optical Depth 
Coarse Aerosol Optical Depth 

OMI Aura Aerosol Optical Depth 

POLDER 
PARASOL 
ADEOS I 
ADEOS II 

Aerosol Optical Depth 
Coarse Aerosol Optical Depth 
Non-Spherical Coarse Aerosol Optical Depth 

SeaWiFS OrbView-2 Aerosol Optical Depth 

SEVIRI Meteosat 2nd Generation Aerosol Optical Depth 

VIIRS Suomi NPP Aerosol Optical Depth 
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Model simulations of dust emission and transport, and dust concentrations in the 

atmosphere, can cover these gaps and overcome sparse coverage, low temporal resolution and 

partial information provided by measurements, and, more importantly, can predict potential sand 

and dust episodes and thus facilitate the preparation of dust management’s measures, contributing 

to risk reduction in many sectors (aviation, health impacts, etc.). Since the early 1990s many 

numerical modeling systems for sand and dust forecasting have been developed and during the last 

decade models have significantly improved their skills to predict the major features of the dust cycle, 

at regional and global scale. 

 

The WMO SDS-WAS combines a wide range of available dust prediction models to generate 

multi-model products in order improve dust forecasts (Terradellas et al., 2020). The models that 

provide daily forecasts of dust to the Regional Center for NAMEE are listed in Table 1.2. 

 

 

 

Table 1.2. Overview of the dust prediction models that have been contributed to the WMO SDS-WAS 
multi-model products since the starting of the Regional Center for NAMEE. 

Model Institution Domain 

BSC-DREAM8b BSC Regional 

CAMS-ECMWF ECMWF Global 

DREAM-NMME-MACC SEEVCCC Regional 

NMMB-MONARCH BSC Regional 

MetUM MetOffice Global 

GEOS-5 NASA Global 

NGAC NCEP Global 

EMA RegCM4 EMA Regional 

DREAMABOL CNR-ISAC Regional 

WRF-CHEM NOA Regional 

SILAM FMI Global 

LOTOS-EUROS TNO Regional 

ICON-ART DWD/KIT Regional 

DREAM8-NMME-MSG IAASARS/NOA Regional 

ALADIN-Dust MetOffice of ALGERIA Regional 

 

 

 

Moreover, dust observations can be combined with numerical models using a data 

assimilation scheme, monitoring current and past states of the atmosphere through the production 
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of a reanalysis i.e., a complete and consistent four-dimensional reconstruction of the atmosphere. 

The resulting reanalysis dataset can accurately represent the spatial and temporal distribution of 

airborne dust, reducing the estimated errors in numerical model simulations due to imperfect 

model dynamics as well as to uncertainties in the initial conditions and forcing field. 

 

Currently there are several available global aerosol reanalyses including desert dust. These 

include the MERRA-2 (Modern-Era Retrospective analysis for Research and Applications, Version 2; 

Gelaro et al., 2017; Randles et al., 2017; Buchard et al., 2017), the CAMSRA (Copernicus Atmosphere 

Monitoring Service ReAnalysis; Inness et al., 2019), the JRAero (Japanese Reanalysis for Aerosol; 

Yumimoto et al., 2017) and the NAAPS (Naval research laboratory Aerosol Analysis and Prediction 

System; Lynch et al., 2016) reanalyses. These global data sets have been produced by assimilating 

total aerosol optical depth (AOD) observations, providing information about dust aerosols at high 

temporal resolution and decadal timescales. However, the performance of the simulated outputs is 

partly model driven, and their spatial resolution is relatively coarse. 

 

 

 

1.4 Aims and Objectives of the Thesis 
 

An advanced dust regional model reanalysis data set (Di Tomaso et al., 2021a) for Northern 

Africa, the Middle East and Europe and for the period 2007-2016, was produced within the “DUST 

Storms Assessment for the development of user-oriented CLIMate services in Northern Africa, the 

Middle East and Europe” (DustClim) project (https://sds-was.aemet.es/projects-research/dustclim), 

using the MONARCH chemical weather system mineral dust module and by assimilating satellite 

aerosol optical depth datasets that specifically constrain the dust component observationally (Di 

Tomaso et al., 2017; Di Tomaso et al., 2021b). The MONARCH reanalysis aims to provide reliable 

dust information at high temporal and spatial resolution, both near the surface and at upper levels. 

This can be used to help develop climate services tailored to the needs of key socio-economic 

sectors, particularly those that can be seriously affected by atmospheric dust, focusing on air quality, 

aviation and the solar energy industry. 

 

One of the DustClim project’s main tasks was to perform a thorough evaluation of the 

reanalysis performance using a wide variety of observations and data from experimental campaigns. 

The evaluation of the model simulations, performed by comparing the model-predicted values 

against selected observed values, is critical to assess the quality and uncertainty of the simulations 

and to establish the model’s reliability. Specifically, the comparison and the evaluation of the 

temporal (on annual and seasonal basis) and spatial variability of desert dust load simulated by the 

model contributes to determine the degree of uncertainty in estimates of dust emission and 

transport. They highlight the sources of uncertainty in these estimates and point to the key foci for 

future research in order to constrain them (Cuevas et al., 2015). The evaluation was carried out 

using independent datasets grouping observations of variables that are included in the reanalysis 

outputs and are relevant for its scoring. The evaluation of the reanalysis is presented in terms of: (i) 
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total column dust and coarse dust optical depth outputs; (ii) dust extinction coefficient profiles; and 

(iii) dust PM10 mass concentration. 

 

The dust optical depth produced by the MONARCH model was compared against dust-

related products retrieved from satellite-based MODIS, MISR and ground-based AERONET AOD 

measurements. The AOD is the measure of aerosols (e.g., urban haze, smoke particles, desert dust, 

sea salt) distributed within a column of air from the orbital altitude to Earth’s surface, in case of 

satellite observations, or from the instrument to the top of the atmosphere, in case of ground based 

measurements. The AOD integrates the contribution of different aerosol types where mineral dust 

is frequently mixed in very variable percentages with other aerosols. Therefore, the estimation of 

the dust-related AOD value is required before the evaluation. This is a crucial point of the reanalysis 

evaluation and in the following sections, the dust-filtering AOD retrieval methodology is described 

for each dataset. On the other hand, the coarse dust optical depth of the MONARCH reanalysis 

refers to the fraction of the total dust optical depth related to the coarse particles i.e., dust particles 

with diameter larger than 1.2 μm. This product is compared to coarse AOD retrievals provided by 

MODIS and IASI space borne instruments and by the AERONET network. 

 

In order to estimate the distribution of the dust load not only in horizontal but in vertical as 

well, the MONARCH reanalysis produced profiles of dust extinction coefficient, covering the lower 

atmosphere from the surface up to about 20 km above sea level. The dust extinction coefficient is 

defined as the energy flux reduction per unitary path [m-1] and gives a measurement of the energy 

loss of the transmitted radiation through the atmosphere due to scattering and absorption by 

mineral dust. The 3-D distribution of dust extinction coefficient provided by MONARCH in 3-hourly 

steps offers the opportunity to observe the evolution of the dust plumes in the atmosphere as they 

are transported from the source regions to the deposition areas. The MONARCH dust profiles were 

evaluated by dust profiles obtained by IASI and by lidar measurements provided by CALIPSO satellite 

and EARLINET network. Lastly, the PM10 fraction of the surface dust mass concentrations produced 

by the MONARCH reanalysis were compared with dust-related PM10 observations obtained by in-

situ measurements of the African network INDAAF and the European network EIONET. 

 

In addition to the reanalysis evaluation, the reliability of the satellite datasets, i.e., MODIS, 

MISR, IASI and CALIPSO, is assessed using AERONET ground-based observations as reference. It must 

be highlighted that the MODIS retrievals used in the MONARCH evaluation were not those included 

in the MONARCH assimilation procedure. The combination of the observations used for the 

evaluation of each simulated variable covers sufficiently the temporal and geographical domain of 

the reanalysis, while they are available under open access policy or be made available by partners 

of the DustClim Consortium. 

 

Moreover, a general overview of the desert dust climatology produced by DustClim project 

is provided in this work. Dust climatology aims to provide reliable reference values describing the 

spatial and temporal distribution of airborne dust, both near the Earth’s surface and in upper levels. 

The climatological data is generated using the ten-year period (2007-2016) of desert dust 
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simulations produced by the MONARCH reanalysis. Climatological values are computed for most of 

the dust properties generated by the reanalysis, in order to supply climatological information to a 

wide variety of users. A list of these products is provided while visualizations of the climatological 

results are presented for three selected desert dust variables: (i) dust optical depth, (ii) dust 

extinction coefficient and (iii) dust surface concentration. 

 

The following chapters describe the processing and the analysis of the data and provide a 

discussion of the results obtained. In particular, Chapter 2 provides a description of the MONARCH 

dust reanalysis, its novelties and its products. It also describes the approach used to evaluate the 

reanalysis products and presents the main characteristics of the observational datasets used for the 

evaluation along with the assessment of satellite data quality. A description of the methodology 

which was applied in order to retrieve the dust component of the observations and the results from 

the evaluation procedure are presented for each variable separately. Chapter 3 provides an analysis 

of the inter- and intra-annual variability and climatology of the atmospheric dust load produced by 

the reanalysis, while in Chapter 4 the main findings and conclusions are summarized. 
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2. Dust Reanalysis Evaluation 
 

2.1 Dust Model Reanalysis 

 

The reanalysis was generated by the Barcelona Supercomputing Center (BSC) using the dust 

module of the “Multiscale Online Non-hydrostatic AtmospheRe Chemistry” model (MONARCH; 

Pérez et al., 2011; Klose et al., 2021). NASA-Aqua satellite observations of coarse-mode dust optical 

depth over dust source regions, retrieved from the MODIS Deep Blue AOD at 550 nm (Collection 6, 

Level 2), were assimilated into the MONARCH model. The data assimilation scheme coupled with 

MONARCH is the Local Ensemble Transform Kalman filter (LETKF; Di Tomaso et al., 2017), an 

ensemble-based technique with the following features: (i) use of a flow dependent background 

error covariance, which should be able to capture better instabilities in the background flow 

(Evensen, 1994; Kalnay et al., 2007) compared to techniques requiring pre-calculated, and constant 

in time, model error structures; (ii) it performs the analysis locally, which has shown to be 

particularly suitable for the assimilation of aerosol information, since it has been observed that 

aerosol fields have limited spatial correlations (~100 km) (Anderson et al., 2003; Shinozuka and 

Redemann, 2011; Schutgens et al., 2013). The model desert dust atmospheric parameters are 

derived from an ensemble-based technique, called analysis, which produces 12 ensemble members 

based on multi-parameter, multi-physics and multi-meteorological initial and boundary condition 

perturbations, including the use of different parameterization schemes for dust emission modeling. 

Calculations of basic ensemble statistics are archived for each reanalysis variable, namely the 

ensemble mean, standard deviation, median and max; however, in this study, only the ensemble 

averages were used for the reanalysis evaluation, as they are considered more representative of the 

twelve members than the median. The description of the MONARCH dust reanalysis configuration, 

regarding domain, resolution and output characteristics, is presented in Table 2.1.  

 

 

 

Table 2.1. Overview of the characteristics of the MONARCH reanalysis 

Temporal Domain 10 years (2007-1016) 

Geographical Domain Latitude: [0° N, 70° N]; Longitude: [-30° E, 70° N] 

Temporal Resolution 3 hours (starting at 3 UTC) 

Horizontal Resolution 0.1° latitude × 0.1° longitude 

Vertical Resolution 
40 pressure levels (1000 - 100 hPa) 
40 altitude levels (0 - ~20 km) 

Output Dust Variables 6 (surface), 3 (total column), 3 (upper air) 

Uncertainty Estimation 
based on the spread in the MONARCH ensemble 
(12 members) 
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One of the MONARCH reanalysis novelties is its unprecedented high-resolution; the model 

outputs are available in 3-hourly time-steps (starting every day at 03:00 UTC), at a horizontal 

resolution of 0.1° latitude × 0.1° longitude (~10 km × 10 km at the Equator). The reanalysis was 

produced for a 10-year period, running from 2007 to 2016, over a spatial domain that covers the 

NAMEE region, extending from 0° N to 70° N latitude and from -30° W to 70° W longitude. As shown 

in Figure 2.1, the MONARCH domain includes some of the world’s main dust sources like the Sahara 

Desert in Northern Africa, the Arabian Desert in the Middle East and the arid regions of Western 

Asia, with the former representing 50% of total dust burden in the atmosphere (Ginoux et al., 2012). 

It also includes maritime regions like the Arabian Sea, the Mediterranean Sea and the Northeastern 

Atlantic Ocean, over which long-range dust transport takes place frequently. A list of deserts and 

arid regions, representing the major dust sources of the NAMEE region, is denoted by capital letters 

in Figure 2.1. The MONARCH geographical domain is divided into ten sub-regions to simplify the 

evaluation process, as explained later. 

 

The MONARCH reanalysis dataset consists of three-dimensional (3D) and two-dimensional 

(2D) variables covering a wide range of dust-related atmospheric parameters, including optical and 

microphysical dust properties along with dust deposition and solar radiation variables. Moreover, 

the reanalysis follows a sectional approach for atmospheric dust where the size distribution is 

decomposed into eight small size-bins, corresponding to different dust particle sizes with particle 

diameter ranging from 0.2 μm (ultrafine particles) to 20 μm (coarse particles) (Table 2.2). For 

example, MONARCH dust optical depth is produced at 550 nm wavelength considering all eight 

model size bins, whereas its coarse mode includes five coarse size bins from 1.2 to 20 μm in dust 

particle diameter. Similarly, the dust PM10 mass concentration represents a fraction of the total 

dust surface concentration considering size bins with a diameter of 10 μm or less. A summary of the 

model outputs is reported in Table 2.3. 

 

 

 

Table 2.2. Diameter intervals of the eight bins used in the MONARCH reanalysis to represent the 
size distribution of the atmospheric dust particles. 

Bins bin 1 bin 2 bin 3 bin 4 bin 5 bin 6 bin 7 bin 8 

Diameter 

[μm] 
0.2-0.36 0.36-0.6 0.6-1.2 1.2-2 2-3.6 3.6-6 6-12 12-20 

 

 

 

In this work the dust and coarse dust optical depth (DOD), the dust extinction coefficient 

(DEC) profiles and the dust PM10 mass concentration were evaluated through synergy and 

integration of different measurement techniques namely in-situ and remote sensing, satellite and 

ground-based aerosol observations. 
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Dust Sources Sub-regions 

A. Grand Erg Oriental AraSea: Arabian Sea 
B. Erg Chech MedSea: Mediterranean Sea 
C. El Djouf MidEas: Middle East 
D. Sahel Belt NorAfr: Northeastern Africa 
E. Bodélé Depression NorAtl: North Atlantic 
F. Great Sand Sea NorEur: Northern Europe 
G. Syrian Desert Russia 
H. An Nafud TroAtl: Tropical Atlantic 
I. Rub' al Khali WesAfr: Western Africa 
J. Ustyurt Plateau WesAsi: Western Asia 

K. Registan Desert  
 

Figure 2.1. The MONARCH reanalysis geographical domain. The domain is divided in ten sub-regions; 
capital letters mark the major dust sources. 
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Table 2.3. List of the MONARCH reanalysis variables 

Variable Description Unit 
Spatial 

Dimension 
Description of 

Dust Particle Size 

dust concentration kg m-3 3D 8 bins 

dust extinction coefficient at 550 nm m-1 3D Total 

height m 3D - 

dust optical depth at 550 nm - 2D Total 

coarse dust optical depth at 550 nm - 2D Total 

dust load kg m-2 2D 8 bins 

dust surface concentration kg m-3 2D 8 bins 

dust surface extinction coefficient at 550 nm m-1 2D Total 

dry deposition kg m-2 3 h-1 2D 8 bins 

wet deposition kg m-2 3 h-1 2D 8 bins 

direct normal irradiance W m-2 2D - 

global horizontal irradiance W m-2 2D - 

 

 

 

2.2 Observational Datasets 
 

Aerosol observations which can provide qualitative dust products were used for the 

evaluation of the reanalysis dust variables. Dust speciation is essential for the MONARCH reanalysis 

evaluation. This means that the high-quality aerosol observations should be related not to the total 

amount of aerosols, but specifically to its dust component, obtained through specific advanced 

products or through consolidated post-processing algorithms. In fact, the observations used here 

are measurements of aerosol optical and physical properties, like the AOD, the particle backscatter 

coefficient and the mass concentration, which had to be processed in order to retrieve the dust 

component in respect of each variable. The values measured for each aerosol property are 

subjected to the type of the aerosol and consequently to the meteorological conditions which can 

favor the presence of a particular aerosol type over another. In the case of aerosol remote sensing 

techniques, each aerosol type can be identified by the features of the particle like the chemical 

composition, the shape and the magnitude, which in turn affect the way in which the particle 
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interacts with the electromagnetic radiation. These interactions are quantified by the remote 

sensing systems and later are used in the aerosol type identification. In the case of mineral dust 

which is considered as a coarse and non-spherical particle, measurements from experimental 

campaigns under pure dust conditions, showed that dust can strongly depolarize the incident 

radiation (high Particle Depolarization Ratio) while demonstrates a weak spectral dependence of 

the extinction (low Angstrom Exponent). These characteristics were used to filter the aerosol 

measurements and get the dust component. 

 

In addition to the capability to provide dust products suitable to be compared with the model 

simulations, the observational datasets should have the features required within the MONARCH 

reanalysis. The criteria for selecting observations used for evaluating the reanalysis performance 

are reported in the following: i) the observational dataset should have sufficient temporal and 

geographical coverage over the reanalysis domain, ii) the data should be of high and proven quality; 

iii) finally, the data should be harmonized in terms of procedures and quality control within the 

specific dataset. Systematic and quality assured observations with high temporal and spatial 

coverage, are commonly provided by satellite missions and global or regional ground-based 

networks. The datasets found to meet the main requirements for the purposes of the present study 

are presented in Table 2.4. In the “Observation” column is listed the dust product used to evaluate 

the simulation output listed in the “Evaluation” column. 

 

 

 

Table 2.4. List of observational datasets used in MONARCH evaluation. 

Instrument/Satellite Technique Dataset Coverage Observation Evaluation 

MODIS/Aqua PRS1 MIDAS 2003-2017 
- DOD @550nm 
- Coarse DOD  @550nm 

- DOD @550nm 
- Coarse DOD @550nm 

MISR/Terra PRS MIL3DAE 2000-2016 DOD @557.5nm DOD @550nm 

IASI/Metop-A PRS AEROIASI 2008-2016 
- Coarse DOD @550nm 
- Coarse DEC @550nm 

- Coarse DOD @550nm 
- DEC @550nm 

CALIOP/CALIPSO ARS2 LIVAS 2011-2016 DEC @532nm DEC @550nm 

Network      

AERONET PRS 
- Direct Sun 
- O’Neill 

1993-2020 
- DOD @550nm 
- Coarse AOD @500nm 

- DOD @550nm 
- Coarse DOD @550nm 

EARLINET ARS 
- EARLINET 
- EARLINET 72H 

2012-2016 DEC @532nm DEC @550nm 

INDAAF IS3 PM10 2006-2014 Dust PM10 Dust PM10 

EIONET IS PM10 2013-2017 Dust PM10 Dust PM10 

1PRS: Passive Remote Sensing; 2ARS: Active Remote Sensing; 3IS: In-Situ 
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In the evaluation procedure it is important to consider that the observational datasets are 

available at different horizontal, vertical and temporal resolutions with respect to MONARCH 

resolutions (Table 2.1), depending on several factors as the resolution of the instrumentation used 

in the measurements, on the data acquisition time step, but mainly on the measurement processing 

followed to obtain higher-level products. This implies that the reanalysis and the observational 

datasets are not directly comparable and have to be processed properly before the evaluation, i.e., 

the two datasets must be collocated in terms of space and time. Regarding the horizontal 

collocation, two types of datasets can be distinguished: those provided by satellite observations 

covering the whole MONARCH domain, and those by ground based stations concerning a specific 

point of the domain. In the case of satellite products, the dataset with higher resolution is degraded 

to fit the lower resolution of the corresponding dataset in order to achieve their comparability. This 

general rule is applied to every pair of datasets and to any kind of data collocation. Details of how 

the dust particles were identified from the original measurements and the spatiotemporal 

collocation methodology followed for every dataset, are given in the next sections. 

 

 

 

2.2.1 MODIS DOD and Coarse DOD 

 

The first of the four satellite-based datasets used for evaluating the MONARCH reanalysis 

was derived from AOD measurements made by MODIS (MODerate resolution Imaging 

Spectroradiometer) instrument, operating aboard NASA’s Aqua satellite. MODIS is a passive sensor, 

which makes measurements of the reflected sunlight across 36 bands spanning the spectral range 

between the visible (0.4 μm) and the near-infrared (14 μm), with seven channels used to retrieve 

the AOD at 550 nm (Figure 2.2). MODIS AOD retrievals are available over all cloud-free and snow-

free surfaces, both over land and ocean, including arid and semi-arid surfaces. In this study the 

derived MODIS pure dust AOD was used, provided by MIDAS Version 2 dataset (Gkikas et al., 2020). 

MIDAS (ModIs Dust AeroSol) combines quality filtered MODIS-Aqua AOD observations (Collection 

6.1, Level 2), along with DOD-to-AOD ratios provided by the MERRA-2 reanalysis in order to calculate 

the contribution of mineral particles to the overall AOD (Gkikas et al., 2021). MIDAS provides 

columnar daily DOD at 550 nm globally at fine spatial resolution (0.1° × 0.1°) over a 15-year period 

(2003-2017). Moreover, MIDAS provides the coarse mode DOD which is derived again using the 

MERRA-2 DOD fraction, and considers only the particles with diameter larger than 1 μm. The 

uncertainty of the MIDAS DOD dataset was estimated by taking into account the uncertainties of 

the MODIS AOD and MERRA-2 DOD-to-AOD ratio (Gkikas et al., 2021), which in turn were calculated 

by using AERONET AOD and LIVAS (Amiridis et al., 2015; Marinou et al., 2017) dust fraction, 

respectively, as a reference. According to the uncertainty analysis performed, MIDAS DOD 

uncertainties scale with DOD values; however, in terms of relative uncertainty the MIDAS DOD 

product is highly reliable over dust-rich regions and becomes more uncertain in areas where dust 

loading is infrequent. 
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Figure 2.2. Representation of MODIS/Aqua scanning the Earth’s surface 
(https://modis.gsfc.nasa.gov). 

 

 

 

Before the evaluation of MONARCH DOD against MIDAS DOD, the two datasets had to be 

collocated in space and in time. The spatial resolution of MIDAS is equal to the MONARCH 

resolution; however, MONARCH outputs are provided in rotated coordinates (curvilinear grid), 

whereas the satellite product’s grid is regular. Prior to the comparison, MONARCH DOD was re-

gridded through bilinear interpolation, using MIDAS grid as a reference. Regarding the temporal 

resolution, thanks to the wide MODIS swath (~2330 km), MIDAS provides near-global DOD 

observations every 1 to 2 days; consequently, MONARCH 3-hourly time-steps had to be averaged 

around Aqua’s overpass time. Aqua follows a sun-synchronous, near-polar orbit, crossing the 

Equator once during daytime at 13:30 local time (LT). Since MONARCH outputs are given in UTC it 

was necessary to convert 13:30 LT to UTC units, which depend on longitude. The MONARCH spatial 

domain contains eight time-zones (15 degrees of longitude constitute one time-zone) from +2 hours 

(-30° W) to -5 hours (70° W), implying that MODIS takes measurements over the MONARCH domain 

between 08:30 UTC and 15:30 UTC. Hence, for a given longitude (assume 43° W) related to a certain 

time-zone (i.e., -3 hours), the MONARCH DOD was temporally averaged around MODIS acquisition 

time (i.e., 10:30 UTC) using the two nearest reanalysis time-slots (i.e., 09:00 and 12:00 UTC). 
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2.2.2 MISR Non-Spherical AOD 

 

Multi-angle Imaging SpectroRadiometer (MISR) is an imaging instrument aboard NASA’s 

Terra satellite, which provides aerosol observations on a global scale (Diner et al., 1998). The MISR 

instrument consists of nine cameras with view angles of ±70.5°, ±60.0°, ±45.6°, ±26.1°, and 0° 

(nadir), operating in four wavelengths centered at 446.4 nm (blue), 557.5 nm (green), 671.7 nm 

(red), and 866.4 nm (near infrared). The camera configuration allows for a location to be imaged by 

all 36 channels within a span of seven minutes (Figure 2.3). In addition to the AOD retrievals in the 

four spectral bands, the variations between the reflectance acquired from a very large range of 

scattering angles, between 60° and 160° at mid-latitudes, can provide information, applying the 

appropriate models, about aerosol microphysical properties such as particle size, shape, and single-

scattering albedo (Kahn et al., 1998, 2001). In particular, MISR’s sensitivity to the characteristics of 

the aerosol scattering phase function enables it to distinguish between the non-spherical and 

spherical particles, making it possible to separate mineral dust aerosols from other aerosol 

components (Kahn et al., 1997). Thus the AOD fraction of the non-spherical particles, consisting of 

randomly oriented non-spherical grains or ellipsoids, can be considered equivalent to the DOD with 

relative certainty, especially over dark-water surfaces (Kalashnikova and Kahn, 2006). Generally, 

MISR AOD retrievals are less reliable over bright surfaces (Kahn et al., 2010); therefore, for the 

MONARCH DOD evaluation only dark-water retrievals were used, which are exceedingly sensitive to 

aerosol non-sphericity (Kalashnikova et al., 2013). In particular, the dark-water non-spherical AOD 

retrieval at 557.5 nm was used, provided by the MISR Level 3 Component Global Aerosol Product 

(MIL3DAE) dataset, on a 0.5° × 0.5° spatial grids during the period 2000-2016. 

 

 

 

 
 

Figure 2.3. Representation of MISR/Terra viewing Earth simultaneously at nine angles 
(https://misr.jpl.nasa.gov). 
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However, it should be noted here that the dark-water retrieval sensitivity to particle non-

sphericity decreases when the total AOD is below about 0.1 and when the non-spherical component 

contributes less than 15-20% to the total AOD (Kalashnikova and Kahn, 2006; Pierce et al., 2010; 

Kalashnikova et al., 2013). As a result, non-spherical particles are commonly retrieved over remote 

oceans, even where they are unlikely to be present, overestimating non-spherical AOD fraction, 

probably due to the presence of unscreened cirrus or other naturally occurring non-spherical 

aerosols (Pierce et al., 2010; Kalashnikova et al., 2013; Kahn and Gaitley, 2015). On the other hand, 

dark-water non-spherical AOD retrieval performs quite well in regions of dust transport where the 

AOD values are significant and the non-spherical component is dominant. As previous studies have 

shown (Kalashnikova and Kahn, 2006, 2008), this is especially true over the Tropical Atlantic where 

desert dust is the dominant aerosol component, accounting for 40-70% of the total AOD (Guo et al., 

2013). 

 

The spatial collocation between the two datasets was obtained by re-gridding MONARCH 

DOD over the coarser MISR grid (0.5° × 0.5°). For the temporal collocation a similar methodology as 

in the case of MIDAS was followed, since Terra is a sun-synchronous, polar-orbiting satellite crossing 

the equator on the descending node at about 10:30 LT. MONARCH DOD values were temporally 

averaged around MISR overpass time using the two nearest MONARCH time-slots, after having 

converted 10:30 LT to UTC time taking into account the related longitude. MISR has only 1/4 to 1/3 

the spatial sampling of MODIS, because of its relatively narrow swath width (~380 km), resulting in 

global coverage every 7-9 days, compared with 1-2 days by MODIS. 

 

 

 

2.2.3 IASI Coarse DOD and Coarse DEC 

 

The IASI (Infrared Atmospheric Sounding Interferometer) instrument is in orbit onboard 

EUMETSAT’s Metop-A satellite, providing temperature and water vapor profiles of the troposphere 

and lower stratosphere at vertical and horizontal resolutions of 1 km and 12 km, respectively (Figure 

2.4). With 14 daily orbits in a sun-synchronous mid-morning trajectory, Metop-A crosses the equator 

on the descending node at approximately 09:30 and 21:30 LT. IASI measurements in the infrared 

part of the electromagnetic spectrum enable observations both in daytime and nighttime 

conditions, and thanks to its wide swath (2200 km), IASI provides global coverage twice a day. Desert 

dust profiles can be derived from individual thermal infrared spectra measured by IASI for most 

cloud-free IASI pixels, both over land and ocean, following the AEROIASI method introduced by 

Cuesta et al. (2015). The information on the vertical distribution of dust is mainly provided by their 

broadband radiative effect, which includes aerosol thermal emission depending at each altitude on 

the vertical profile of temperature. 
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Figure 2.4. Representation of IASI/Metop-A temperature profiles (https://www.eumetsat.int/iasi). 

 

 

 

The AEROIASI algorithm firstly uses as inputs a priori dust microphysical properties (e.g., the 

dust number concentration profile) and meteorological parameters (temperature profiles, surface 

temperatures and H2O profiles) to simulate thermal infrared radiance spectra, which are then 

compared to those measured by IASI. In order to fit IASI observations and to minimize the spectral 

residuals, the method iteratively adjusts the radiative transfer inputs, namely the dust profile and 

surface temperature, until reaching good agreement for different atmospheric and surface 

conditions. The a priori dust profile used in every pixel (the same profile for all pixels and all seasons) 

is a first guess of dust vertical distribution obtained from an average of CALIOP extinction vertical 

profiles for dust over the Sahara Desert. Once IASI spectra are fitted, a series of quality checks are 

performed to screen out cloudy measurements and aberrant retrievals, even though sub-visible 

cirrus clouds (with AOD below ~0.02) may be difficult to screen out. Then, the final outputs of 

AEROIASI are calculated for each unscreened pixel, providing a vertical profile of DEC at 10 μm and 

the associated DOD by vertical integration of the dust extinction profile. Using thermal infrared 

measurements, AEROIASI retrievals are mostly sensitive to coarse aerosols (with diameter roughly 

greater than ~2 μm). In fact, the contribution of fine dust particles to total DOD at 10 μm is expected 

to be less than ~10% (Pierangelo et al., 2005); consequently, AEROIASI products are considered as 

the coarse mode DEC and DOD at 10 μm. 

 

The AEROIASI retrieval offers different sensitivities over land and ocean. Normally, there is 

more sensitivity over land, as the surface temperature deviates more from that of the atmosphere 

as compared to the case over ocean. However, the surface emissivity over land is less well known 

and might induce local biases. Moreover, a comparison conducted between the coarse AOD derived 

from AEROIASI and AERONET showed that AEROIASI tends to underestimate coarse DOD close to 

desert dust sources and to overestimate it far away from them (Cuesta et al., 2015). 
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In this study the AEROIASI Version 3 dataset was used, retrieved from IASI Level 3 data for 

the years from 2008 to 2016. The horizontal resolution of the dataset is 1° × 1°, and the vertical grid 

of dust extinction profiles is set between the surface and 6 km altitude above mean sea level in 1 

km increments, providing 7-level profiles. The coarse DEC retrievals and the columnar coarse DOD 

obtained by vertically integrating the extinction profile were spectrally converted from 10 μm to 

550 nm using a conversion factor of 1.70, derived with a Mie code. The derived coarse DEC and DOD 

at 550 nm, related to the coarse dust particles larger than ~2 μm of diameter, were used to evaluate 

the MONARCH DEC and coarse DOD, respectively. The spatial collocation between the two datasets 

was achieved by re-gridding MONARCH products over the coarser AEROIASI grid (1° × 1°). Moreover, 

the exact overpass date and UTC time of the AEROIASI retrievals is given for each pixel with a 

precision on the order of a second, which allows for the temporal collocation of the two datasets, 

by linearly interpolating MONARCH simulations using the two nearest reanalysis time-slots to the 

pixel’s UTC. Lastly, the vertical collocation between MONARCH 40-level and AEROIASI 7-level dust 

profiles was achieved by averaging vertically the MONARCH DEC data over ± 0.5 km around a given 

AEROIASI level in order to make it comparable to the IASI product. 

 

 

 

2.2.4 AERONET dust-filtered AOD and coarse AOD 

 

High quality aerosol optical properties are provided by the ground-based sun-/sky-

photometer network of AERONET (AEronet RObotic NETwork; Holben et al., 1998) program. 

Currently, the network is composed by more than 1450 sun-photometers around the world, with 

352 member stations situated within the MONARCH domain (Figure 2.5). AERONET provides a long-

term and continuous database of aerosol optical, microphysical and radiative properties ideal for 

aerosol research and characterization, validation of satellite retrievals and evaluation of aerosol 

models. Accordingly, AERONET AOD measurements can be used to derive the DOD and coarse DOD 

analogues for evaluating the MONARCH reanalysis products. Regarding the MONARCH DOD, the 

evaluation analysis was performed using AOD and Ångström Exponent (AE) retrievals in multiple 

spectral channels provided by the Direct-Sun algorithm (Giles et al., 2019). Although Direct-Sun does 

not yield AOD at 550 nm, this variable is calculated from the AOD at 440, 675 and 870 nm and the 

AE at 440-870 nm using the Ångström’s law. Since AOD retrievals include contributions from 

different types of particles, a dust-filter method was applied to identify AOD observations in which 

dust is the dominant aerosol type, using AE at 440-870 nm as filter because it is inversely related to 

the average aerosol size. Lower AE values indicate significant presence of coarse-mode particles 

(e.g., mineral dust and sea-salt), whereas higher AE values imply a large abundance of fine particles 

(e.g., biomass burning and urban aerosols). Here the discrimination method of Basart et al. (2009) 

was followed, where DOD = AOD when AE < 0.75, and all data with AE > 1.2 are considered free of 

dust, i.e., DOD = 0. Finally, a mixed aerosol type is assumed when 0.75 ≤ AE ≤ 1.2 and the 

corresponding AOD values are not considered for the evaluation. The final dust-filtered AOD at 550 

nm was used to evaluate MONARCH DOD. 
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Although the discriminated AOD is dominated by dust, small-size particles (anthropogenic 

aerosols, biomass burning, etc.) are always present, especially far away from the sources, while sea-

salt particles can contaminate our retrievals mainly at AERONET stations close to the coast. 

Consequently, an overestimate of the DOD is expected. Other studies have used lower 

discrimination thresholds (e.g., AE < 0.6), in order to obtain purer dust conditions, but thereby 

excluding more AOD observations from the evaluation. Di Tomaso et al. (2021b) presented a first 

MONARCH DOD evaluation against AERONET dust-filtered AOD retrievals applying five different AE 

filters. 

 

 

 

 
 

Figure 2.5. AERONET stations used for the MONARCH DOD and coarse DOD evaluation. 

 

 

 

A different method was used to evaluate the MONARCH coarse DOD, based on the spectral 

de-convolution algorithm described in O'Neill et al. (2003); it yields fine and coarse mode AOD at 

500 nm, considering particle diameter 1.2 μm as the inflection point in the volume size distribution. 

This method consists of assuming that the coarse mode AOD is the dust contribution to the total 

AOD that can be directly compared with the MONARCH coarse DOD. In this case, all measurements 

are used in the evaluation. Any disparity between the two datasets due to the wavelength difference 

(550 nm - 500 nm) is negligible, as coarse mode AOD is wavelength-independent. AERONET coarse 

AOD is expected to be dominated by marine aerosols when retrieved over coastal stations away 

from arid regions, whereas coarse AOD over inland stations is mostly related to desert dust, 
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especially for higher values, since marine aerosols are characterized by lower absorptivity compared 

to dust particles. 

 

The two dust-related AERONET datasets used in this study were retrieved from cloud-

screened and quality-assured Level 2 data obtained from the latest optimized Direct-Sun Version 3 

dataset (Giles et al., 2019). The temporal domain of the dataset covers the period from 1993 to 2020 

and the temporal resolution is 15 minutes. Both the MONARCH DOD and coarse DOD datasets were 

bilinearly interpolated over each AERONET station using the four surrounding MONARCH grid-

points. Then AERONET DOD and coarse AOD were averaged within ±1.5 hour of the MONARCH 3-

hourly time-steps. 

 

 

 

2.2.5 CALIPSO/LIVAS DEC 

 

LIVAS (LIdar climatology of Vertical Aerosol Structure for space-based lidar simulation 

studies) is a global and extensive aerosol and cloud optical database, optimized to be used for 

current and future space-borne lidar simulations of realistic atmospheric scenarios, as well as 

retrieval algorithm testing activities (Amiridis et al., 2015). LIVAS is a satellite-based database 

obtained from the CALIOP (Cloud-Aerosol LIdar with Orthogonal Polarization) lidar system onboard 

CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation) (Figure 2.6). LIVAS has 

already been proven very useful for dust model and reanalysis evaluation (Konsta et al., 2018; 

Georgoulias et al., 2018), since it provides a global multiyear 3-D pure-dust climatology. The DEC 

profiles that are used in the present evaluation are based on CALIPSO Version 4 dataset of aerosol 

extinction observations at 532 nm, optimized by measurements of the EARLINET aerosol network, 

following the CALIPSO aerosol classification scheme. The dust extinction profiles were retrieved by 

following the methodology described by Marinou et al. (2017), based on a decoupling technique 

which separates the backscatter coefficient into dust and non-dust component (Tesche et al., 2009). 

The LIVAS pure-dust dataset was produced by the National Observatory of Athens (NOA) for the 

period 2011-2016 specifically for MONARCH evaluation thanks to an ongoing scientific collaboration 

between NOA and the DustClim consortium. 

 

LIVAS horizontal resolution is 1° × 1° and it covers all longitudes and latitudes of the 

MONARCH domain. The dust profiles are provided at 399 predefined heights, which characterize a 

layer of ∼60 m in the tropospheric region between the surface and 20 km and ∼180 m in the 

stratospheric region between 20 and 30 km. Before the comparison between LIVAS and MONARCH, 

the two datasets were collocated in space and in time. MONARCH is provided in higher horizontal 

resolution and had to be re-gridded to fit the LIVAS grid. This is achieved by the bilinear interpolation 

of the reanalysis outputs, using as reference the LIVAS grid-points. On the contrary, the LIVAS 

vertical resolution had to be degraded to fit the 40 MONARCH altitude levels by averaging a group 

of DEC values around the level of reference. According to this, every LIVAS profile is split in 40 

consecutive layers, the center of which corresponds to a reanalysis level, and all the LIVAS values 
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included in each layer are averaged and attributed to the corresponding level. Regarding the time 

collocation, LIVAS profiles are provided in specific date and UTC time corresponding to the CALIPSO 

overpass above a grid-point; consequently, the nearest two reanalysis profiles around this date-

time are linearly interpolated. 

 

 

 

 
 

Figure 2.6. Representation of CALIOP/CALIPSO lidar profiles (https://www-calipso.larc.nasa.gov). 

 

 

 

Each LIVAS grid-point contains a number of dust extinction profiles (cases), equal to the 

overpasses of CALIPSO over the area enclosed by the grid-cell. As CALIPSO flies at polar orbit with a 

16-day repeat cycle, there are 1-3 overpasses available per grid cell (1° x 1°) on a monthly basis. 

CALIPSO produces 1 profile for every 5 km implying that, in a full overpass within the LIVAS cell 

(∼100 km x 100 km), CALIPSO can produce maximum ∼24 profiles. Each LIVAS dust profile 

corresponds to the averaged CALIPSO profile over the grid-cell. Since the length of the CALIPSO 

cross-section within the cell is not always the same, the number of the averaged profiles is usually 

smaller than 20, considering also that the CALIPSO profiles obtained under cloudy conditions were 

excluded. In order to ensure higher quality in the evaluation results, the contribution of each LIVAS 

profile to the MONARCH evaluation was weighted considering the total number of CALIPSO cloud-

free profiles from which the LIVAS profile was calculated. 

 

The LIVAS pure-dust product describes satisfactorily the dust properties, although due to the 

CALIPSO orbital characteristics and to laser attenuation the product is subjected to specific 

limitations. In particular, over the dust source regions, CALIPSO tends to underestimate the aerosol 

load in the atmosphere, showing difficulties in detecting strong dust activities over the main dust 

sources (Yu et al., 2010; Ma et al., 2013). The aerosol extinction bias to a lower magnitude over the 

source regions could be due to misclassification of heavy dust as clouds, while during large dust 

events the lidar signal can be completely attenuated (Kosmopoulos et al., 2017; Solomos et al., 
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2017). Despite these known limitations of dust underestimation above the dust emission regions, 

the LIVAS pure-dust product is trustworthy over the adjacent regions of dust sources and the regions 

of dust transport. 

 

 

 

2.2.6 EARLINET DEC 

 

EARLINET (European Aerosol Research LIdar NETwork) network currently consists of 30 lidar 

stations across Europe, providing regular measurements of aerosol properties on a continental scale 

since 2000. The main products of an EARLINET lidar system are the vertical distributions of aerosol 

backscatter and extinction coefficient, obtained mainly at one or more out of the following 

wavelengths: 355 nm, 532 nm and 1064 nm, while more than half of network stations also perform 

depolarization ratio measurements at 532 nm, which are necessary for distinguishing non-spherical 

particles, as mineral dust, from other aerosol types. 

 

 

 

 
 

Figure 2.7. EARLINET stations used for the MONARCH DEC evaluation 

 

 

 

The DEC profiles at 550 nm provided by the MONARCH reanalysis were evaluated using 

EARLINET pure-dust profiles at 532 nm, retrieved following an aerosol typing methodology which 
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requires simultaneous lidar measurements of particle backscatter coefficient and particle 

depolarization ratio. Therefore, lidar profiles recorded during the reanalysis temporal domain 

(2007-2016) were collected from EARLINET stations with depolarization capability, but only the 

Level 2.0 quality assured data that passed all the quality check procedures (QC 3.0), were used for 

the evaluation. Additionally, particle backscatter and depolarization ratio measurements performed 

during ChArMEx (Chemistry-Aerosol Mediterranean Experiment) pre-campaign, are also available 

from the “EARLINET 72h” special dataset (D’Amico et al, 2015; Sicard et al., 2015; 

https://www.earlinet.org/index.php?id=276). The data recorded in the framework of this campaign, 

which passed all EARLINET quality controls, were also used in the MONARCH evaluation. Overall, 

513 lidar profiles from 9 stations were selected to produce the EARLINET DEC profiles (Figure 2.7). 

The EARLINET stations used in MONARCH evaluation are presented in Table 2.5 along with the 

corresponding number of profiles and the years of the available measurements. 

 

 

 

Table 2.5. Overview of the EARLINET stations used in the MONARCH evaluation. 

Station Location Latitude [°N] Longitude [°E] 
Station 

Elevation [m] 
DEC 

Profiles 
Year 

BRC Barcelona 41.3930 2.1200 115 75 2016 

DUS Dushanbe 38.5594 68.8561 864 53 2015-2016 

GRA Granada 37.1640 -3.6050 680 25 2012 

INO Bucharest 44.3480 26.0290 93 88 2012-2016 

LEI Leipzig 51.3500 12.4330 125 35 2013-2016 

MEL Melpitz 51.5300 12.9300 84 7 2015 

MUC Maisach 48.2090 11.2580 516 9 2014-2015 

POT Potenza 40.6000 15.7200 760 71 2012-2016 

WAW Warsaw 52.2100 20.9800 112 150 2013-2016 

 

 

 

The vertical profiles provided by EARLINET are not always cloud free. Although clouds are 

skipped through screening, cirrus clouds are allowed in EARLINET profiles. The presence of cirrus 

can affect the dust retrieval and a cirrus layer can be incorrectly classified as a dust layer. To avoid 

dust profile contamination, cirrus clouds had to be removed from both backscatter and 

depolarization ratio profiles prior to the retrieval processing. The files containing observations of 
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cirrus clouds are already flagged as cirrus contaminated in the EARLINET database and it was easy 

to separate them from the rest of the dataset. In the next step, the cirrus layer had to be identified 

by scanning the backscatter profile above 3 km and checking for very extreme values (cirrus peak). 

Cirrus clouds generally can form at any altitude above 4 km and their thickness exceeds 100 m, so it 

was easy to identify them. Then, the profiles were corrected by removing the part above the base 

of the cirrus layer. The cirrus base corresponds to the altitude of the first backscatter minimum 

under the cirrus peak, defined as the first point where the first derivative of the backscatter profile 

becomes negative. 

 

The EARLINET DEC profiles were produced following the methodology introduced by Tesche 

et al. (2009). Firstly, according to the separation equation (Tesche et al., 2009; Eq. 14), the pure-

dust backscatter coefficient was separated from the total particle backscatter based on 

depolarization measurements, assuming a particle depolarization ratio value at 532 nm equal to 

0.31 (Freudenthaler et al., 2009) and 0.05, for pure dust and non-dust respectively. Then, the pure-

dust extinction coefficient was computed multiplying the dust backscatter coefficient by a dust lidar 

ratio at 532 nm equal to 55 sr, representative of desert dust particles over Europe 

(Papagiannopoulos et al., 2018), mainly originating in northwest Africa. 

 

In order to proceed with the evaluation, the reanalysis and the EARLINET DEC profiles had to 

be collocated in space and in time. The horizontal collocation was done according to the station 

coordinates over which the MONARCH profiles were bilinearly interpolated. Then EARLINET profiles 

were temporally averaged when at least one of them falls within ±1.5 hour of the MONARCH 3-

hourly time-steps. The duration of the EARLINET measurements varies from approximately half an 

hour up to more than one hour. The point in time that was considered representative of the 

measurement and used as reference for the temporal collocation, was calculated as the mean value 

of the start- and the stop-time of the measurement. Lastly, the vertical collocation was achieved by 

averaging the EARLINET profiles around the MONARCH levels following the same methodology 

applied to LIVAS profiles, considering that the first level should always be higher than the station 

altitude. 

 

 

 

2.2.7 INDAAF Dust PM10 Mass Concentration 

 

The PM10 mass concentration measurements are provided by the Sahelian Dust Transect 

(SDT) network which is now part of the “International Network to study Deposition and Atmospheric 

composition in AFrica” (INDAAF) (https://indaaf.obs-mip.fr/). Its main advantage is to be in the 

vicinity of the Sahara Desert, the major dust source on Earth, where systematic and suitable in-situ 

observations relating to dust are usually lacking. At present, SDT consists of five monitoring stations 

(www.lisa.u-pec.fr/SDT); however, in this study dust-related PM10 observations were used, 

provided by three stations located in the semi-arid Sahel region: M’Bour, Cinzana and Banizoumbou 

(Table 2.6), because they are operating since 2006. These stations are almost aligned around 13 and 
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14° N parallels, on the main pathway of the Saharan and the Sahelian dust towards the Atlantic 

Ocean (Figure 2.8). 

 

 

 

Table 2.6. Geographical coordinates of the INDAAF stations used in the MONARCH reanalysis 
evaluation. 

Station Country Latitude [°N] Longitude [°E] 
Station 

Elevation [m] 

Banizoumbou Niger 13.26 2.66 220 

Cinzana Mali 13.28 -5.93 285 

M’Bour Senegal 14.39 -16.96 31 

 

 

 

 
 

Figure 2.8. INDAAF stations used for the MONARCH dust PM10 evaluation 

 

 

 

The PM10 mass concentrations have been measured using a Tapered Element Oscillating 

Microbalance (TEOM 1400A from Thermo Scientific) equipped with a PM10 inlet. The nominal data 
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acquisition time is of 5 min and the data are provided in hourly mean computed from the 5 min 

measurements. The instrument allows measurement of PM10 concentrations ranging from a few 

micrograms to a few grams per cubic meter and its detection limit is about 0.06 μg m-3 for a one-

hour sampling time (Marticorena et al., 2010). 

 

Although this technique provides PM10 measurements without distinguishing between the 

different aerosol types, the instrumental internal heating - performed to allow the thermal stability 

of the particles and the filter and to avoid water condensation interferences - implies the possible 

loss of volatile compounds such as ammonium nitrates or organic compounds and of sea salt, thus 

maximizing the contribution of mineral dust to the PM10 concentrations (Marticorena et al., 2010). 

 

The contribution of the mineral dust to the total PM10 mass concentration is estimated by 

applying a wind-based filter as reported in Marticorena et al. (2010). This means that the dust-

related PM10 has been selected from specific wind sectors in which Saharan dust is transported in 

order to exclude PM10 data contaminated by non-dust aerosols (e.g., sea-salt and biomass burning 

particles). In particular, only PM10 measurements recorded when the wind was from the wind 

sectors from 30° to 150° were selected at M’Bour in order to avoid air masses coming from the town 

and from the sea. While, at Banizoumbou and Cinzana sites, wind sectors coming from the south 

(90° to 270°) were rejected during the dry season (October to April) to exclude transport of biomass 

burning aerosols. 

 

The collocation of the two datasets was achieved by extracting the model outputs specifically 

over INDAAF sites using bilinear interpolation. Regarding the temporal collocation and taking 

advantage of the high temporal resolution of the datasets, the evaluation was made using both 3-

hourly and daily dust-PM10 concentrations. In the first case, the MONARCH products were 

compared directly to the INDAAF measurements that coincide with the 3-hourly time steps of the 

reanalysis outputs. If the particular measurement was missing, a mean value was used averaging 

the two measurements ±1 hour around the model output. In the second case the comparison was 

made on daily bases using daily median dust-PM10 concentrations. The comparison presented here 

was held from January 2007 to December 2014, since INDAAF dust-PM10 products were not 

available after 2014. 

 

 

 

2.2.8 EIONET Dust PM10 Mass Concentration 

 

In contrast with INDAAF, the “European environment Information and Observation 

NETwork” (EIONET) is a dense network that expands across the European continent, as partnership 

of the European Environment Agency (EEA) and its member and cooperating countries. EIONET 

provides timely and quality-assured data, including a large number of PM10 mass concentration 

measurements across Europe. The dust-PM10 filtering of the total-PM10 EIONET data was 

performed applying the methodology developed in the framework of the EU Life+ DIAPASON Project 
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(Barnaba et al., 2017) over the whole European domain. Τhe ΕΙΟΝΕΤ dust-PM10 product is made 

available in daily averaged values for the period 2013-2017, provided from a large number of sites. 

Table 2.7 shows the number of the sites per year used to retrieve the dust-PM10. 

 

 

 

Table 2.7. Number of EIONET Dust-PM10 samplers and monitoring sites, with indication of the sites 
having more than 75% of data per year (with indication of those with daily and hourly samplers as 
well as those classified as of ‘background’ type in ‘rural’ areas). 

Year 2013 2014 2015 2016 2017 

# PM samplers 3010 4365 5313 5388 5095 

# monitoring sites 2809 2691 3137 3205 3096 

# sites with 75% of the data 2304 2112 2521 2771 2856 

of which with daily-PM10 2194 1924 2240 2500 2604 

of which with hourly-PM10 110 188 281 271 252 

of which rural and background sites 306 303 322 370 371 

 

 

 

Several stations are operating more than one measuring instruments (PM10 sampler), based 

on different acquisition technique, such as gravimetric, optical particle counter etc. In these cases, 

the gravimetric sampler was preferred over the other instruments. Moreover, the samplers provide 

data averaged in two different time-scales, hourly and daily. Despite the vast majority of the sites 

providing daily averages (Table 2.7), there are samplers measuring hourly means which have been 

averaged to obtain the daily mean. In this study, only data from background stations are used, 

excluding urban-center areas. In total 734 EIONET sites, located within MONARCH domain, 

accomplished this condition. Figure 2.9 shows the distribution of the 734 EIONET sites used in 

MONARCH dust PM10 evaluation. 

 

Similar to the collocation methodology applied for INDAAF, the model data are extracted 

over EIONET sites using bilinear interpolation, while the reanalysis daily means were computed from 

the eight time-steps provided for each day. The MONARCH evaluation versus EIONET was held for 

the period from January 2013 to December 2016, when data were available for both datasets. 
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Figure 2.9. EIONET stations used for the MONARCH dust PM10 evaluation 

 

 

 

2.3 Evaluation Methodology 
 

The evaluation metrics that were used to quantify the performance of the model (Mi) versus 

the observed (Oi) quantities are the mean bias (MB), the root mean square error (RMSE), the 

fractional gross error (FGE) and the correlation coefficient (CC) (Table 2.8). 
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Table 2.8. Metrics used to quantify the mean departure between modeled (Mi) and observed (Oi) 
quantities. 

Statistic Parameter Definition Range Perfect Score 

Mean Bias ddd OMMB   (-∞, +∞) 0 

Root Mean Square Error  
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are the mean and the standard deviation of the reanalysis (Eq. 1-2) and the observed variables (Eq. 

3-4); N indicates the total number of collocated Mi-Oi pairs. The subscript d denotes the 

observational dataset used in the calculations. 

 

MB captures the average deviation between the two datasets. Negative/positive MB 

indicates underestimation/overestimation of the model. It theoretically ranges from -∞ to ∞ and 

its perfect score is 0. MB has the same units as the variables being evaluated. 
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RMSE represents the root mean square difference between model and observations. It is a 

measure of how spread out the simulated from the observed data are. RMSE is strongly dominated 

by the largest differences due to the squaring operation. It ranges between 0 and ∞ and its perfect 

score is 0. RMSE has the units of the variable. 

 

FGE is a measure of the mean absolute relative bias where the difference between model 

and observation is normalized by their mean value. It is a positively defined indicator that behaves 

symmetrically with respect to under- and overestimation, without over emphasizing outliers. FGE 

ranges from 0 to 2 (i.e., from 0 to 200%), where 0 indicates a perfect agreement and values close to 

1 or greater indicate very poor agreement. 

 

CC indicates the extent to which spatial and temporal patterns in the model match those in 

the observations, quantifying their correlation and dependence. It ranges between -1 and 1, where 

-1 means perfect anti-correlation, 0 means no correlation, and 1 indicates perfect correlation. 

 

Especially, the normalized scores of FGE and CC are less sensitive to the magnitude of the 

dust variable being evaluated, consequently the evaluation scores obtained by different techniques 

and at different spatial and temporal scales can be compared more easily. 

 

The evaluation of the MONARCH reanalysis was conducted over two different temporal 

scales (annual and seasonal) and over two different spatial scales (grid-point and regional). All the 

statistical indicators (Table 2.8) were computed on an annual scale, considering all the Mi-Oi 

collocated pairs for the period 2007-2016 of the reanalysis, and on a seasonal scale where the 

collocated data of a certain season were compared throughout the years according to the following 

classification: winter (December-January-February: DJF), spring (March-April-May: MAM), summer 

(June-July-August: JJA) and autumn (September-October-November: SON). The seasonal 

subdivision of the datasets allows for the evaluation of the MONARCH reanalysis performance in 

reproducing the annual cycle and the seasonal patterns of the dust load in the atmosphere. The 

aforementioned temporal aggregations were generated for each grid-point of the reanalysis-

satellite collocated data and for each individual AERONET and EARLINET station within the 

MONARCH domain. 

 

Moreover, the evaluation statistics were produced at a regional scale in order to assess the 

model performance over regions with distinct characteristics. The MONARCH domain has been 

divided in ten specific sub-regions (Figure 2.1) where the model scores were computed considering 

all the Mi-Oi pairs contained in each one of them, giving the opportunity to identify any 

dependencies between the model performance and the features of each region. Expecting that the 

reliability of model simulations can be affected by the magnitude of the dust variable, the selected 

regions aim to represent areas of different dust concentration levels. Therefore, the ten sub-regions 

are mainly classified into three groups: (i) continental regions that contain the mineral dust sources, 

where high dust concentrations are observed throughout the year (WesAfr, NorAfr, MidEas and 
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WesAsi); (ii) remote regions of rare dust events, suitable for the reanalysis evaluation under 

conditions of very low dust concentration (NorAtl, NorEur and Russia); (iii) maritime regions located 

downwind of the dust sources, which contain the main dust transport pathways (TroAtl, MedSea 

and AraSea). The latter are subject to seasonal dust load variation. Furthermore, the borders 

between the regions are defined so that every region consists mainly of one surface type (i.e., land 

or sea). This rough approximation can improve the interpretation of the regional evaluation, 

considering that the surface type is associated with the retrieval algorithms used to derive aerosol 

optical properties from the satellite observations. 

 

Lastly, the results of the MONARCH comparison against the individual datasets were 

combined, to get an overall estimate of the model performance. The regional evaluation metrics of 

each dataset were averaged to one final value, weighted by the number of the Mi-Oi pairs that each 

dataset contributes within each sub-region. Even though the contribution of all the available 

collocated Mi-Oi pairs was considered, Mi outputs were not evaluated twice since the satellite 

observations were not made at the same time of day, whereas AERONET and EARLINET sites don’t 

coincide with satellite grid-points. For example, concerning the DOD evaluation, the MIDAS and 

MISR datasets have different sampling frequencies (temporal resolution) and overpass times, over 

different regions. The same applies to the MIDAS and AEROIASI datasets or to the LIVAS and 

AEROIASI observations, in the case of coarse DOD and DEC evaluation, respectively. Actually, in all 

cases the satellite datasets complement each other, providing together higher temporal coverage. 

 

 

 

2.4 Validation of the satellite datasets using AERONET observations 

 

The success of the evaluation methodology requires the observational data to be reliable 

and consistent across the MONARCH spatial domain, regardless of surface type and the intensity of 

dust activity. The uncertainties that satellite data can present under certain conditions, as described 

earlier in this chapter (Section 2.2), are likely to skew the results of the model evaluation. In order 

to exclude poor quality satellite data from the model evaluation, a quality check based on 

comparisons with ground-based AERONET observations was applied in this section. AERONET data 

have already been used as a gold standard for validating most satellite aerosol products, like DOD 

and DEC. In previous studies the dust products of MIDAS (Gkikas et al., 2021), MISR (Kalashnikova 

and Kahn, 2006; Kahn and Gaitley, 2015), AEROIASI (Cuesta et al., 2015) and CALIPSO (Amiridis et 

al., 2013) have been evaluated using dust-related AERONET retrievals. However, here the validation 

analysis was focused only on the MONARCH domain and additionally the dust products and the 

methodology present some differences compared to those studies. 

 

Satellite evaluation analysis was performed for each station individually using collocated 

satellite and AERONET data. Each satellite dataset was spatially averaged over the AERONET sites, 

and the AERONET time-series were temporally averaged centered on the satellite overpass time at 

the site. The criteria of spatiotemporal coincidence are ±2 hours for AERONET and ±1° of latitude 
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and longitude for LIVAS and AEROIASI, ±0.5° for MISR and ±0.2° for MIDAS, according to the spatial 

resolution of each satellite dataset. Considering AERONET observations (Ai) as reference the mean 

absolute relative bias (RB) of the satellite data (Si) was computed, defined as: 
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where N indicates the total number of the Ai-Si collocated pairs per station. 

 

As the AERONET stations are not uniformly distributed across the MONARCH domain the RB 

results were expanded from station level to regional level. The obtained RBs at scattered sites, 

located within and in the vicinity of the reanalysis domain, were spatially interpolated on a uniform 

0.5° × 0.5° grid covering the entire MONARCH domain, based on the natural neighbor interpolation 

method (Sibson, 1981). Lastly, the median value of the interpolated RB was obtained for each of the 

ten sub-regions described in the previous section, so the satellite dataset reliability was associated 

with the characteristics of each region. 

 

 The results obtained from five satellite datasets are shown in Figure 2.10., as MIDAS was 

evaluated twice: once each for the DOD and coarse DOD products. In particular, MIDAS, MISR and 

LIVAS DOD were validated by AERONET DOD whereas MIDAS and AEROIASI coarse DOD were 

validated by AERONET coarse DOD. LIVAS DOD was obtained by vertically integrating the DEC 

profiles. The yellow and red colors in Figure 2.10 represent RB higher than 0.6, revealing a significant 

bias in the satellite DOD and coarse DOD retrievals. In order to obtain the regional value of the 

interpolated RB the median value was calculated which is less affected by extreme RB values. The 

median RB for each dataset is listed by sub-region in Figure 2.11. 
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Figure 2.10. Absolute relative bias of MIDAS DOD (a), MIDAS coarse DOD (b), MISR DOD (c), AEROIASI 
coarse DOD (d) and LIVAS DOD (e), temporally averaged over the AERONET stations (dots) and then 
spatially interpolated across the MONARCH domain. The averaging period, according to the 
availability of each dataset, was 2003-2017 for MIDAS, 2000-2016 for MISR, 2008-2016 for 
AEROIAISI and 2011-2016 for LIVAS. The RB of MISR dark-water dataset was calculated for AERONET 
sites located in coastal regions 

 

 

 
(a)                                                                 (b)  
 
 
 
 
 
 
 
 
 
 
 
(c)                                                                 (d) 
 
 
 
 
 
 
 
 
 
 
 
(e) 
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Figure 2.11. Regional median RB of MIDAS DOD (1st column), MISR DOD (2nd column), LIVAS DOD 
(3rd column), MIDAS coarse DOD (4th column) and AEROIASI coarse DOD (5th column), for the ten sub-
regions defined in Figure 2.1. 

 

 

It is clear that both MIDAS DOD and coarse DOD product is more reliable over dust rich 

regions, except for NorAfr, and becomes more uncertain in regions of sporadic dust events, in 

agreement with the findings of Gkikas et al., (2021). MISR dark-water DOD presents a quite uniform 

RB across the study area (Figure 2.10.c); however, RB is higher in regions where the presence of 

dust is very limited (NorEur and Russia) and lower in TroAtl where big amounts of dust are frequently 

transported. This outcome was expected, based on what was mentioned in Section 2.2.2. Similarly, 

LIVAS RB is lower over the adjacent regions of dust sources, towards the southern part of the 

domain. On the other hand, AEROIASI coarse DOD presents very high RB values both over dust 

sources (WesAfr, MidEas and WesAsi) and far away from them (MedSea, NorAtl, NorEur and Russia), 

which is consistent with what Cuesta et al. (2015) have reported. 

 

The aim of this analysis is to exclude from the MONARCH evaluation observations of high RB, 

which could bias the final results. Although the analyzed datasets represent different parameters, 

i.e., DOD and coarse DOD, obtained by different techniques, the RB is a normalized value allowing 

the comparison of the five datasets in terms of RB, in order to estimate a threshold value, above 

which any RB is considered an outlier. The histogram of all the regional RB values shown in Figure 

2.11, reveals a unimodal distribution which is strongly skewed to the high end (Figure 2.12). For 

skewed data it is preferred to use the inter-quartile range (IQR) method of outlier detection, instead 

of the three standard deviations (3σ) approach that is more appropriate for normal (symmetric) 
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distributions. According to the IQR method the upper bound of the distribution is given by the 

equation: 

 

IQRQboundupper  5.13    (6) 

 

where IQR = Q3 – Q1, where Q1 and Q3 are the 25th and 75th percentiles. 

 

This expression actually would be equal to 2.7σ in the case of a normal distribution. In this 

case the threshold RB value is 1.24; consequently, the AEROIASI RB values in WesAfr, WesAsi, 

MedSea, NorAtl, NorEur and Russia are considered extreme relative to the rest of the data (Figure 

2.11); therefore, the AEROIASI coarse DOD observations in these sub-regions were excluded from 

the reanalysis coarse DOD evaluation. 

 

 

 

 
 

Figure 2.12. Histogram of the regional RB values provided in Figure 2.11. 

 

 

 

2.5 Dust and Coarse Dust Optical Depth Evaluation 

 

In this section the results obtained by the MONARCH reanalysis DOD and coarse DOD 

evaluation are presented. 
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2.5.1 MONARCH DOD evaluation 

 

The reanalysis DOD was evaluated against MIDAS, MISR and AERONET observations. Firstly, 

the comparison was made at station level in the case of AERONET and at grid-point level considering 

the individual grids for each satellite dataset. Figure 2.13 shows the spatial distribution of the 

simulated and the observed DOD and the statistical indicators (MB, RMSE, FGE and CC) produced 

by the comparison over the MONARCH domain. The DOD maps as well as the corresponding 

evaluation metrics were averaged over the reanalysis period 2007-2016. 

 

At first glance, MONARCH seems to capture the DOD pattern obtained by the observations, 

reproducing the major dust hot spots and the dust transport pathways in the area (Figure 2.13.a). 

More specifically, the reanalysis DOD exceeds 0.3 over all the dust sources listed in Figure 2.1, with 

values reaching or exceeding 0.4 over the western Sahara, the Bodelé Depression, the Sahel and the 

Arabian Peninsula. Moreover, a pronounced dust plume is simulated stretching across the Tropical 

Atlantic Ocean. The magnitude and latitudinal extent are greatest over the West African coastline 

with the maximum DOD up to 0.3 and gradually decreasing westward toward the central Tropical 

Atlantic, as expected for a dust plume that originates in Africa. Similarly, moderate dust transport is 

simulated over the adjacent regions of the Mediterranean and the Arabian Sea with maximum DOD 

values up to 0.15 and 0.2 respectively, closer to the dust sources. 

 

Despite the similarities in DOD geographical distribution between MONARCH and the 

observational datasets, there are some discrepancies in the magnitude, as revealed by the 

comparison plots. The spatial distribution of MB (Figure 2.13.e-g) shows that the model 

overestimates DOD (positive MB) over most of the desert and arid regions. In particular, MONARCH-

MIDAS comparison (Figure 2.13.e) presents MB hot spots (> 0.1) in the dust sources of Algeria, over 

the Bodélé Depression and the Ustyurt Plateau (Figure 2.1, ‘A’, ‘B’, ‘E’ and ‘J’), whereas all AERONET 

sites with positive MB can be found only in the vicinity of dust sources (Figure 2.13.g). On the other 

hand, MONARCH underestimates significantly DOD (MB < -0.1) at the AERONET sites of the western 

part of the Sahel (Figure 2.1, ‘D’) and near to the coast of the Gulf of Guinea, in contrast to the 

positive MB obtained against MIDAS in most areas of the same region. This discrepancy might be 

due to significant larger values recorded by AERONET over most of the abovementioned sites 

compared to MIDAS (Gkikas et al., 2021) and MODIS (Wei et al., 2019), at around the same period 

as the reanalysis. Nevertheless, the MB derived by comparing MONARCH-MIDAS and MONARCH-

AERONET are in agreement over the Bodélé Depression and the Caucasus region (overestimation) 

and over the Tropical Atlantic Ocean, the Persian Gulf and the arid regions of Iran and Afghanistan 

(Figure 2.1, ‘K’) (underestimation), confirming the model deviation in these areas. At the same time 

near-zero MB is observed over continental Europe and Russia compared to both datasets, because 

of the relatively lower DOD recorded by MIDAS and AERONET in those regions. 
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Figure 2.13. Spatial distribution of the DOD simulated by MONARCH (a) and observed by MIDAS (b), 
MISR (c) and AERONET (d), along with the respective statistic parameters: MB (e-g), RMSE (h-j), FGE 
(k-m) and CC (n-p). The results refer to the study period 2007-2016. 

(a) 

(b)                                   (c)                                  (d) 

(e)                                   (f)                                   (g) 

(h)                                    (i)                                   (j) 

(k)                                   (l)                                  (m) 

(n)                                  (o)                                   (p) 
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Regarding the ΜΒ values over the maritime regions, the reanalysis highly underestimates 

the dust transport towards the Gulf of Guinea (MB < -0.1), while moderately underestimates (MB > 

-0.07) and overestimates (MB < 0.04) over the Tropical Atlantic and the central and eastern 

Mediterranean Sea, respectively. Although the MBs obtained against MIDAS and MISR and over the 

few maritime AERONET sites are equivalent in the aforementioned areas, MONARCH seems to 

underestimate DOD more over the North Atlantic and the Arabian Sea when compared to MISR, 

than compared to MIDAS, because of the relatively higher DOD recorded by MISR in those regions 

(Figure 2.13.c). This discrepancy may be due to several possible reasons already mentioned, such 

as: (i) Both MISR and MODIS show difficulty retrieving particle properties like DOD at low AOD 

conditions, which increases over the regions where the non-spherical AOD fraction is low (e.g., 

North Atlantic); (ii) The MISR’s limited sampling compared to MODIS which has more frequent 

sampling than MISR, especially at low latitudes (e.g., Arabian Sea), due to its wider swath; (iii) Bad 

weather conditions decrease sampling frequency of both instruments, especially during winter 

months at high latitudes (e.g., North Atlantic), leading to low quality DOD retrievals. 

 

Although MB provides the sign and the magnitude of the difference between the simulated 

and the observed data, RMSE offers insight into the variability of the differences around the MB. 

RMSE spatial distribution is similar among the three datasets (Figure 2.13.h-j), showing greater 

values in the regions where the dust activity is more intense. In particular, maximum RMSE values 

(> 0.3) were computed over the Bodélé Depression and across the Sahel, indicating strong variability 

between MONARCH and observations. In regions that are frequently affected by dust transport the 

RMSE reaches 0.25, whereas minimum values (~ 0) resulted over the remote regions. Once again, 

the RMSE relatively higher values over the North Atlantic and the Arabian Sea, obtained by the 

MONARCH-MISR comparison (Figure 2.13.i), may be due to overestimation in MISR DOD retrieval. 

 

The spatial distribution of the absolute normalized bias as depicted by the FGE maps (Figure 

2.13.k-m), is identical among the three datasets. Unlike RMSE, the FGE is lower in areas where the 

presence of dust is predominant, with ideal scores (~ 0) over the dust sources and along the dust 

transport pathway towards the Atlantic Ocean. FGE increases with distance from the sources, being 

maximized (~ 2) over the North Atlantic and Northern Europe, which reveals high bias of the model 

compared to the simulated and the observed DOD values in these areas. 

 

The model’s ability to simulate DOD temporal variability during the study period is 

represented by the CC maps (Figure 2.13.n-p). The comparison between MONARCH and MIDAS 

(Figure 2.13.n) showed a strong correlation over the entire domain, with CC maxima (> 0.8) found 

throughout the Sahara Desert, the Sahel Belt, the Middle East and the Tropical Atlantic and partially 

over the Arabian Sea, the Mediterranean Sea and even in the North Atlantic. The correlation 

between reanalysis and MISR DOD (Figure 2.13.o) is higher (CC > 0.6) around the dust source areas 

but is lower over the North Atlantic, reaching zero or negative values, associated presumably with 

poor MISR sampling, as it was explained before. Likewise, the reanalysis is highly correlated with 

AERONET observations over sites affected by medium range dust transport, whereas the CC 

diminishes significantly towards the northern parts of the study region (Figure 2.13.p). 
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As a next step, the DOD evaluation results were generalized based on the ten sub-regions 

shown in Figure 2.1. The statistical parameters were computed at regional scale, considering all the 

collocated Mi-Oi pairs between the reanalysis and each individual dataset included in each sub-

region. The regional results obtained from the three datasets were then averaged to a final weighted 

mean, using as weight the corresponding number of Mi-Oi pairs. As already mentioned earlier, the 

three datasets not only do not overlap but also complement each other in terms of space and time, 

favoring the combination of their results. In particular, MIDAS evaluates a reanalysis subset 

considering simulations around Aqua’s overpass time (13:30 LT), both over land and sea, whereas a 

sample of simulations over sea and around Terra’s overpass time (10:30 LT) was compared against 

MISR. Moreover, MISR and MIDAS have different spatial and temporal resolution. Similarly, 

AERONET evaluates the interpolated simulations over the network’s sites, which are not coincident 

with MIDAS grid-points. Consequently, the three reanalysis samples obtained by collocation with 

the observational datasets are independent of each other providing better representation of the 

MONARCH dataset. 

 

The weighted mean of the statistical indicators was computed at annual and seasonal scale 

for every sub-region according to the equations listed in Table 2.9. 

 

 

 

Table 2.9. Regional weighted mean of the statistic parameters used for the reanalysis evaluation. 
d=1 MIDAS, d=2 MISR and d=3 AERONET. 
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where: 
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are the weighted mean and the combined standard deviation of the reanalysis (Eq. 7-8) and the 

observed (Eq. 9-10) DOD. N indicates the total number of collocated Mi-Oi pairs. The subscript d 

denotes the observational dataset used in the calculations. 

 

In addition, the spatiotemporal coverage rate (CR) defined as the ratio of the total number 

of the available observations to the total number of the simulations included in the three samples 

was calculated according to: 
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where Sd indicates the number of simulations included in the reanalysis sample selected through 

collocation with observational dataset d. 

 

The final results are presented by region and by temporal scale (annual and seasonal) in the 

color table shown in Figure 2.14. In addition, the annual scores are displayed in maps along with the 

bar graph of the annual CR corresponding to each sub-region (Figure 2.15). The MONARCH DOD 
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map (Figure 2.15.a) and the observed DOD map (Figure 2.15.b) show that most of the sub-regions 

share the same color, indicating small biases in the model. As illustrated by the ΜΒ map (Figure 

2.15.c), the discrepancies mainly concern DOD underestimates, except for the sub-regions WesAfr 

and NorAfr containing the Sahara Desert, where the reanalysis overestimates DOD (MB = 0.03). In 

absolute values the largest biases are found in TroAtl (0.05) and in AraSea (0.04), whereas Russia 

presents a quasi-zero MB, mainly related to the low DOD values observed and simulated there (0.03 

and 0.02 respectively); however, quite low biases can also be found over regions highly affected by 

dust, like MidEas (-0.01) and MedSea (~ 0). 

 

The regional RMSE (Figure 2.15.d) shows that the greatest deviations between reanalysis 

and observations occur in regions with the strongest dust activity, with values higher than 0.15 in 

MidEas, NorAfr, TroAtl and WesAfr, whereas the minimum RMSE (0.03) resulted in the remote 

region of NorEur. Conversely, the regional FGE (Figure 2.15.e) is maximized (> 1.8) over the remote 

regions of NorAtl, NorEur and Russia, whereas the lowest values (< 0.5) are found in MidEas and 

WesAfr. The regional CC (Figure 2.15.f) shows a clear northeast to southwest positive gradient with 

minimum value (0.49) over Russia and maximum values (> 0.8) in WesAfr, NorAfr and TroAtl. 

 

Considering the results obtained from all the evaluation metrics, the best combined annual 

scores are found in MidEas (MB = -0.01, FGE = 0.43), MedSea (MB = 0, RMSE = 0.09) and WesAfr 

(FGE = 0.48, CC = 0.84), demonstrating very good reanalysis performance in reproducing the spatial 

and temporal distribution of DOD over the major dust source regions of MidEas and WesAfr as well 

as in the nearby outflow region of MedSea which is subject to frequent dust intrusions throughout 

the year. Furthermore, the fact that these sub-regions present some of the highest coverage rates 

(Figure 2.15.g), shows the consistency of the reanalysis when evaluated against a large amount of 

observations and corroborates the evaluation results. 

 

On the other hand, the combination of the regional annual scores reveals weak agreement 

between reanalysis and observations over TroAtl (MB = -0.05, RMSE = 0.16), WesAsi (RMSE = 0.12, 

CC = 0.66) and Russia (FGE = 2.62, CC = 0.49). In the case of Russia, no safe conclusions can be drawn 

about the performance of the model because of the bad weather conditions that prevail most of 

the year, decreasing the coverage rate (9%) (e.g., MODIS does not provide observations over snow 

covered surfaces or under high cloudiness), while they can also bias the measurements (e.g., thin 

clouds can be misclassified as dust plume). Hence, the evaluation results obtained over Russia may 

not be trustworthy. As far as WesAsi is concerned, its relatively high coverage rate (CR = 33%) 

confirms the poor performance of the reanalysis over this sub-region. As for TroAtl, the fact that 

both MIDAS and MISR DOD retrievals over this region have been already validated (Kalashnikova 

and Kahn, 2006; Gkikas et al., 2021), confirms the model difficulties in simulating the long-range 

dust transport, at least in terms of DOD magnitude, since the model captures the DOD 

spatiotemporal variability very well, as reflected by the strong correlation (CC = 0.8) found in this 

region. 
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Figure 2.14. Regional weighted mean of MONARCH DOD (± σM) (1st column), observed DOD (± σO) 
(2nd column), MB (3rd column), RMSE (4th column), FGE (5th column) and CC (6th column) for the ten 
sub-regions defined in Figure 2.1, averaged over the study period 2007-2016 in annual level (ANN) 
and by season (DJF, MAM, JJA and SON), along with the corresponding regional CR (7th  column). 
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Figure 2.15. Regional weighted annual mean of the MONARCH DOD (a), the observed DOD (b), and 
their MB (c), RMSE (d), FGE (e) and CC (f) along with the regional CR (g). The results refer to the study 
period 2007-2016. The full name of the acronym for each sub-region is given in Figure 2.1. 

 
(a)                                                              (b)  
 
 
 
 
 
 
 
 
 
 
(c)                                                              (d) 
 
 
 
 
 
 
 
 
 
(e)                                                               (f) 
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Lastly, the ability of the reanalysis to correctly simulate the annual cycle of dust was 

examined over the ten sub-regions, by computing the seasonally weighted means of the evaluation 

metrics (Figure 2.14) and the corresponding plots are given in Figure 2.16. At first glance, the 

average seasonal patterns of simulated and observed DOD are very similar over all sub-regions 

(Figure 2.16.a-b), showing that the reanalysis captures very well the annual dust cycle. Particularly 

in regions where the presence of dust is predominant, the reanalysis reproduces the DOD peaks in 

JJA or in MAM for NorAfr and MedSea, while the minimum seasonal DOD values are correctly 

simulated in DJF and SON, for all the sub-regions of interest. The particular seasonal stability 

recorded in TroAtl between DJF and MAM, followed by a decrease in SON, is also very well 

reproduced although shifted towards lower DOD yielding strong underestimations. These 

similarities can be also identified in MB plots (Figure 2.16.c) where most regions present moderate 

variability, with seasonal MB values falling between -0.03 and 0.01 throughout the year; however, 

seasonally-dependent model biases are found in WesAfr and in AraSea following the observed DOD 

seasonal changes. In particular, the maximum seasonal overestimation (WesAfr, JJA, MB = 0.09) 

corresponds to the maximum seasonal dust emission observed among the dust source regions 

(WesAfr, JJA, DOD = 0.38), whereas the maximum seasonal underestimation (AraSea, JJA, MB = -

0.07) corresponds to the maximum seasonal dust transport observed among the maritime regions 

(AraSea, JJA, DOD = 0.26). 

 

Likewise, the RMSE seasonal patterns (Figure 2.16.d) are directly related to the seasonal DOD 

variation, with maximum values in MAM and in JJA which weaken during SON. On the other hand, 

FGE plots (Figure 2.16.e) exhibit remarkable intra-annual stability over the major dust emission 

regions of WesAfr and MidEas and over NorAtl, whereas over the main dust transport regions of 

AraSea, MedSea and TroAtl, the seasonal fluctuation of the FGE is insignificant. Similarly, all the sub-

regions of interest present rather weak CC seasonality (Figure 2.16.f), with seasonal CC values 

between 0.72 and 0.87 throughout the year. The minimum seasonal CC (0.32) found over Russia in 

DJF, along with all the scores for the same season computed in Russia and in NorEur, should be 

considered unreliable because of the lowest coverage rate obtained in both regions during DJF: CR 

= ~ 0 % in Russia and CR = 2 % in NorEur. In conclusion, the least magnitude-dependent and 

normalized parameters of FGE and CC show that the reanalysis performance over the regions with 

intense dust activity is not subject to strong seasonal variability, remaining quite stable throughout 

the year. 

 

 

 

2.5.2 MONARCH coarse DOD evaluation 

 

The same methodology followed in Section 2.5.1 was used in order to evaluate the 

MONARCH coarse DOD against MIDAS, AEROIASI and AERONET coarse DOD observations. In Figure 

2.17 the maps of the coarse DOD spatial distribution are shown for each dataset along with the 

corresponding maps of evaluation results. 
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Figure 2.16. Seasonal variability of the MONARCH DOD (a), the observed DOD (b) and their MB (c), 
RMSE (d), FGE (e) and CC (f) over the ten sub-regions of the study geographical domain. The lines in 
brown shades represent the dust source regions, those in blue shades represent the maritime regions 
and those in green shades represent the remote continental regions. The full name of the acronym 
for each sub-region is given in Figure 2.1. 

 

 

 

As expected, the MONARCH coarse DOD map (Figure 2.17.a) is very similar to the DOD map 

(Figure 2.13.a), but with lower values, as the coarse DOD is a fraction of the total DOD; the same 

applies to MIDAS and AERONET coarse DOD. The differences illustrated in the MB maps show that 

the model overestimates the coarse DOD over all the dust sources when compared to the satellite 

datasets (Figure 2.17.e-f) with values that exceed 0.1 over the Bodelé Depression and its downwind 

areas as well as over the major dust sources of the western Sahara. The reanalysis is in very good 

agreement with MIDAS over the remote regions of the North Atlantic and continental Europe, 

where MB is almost zero, whereas the comparison with AEROIASI away from the dust sources 

produced a very strong underestimate (MB < -0.1). Actually, the MB in Figure 2.17.f changes 

abruptly when moving from desert to remote regions because the coarse DOD provided by 

(a)                                                                                (b)  
 
 
 
 
 
 
(c)                                                                                (d) 
 
 
 
 
 
 
 
(e)                                                                                 (f) 
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AEROIASI is always larger than 0.10 over the entire domain, even in remote regions, whereas it does 

not exceed 0.36 over the dust sources (Figure 2.17.c), in agreement with the findings of Cuesta et 

al., (2015), that AEROIASI tends to underestimate coarse DOD close to desert dust sources and to 

overestimate it far away from them. As a consequence, the AEROIASI coarse DOD retrievals were 

not considered for the reanalysis evaluation, over certain regions, as has been explained in Section 

2.4 above. Lastly, according to the AERONET observations, MONARCH underestimates coarse DOD 

almost everywhere, with maxima at stations situated downwind of the Bodelé Depression and close 

to the Registan Desert. 

 

RMSE spatial distribution is similar among the three datasets (Figure 2.17.h-j), showing 

greater values (> 0.32) in the regions with the strongest dust activity in which the maximum absolute 

MB between was also found (e.g., Bodelé Depression). Similar agreement can be found among the 

FGE maps (Figure 2.17.k-m) which reveal low error over dust emission and transport regions, which, 

however, increases for increasing distance due to the weaker coarse dust contribution to the total 

aerosol load. Finally, the temporal correlation between reanalysis and observed values is generally 

higher near source and transport areas, where it can exceed 0.8, and diminishes towards the 

northern parts of the study region (i.e., north of 40° N). In fact, the comparison with AEROIASI even 

shows a negative correlation (Figure 2.17.o), which is probably due to the overestimation in the 

AEROIASI coarse DOD retrieval at these latitudes. 

 

The coarse DOD evaluation results from the different datasets were combined in regional 

scale excluding the AEROIASI contribution from certain sub-regions according to the conclusions of 

Section 2.4. Again here the satellite datasets complement each other since the MODIS equatorial 

overpass time is 13:30 LT while IASI crosses the equator twice a day at 09:30 and 21:30 LT. The 

regional scores were calculated by using the equations in Table 2.9 – where d=1 MIDAS, d=2 

AEROIASI and d=3 AERONET – and are presented by region and by temporal scale in Figure 2.18; in 

addition, the annual results are illustrated in Figure 2.19. 

 

Deviations in coarse DOD between reanalysis (Figure 2.19.a) and observations (Figure 2.19.b) 

are not evident in almost all the sub-regions except for WesAfr and NorAfr where the maximum 

overestimation is observed (MB = 0.06 and 0.05 respectively; Figure 2.19.c), which is about the 

double MB compared to the DOD MB over the same sub-regions (Figure 2.15.c). This is a significant 

overestimation considering that the coarse DOD is a fraction of the total DOD. Accordingly, the 

RMSE exceeds 0.12 in WesAfr, NorAfr and MidEas, whereas the best scores (RMSE < 0.04) are 

recorded in NorAtl, NorEur and Russia (Figure 2.19.d). In contrast, the lowest FGE values (< 0.6) can 

be found in MidEas, NorAfr and WesAfr and the highest (> 1.8) over the remote regions of NorAtl, 

NorEur and Russia (Figure 2.19.e). Lastly, the CC exceeds 0.8 in WesAfr and NorAfr, while over Russia 

a rather moderate correlation is observed (CC = 0.47) (Figure 2.19.f). 
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Figure 2.17. Spatial distribution of the coarse DOD simulated by MONARCH (a) and observed by 
MIDAS (b), AEROIASI (c) and AERONET (d), along with the respective statistic parameters: MB (e-g), 
RMSE (h-j), FGE (k-m) and CC (n-p). The results refer to the study period 2007-2016. 

(a) 

(b)                                   (c)                                  (d) 

(e)                                   (f)                                   (g) 

(h)                                    (i)                                   (j) 

(k)                                   (l)                                  (m) 

(n)                                  (o)                                   (p) 
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Figure 2.18. Same as in Figure 2.14 but for the coarse DOD. 
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Figure 2.19. As in Figure 2.15 but for the coarse DOD. 
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Figure 2.20. As in Figure 2.16 but for the coarse DOD. 

 

 

 

Combining all the regional evaluation results, the best scores are found in AraSea (FGE = 

0.74, CC = 0.78), WesAsi (MB = 0, FGE = 0.9) and NorAtl (RMSE = 0.03, MB = -0.01), which are regions 

with moderate or weaker coarse dust activity. On the other hand, the reanalysis performs poorly 

over Russia (FGE = 2.53, CC = 0.47), WesAfr (MB = 0.06, RMSE = 0.15) and NorAfr (MB = 0.05, RMSE 

= 0.14). With regard to Russia, the evaluation results should be considered less reliable because of 

the minimum CR (9 %; Figure 2.19.g). Conversely, the significant overestimation arising over WesAfr 

and NorAfr is corroborated by the very high availability of observations over these sub-regions (CR 

= 43 % and 40 % respectively). Both sub-regions present CC maxima (0.83 and 0.82); consequently, 

the coarse dust emissions from the Sahara Desert seem to be overestimated by a constant factor 

during the entire study period. In conclusion, MONARCH generates more coarse dust particles over 

the main dust emission regions, whereas in total it performs better under conditions of lower coarse 

dust concentration. 
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Any seasonality in the performance of the reanalysis in reproducing the coarse DOD can be 

assessed by the annual cycle of the evaluation results plotted by sub-region in Figure 2.20. The 

reanalysis captures very well the annual cycle of coarse dust at both emission and transport regions 

simulating the coarse DOD peaks in JJA for most of the sub-regions and in MAM for NorAfr and 

MedSea, exactly as it was observed by the instruments (Figure 2.20.a-b). The discrepancies are more 

pronounced and subject to seasonal variation over the main dust source regions of WeaAfr, NorAfr 

and MidEas, where MB is maximized during warm months (MAM, JJA) when coarse dust loads are 

higher and weaken during DJF and SON (Figure 2.20.c). In all the other sub-regions MB remains low 

in terms of absolute values and without large fluctuations throughout the year. On the other hand, 

RMSE annual cycle follows the corresponding coarse DOD annual cycle of each sub-region (Figure 

2.20.d). Lastly, both coarse dust emission and transport sub-regions present low FGE and high CC 

with remarkable stability throughout the year (Figure 2.20.e-f). 

 

 

 

2.6 Dust Extinction Coefficient Evaluation 

 

In this section the results obtained by the MONARCH reanalysis DEC evaluation are 

presented against LIVAS, EARLINET and AEROAISI dust profiles. The dust extinction profiles are 

indicative of the dust quantity in the atmosphere and of how dust particles are distributed in the 

vertical. The ability of the model to simulate the intensity and the shape of a dust layer was 

evaluated using appropriate dust parameters obtained by the dust profiles. Regarding the intensity 

of the dust layer, the evaluation was based on the DOD which represents the total amount of the 

dust load in the vertical column of the atmosphere and it was calculated by integrating the dust 

extinction profile over the altitude, according to the equation: 

 

 

h

h

dzzDECDOD

0

     (12) 

 

where h0 and h are the base and the top altitude z of the dust extinction profile DEC(z), respectively. 

 

Figure 2.21 shows the DOD calculated from MONARCH DEC profiles and the observational 

datasets and the maps of the evaluation scores that were calculated for each dataset separately 

using the equations of Table 2.8. 
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Figure 2.21. Spatial distribution of the DOD calculated from MONARCH DEC simulations (a) and from 
LIVAS (b), AEROIASI (c) and EARLINET (d) observations, along with the respective statistic 
parameters: MB (e-g), RMSE (h-j), FGE (k-m) and CC (n-p). The results refer to the period of the 

(a) 

(b)                                   (c)                                  (d) 

(e)                                   (f)                                   (g) 

(h)                                    (i)                                   (j) 

(k)                                   (l)                                  (m) 

(n)                                  (o)                                   (p) 
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available measurements from each dataset: 2011-2016 for LIVAS, 2008-2016 for AEROIASI and 
2012-2016 for EARLINET. 

 

 

 

Like the results obtained by the MONARCH DOD evaluation (Figure 2.13.a), MONARCH 

integrated DEC profiles present higher values over the source regions and along the main dust 

transport pathways of the Sahelian belt, the Arabian Sea and the Tropical Atlantic (Figure 2.21.a). 

The differences between the MONARCH and the observational DOD maps (Figure 2.21.b-e) are 

described better by the DOD MB maps (Figure 2.21.e-g). The comparison against LIVAS and 

AEROIASI reveals that the model overestimates the columnar dust load over all the main dust 

sources of the MONARCH domain, namely the Sahara Desert, the Bodélé Depression and the 

Arabian Peninsula. On the other hand, the model underestimates the DOD over the subjacent areas 

of the Tropical Atlantic, Eastern Africa and the Arabian Sea, which is confirmed by both satellite 

datasets, showing that the model cannot simulate very well the dust transport. The comparison 

against LIVAS and EARLINET over the Mediterranean Sea and Northern Europe showed that the MB 

is almost zero, associated apparently with low DEC values in these areas. Any discrepancies between 

the MB maps provided by the three observational datasets, found in some locations, like for 

example in the Sahel, could be due to several reasons such as: (i) the deficiency of CALIPSO to detect 

with high accuracy strong dust activity; (ii) the AEROIASI DEC profiles are not extended higher than 

6 km consequently the calculated DOD represents only the lower part of the atmospheric column; 

(iii) the EARLINET DEC profiles are not representative of the entire study period because of low 

availably of depolarization ratio measurements during this period. For example, all the available DEC 

measurements over Granada station were recorded during a dust intrusion event in July 2012, which 

can justify the MB positive peak (MB > 0.07) found there (Figure 2.21.g). 

 

The RMSE maps (Figure 2.21.h-j) are, on the other hand, in agreement, with higher errors 

over the regions affected more by dust activity, especially over Western Sahara and the Bodélé 

Depression (RMSE > 0.32). On the contrary, the FGE maps (Figure 2.21.k-m) obtained by all the 

datasets indicate that the areas most affected by the dust present show lower FGE (< 0.9), in 

contrast with lower DOD regions. The fact that the FGE is higher in the regions where the model 

overestimates the DEC reveals that the differences between model and observations are much more 

significant than in cases where the model underestimates the DOD. Lastly, the CC maps (Figure 

2.21.n-p) present a very high correlation (CC > 0.6) between MONARCH and the datasets over the 

all the dust affected regions that fall within 0° N and 40° N, which decreases towards the northern 

parts of the MONARCH geographical domain. 

 

Combining all the results of the MONARCH integrated DEC evaluation, excluding the 

AEROIASI results from certain sub-regions according to the conclusions of Section 2.4, the regional 

scores were calculated by using the equations in Table 2.9 – where d=1 LIVAS, d=2 AEROIASI and 
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d=3 EARLINET – and are presented by region and by temporal scale in Figure 2.22. In addition, the 

annual evaluation scores of the Figure 2.22 are depicted in Figure 2.23. 

 

 

 

 

 

 
 

Figure 2.22. Regional weighted mean of MONARCH DOD (± σM) (1st column), observed DOD (± σO) 
(2nd column), MB (3rd column), RMSE (4th column), FGE (5th column) and CC (6th column) for the ten 
sub-regions defined in Figure 2.1, averaged over the period 2008-2016 in annual level (ANN) and by 
season (DJF, MAM, JJA and SON), along with the total number of profiles N used for the MONARCH 
DEC evaluation (7th column). 
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The regional MONARCH DOD maps (Figure 2.23.a) looks similar to the one produced by the 

observations (Figure 2.23.b). In fact regional MB (Figure 2.23.c) falls within -0.02 and 0.02 in almost 

all the sub-regions except for AraSea (MB = -0.06), NorAfr (MB = 0.03) and TroAtl (MB = -0.03) where 

the maximum absolute biases are recorded. Accordingly, the RMSE exceeds 0.19 in WesAfr, NorAfr 

and MidEas, whereas the best scores (RMSE < 0.04) are recorded in NorAtl, NorEur and Russia 

(Figure 2.23.d). 

 

 

In order to assess the ability of the model in simulating the vertical structure of the dust load, 

the MONARCH DEC profiles were evaluated using the center of mass (COM) parameter which is a 

geometrical feature of the dust layer, defined as (Mona et al., 2006, 2014):  
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where h0 and h are the base and the top altitude z of the dust extinction profile DEC(z), respectively. 

 

COM is an extinction-weighted value providing a measure of the altitude where the most 

relevant part of the dust load is located. To avoid cases with low dust extinction coefficient that bias 

the center of mass to higher altitudes, a low-cut filter is applied prior to the COM calculations, which 

sets the dust extinction coefficient equal to 0 km-1 when it is smaller than 0.0025 km-1. This value 

corresponds to a minimum value of DOD of 0.01 distributed over 4km, i.e., a small dust amount 

distributed over a wide altitude range, so this could be considered as good indicator of small dust 

extinction occurrence. 

 

The COM altitude calculated from modeled DEC profiles and observations is presented along 

with the evaluation maps produced by the comparison against the three datasets in Figure 2.24. 

MONARCH simulates dust layers whose COM is lower than 1.5 km over the emission regions, which 

increases gradually as the dust plumes move away from the sources (Figure 2.24.a). In particular, 

over the remote regions of Russia and Northern Europe, MONARCH COM altitude exceeds 5 km. 

Similar pattern is observed by LIVAS (Figure 2.24.b) as the COM altitude ranges from 1 to 2 km above 

the dust sources and the adjacent regions and which is simulated quite well from the reanalysis 

returning near relatively low biases (MB < 0.2 km) over the regions of high interest like the Tropical 

Atlantic, the Sahara Desert and the Middle East (Figure 2.24.e). The model overestimates the 

altitude of the COM above the European continent where, according to LIVAS, the dust plume 

travels at least 0.7 km lower than the model estimations. Significant overestimations that exceed 

1.5 km are presented over the eastern Mediterranean and over many areas that lie north of the 45th 

parallel. 
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Figure 2.23. Regional weighted annual mean of the MONARCH DOD (a), the observed DOD (b), and 
their MB (c), RMSE (d), FGE (e) and CC (f). The results refer to the period 2008-2016. 

 
(a)                                                              (b)  
 
 
 
 
 
 
 
 
 
(c)                                                              (d) 
 
 
 
 
 
 
 
 
 
 
(e)                                                               (f) 
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Figure 2.24. Spatial distribution of the COM altitude calculated from MONARCH DEC simulations (a) 
and from LIVAS (b), AEROIASI (c) and EARLINET (d) observations, along with the respective statistic 
parameters: MB (e-g), RMSE (h-j), FGE (k-m) and CC (n-p). The results refer to the period 2008-2016. 

(a) 

(b)                                   (c)                                  (d) 

(e)                                   (f)                                   (g) 

(h)                                    (i)                                   (j) 

(k)                                   (l)                                  (m) 

(n)                                  (o)                                   (p) 
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On the contrary, AEROIASI places the COM of the dust layer within a narrow range of 

altitudes (from 3.2 to 3.8 km), with no gradations across the entire domain, except where 

topography plays a relevant role (Figure 2.24.c). This significant disagreement according to the 

previous datasets is certainly due to the lower resolution and the upper boundary of the AEROIASI 

profiles, which can both affect the COM calculations. The COM parameter represents an altitude 

which by definition is located between the minimum h0 and the maximum h altitude of a given 

profile. Specifically, above mountains and ridges where the earth’s relief is high and the h0 exceeds 

1 km, the COM is shifted towards higher altitudes. In fact, all three datasets recorded higher COM 

over western (Atlas Mountains) and central Sahara (Aïr, Ahaggar and Tibesti Mountains), above 

southern Algeria (Hoggar Mountains; elevation > 0.9 km), over the mountainous regions of Turkey 

and Iran and over the mountain ranges along the western edge of the Arabian Peninsula. 

Accordingly, if the top of the available profile is not high enough the COM is usually underestimated. 

AEROIASI’s maximum altitude is equal to 6 km, consequently the COM is confined to the lower 

troposphere. Moreover, AEROIASI’s vertical resolution is equal to 1 km, not allowing any significant 

variations of the COM across the domain. For those reasons, the COM evaluation results obtained 

by the comparison against AEROIASI COM are not considered reliable for the rest of the study. 

 

On the other hand, both LIVAS and EARLINET DEC profiles provide the same vertical 

resolution since they were vertically averaged considering MONARCH’s resolution, represented by 

40 levels. Even though the EARLINET dataset provides a limited number of DEC profiles over few 

sites in Europe, the COM evaluation results are similar: lower RMSE (< 2 km) towards the lower 

latitudes (< 45° N) and significant low FGE (< 0.7) even on higher latitudes. Moreover, MONARCH 

COM is strongly correlated (CC > 0.8) with the observations over the Middle East, compared to 

LIVAS, and over the central Europe, compared to EARLINET. 

 

In further investigating the performance of the model in reproducing the vertical distribution 

of dust in the atmosphere, a mean dust profile is calculated for each sub-region separately (Figure 

2.25). LIVAS, EARLINET and AEROIASI dust profiles, included in a sub-region, were averaged to one 

regional profile, since AEROIASI profile limitations are not a problem here, excluding however 

AEROIASI profiles from six sub-regions according to the satellite data validation results of Section 

2.4. 

 

MONARCH simulates very well the vertical distribution of dust over WesAfr and MidEas while 

it performs equally well in the free troposphere over MedSea and WesAsi, showing that reanalysis 

can capture the shape of the DEC profile quite well over dust emission and transport regions. In 

particular, in WesAfr are observed the largest DEC values (0.13 km-1) at altitudes lower than 500 m, 

which gradually decrease for increasing heights up to 6 km. Similar patterns are observed over the 

MidEas with maximum DEC up to 0.11 km-1. MONARCH reproduces the DEC intensity in both cases. 

On the other hand, MONARCH significantly overestimates the DEC in NorAfr up to 2 km, with larger 

bias closer to the surface. Dust particles are observed over the main transport pathways of TroAtl 

and AraSea with maximum values of 0.05 km-1 near to the sea surface which decreases rapidly to 

0.03 km-1 within the PBL. In both regions, a second maximum extinction value is developed in the 
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free troposphere between 1.5 and 4 km, showing that the dust can travel both near the ground and 

at upper levels; however, in these sub-regions MONARCH under estimates both layers. A less 

significant dust transport is observed over the MedSea with maximum values of dust extinction of 

0.03 km-1 at the boundary layer, while dust particles can be found up to 5 km. Very low amounts of 

dust (< 0.01 km-1) are detected close to the ground in the remote regions of Russia and NorEur, 

while over NorAtl dust extinction reaches the 0.02 km-1 inside the PBL. In all these sub-regions 

MONARCH performs very well. 

 

 

 

 
 

Figure 2.25. Regional mean MONARCH (orange line) and observed (blue line) DEC profile (in km-1) 
for the ten sub-regions defined in Figure 2.1, averaged over the period 2008-2016. Error bars indicate 
the regionally weighted standard deviation σM (Eq. 8) and σO (Eq. 10), respectively. 

 

 

 

Even though, the model captures the general patterns of dust emission and transportation 

over most of the regions, biases are also recorded. Figure 2.26 presents the MB, the RMSE, the FGE 

and the CC profile for each sub-region. MB shows that the model overestimates the dust extinction 

values over the dust source regions up to 2 km (and up to 3 km in the case of WesAfri), except the 

MidEas where the bias is negative. The transported dust over the maritime regions is always 

underestimated with maximum negative biases near to the sea surface over TroAtl and AraSea. The 

remote regions of Russia, NorEur and NorAtl, where the DEC values are generally low, present 

similar MB profiles with slight underestimation. Between 2 and 4 km, all the regions are 

underestimated in a range between 0 and 0.01 km-1 or between 3 and 4 km in the case of WesAfr. 

Then, a slight overestimation is observed around 6 km only over the dust source regions. 
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The RMSE profiles show that the greatest deviations between observations and model are 

present in dust source regions and for low altitudes. In all the dust emission and transport regions, 

the deviation is greater at low altitudes and decreases with height, whereas, over the remote 

regions of Russia, NorEur and NorAtl, the RMSE remains constant with increasing altitude. The FGE 

profiles can be distinguished into two groups according to their shape similarities. Leaving aside the 

FGE profiles over the remote regions where the errors are mainly due to the low dust loads recorded 

and simulated usually there, the rest of the regions present a similar FGE profile where the error is 

kept lower that 1 up to 3 km. In particular, the profiles over MidEas and AraSea present FGE lower 

that 0.5 up to 2 km. Lastly, the CC profiles are positive at all levels and for all the sub-regions. 

Maximum CC values (< 0.5) can be found between 1 and 5 km over all maritime regions and between 

2 and 6 km over the dust source regions of WesAfr and MidEas. In general, model scores are better 

in the free troposphere (lower MB, RMSE, FGE and higher CC) where the observed DEC profiles are 

less contaminated with other aerosol types, especially over the regions of greater interest. 

 

 

 

 
 

Figure 2.26. MB (a), RMSE (b), FGE (c) and CC (d) regional profiles for the period 2008-2016. Greenish 
lines represent the remote regions, bluish lines represent maritime regions and reddish lines 
represent dust source regions. 
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2.7 Dust PM10 Mass Concentration Evaluation 
 

The dust-PM10 mass concentrations produced by the MONARCH reanalysis were compared 

with PM10 observations recorded by ground-based stations operating within two consolidated 

networks: INDAAF and EIONET. The MONARCH reanalysis provides the surface dust mass 

concentration distributed in eight particle size bins, with diameter ranging from 0.2 μm to 20 μm 

(Table 2.2), so the PM10 fraction had to be retrieved prior to the evaluation by applying the 

following equation: 

 

  667.0[7]sconcdubinbsconcdubin10_
6

1


b

PMdust  (14) 

 

where sconcdubin[b] corresponds to the surface dust mass concentration generated by MONARCH 

at bin b. The 0.667 is the adjustment in the 7th size bin of the model for getting PM10, assuming a 

linear interpolation of that bin. 

 

 The daily averages of the dust-PM10 values retrieved by MONARCH simulations were 

evaluated against the collocated daily observations provided by the two datasets. Figure 2.27 shows 

the spatial distribution of the dust-PM10 for both datasets, along with the evaluation scores of MB, 

RMSE, FGE and CC. The dust-PM10 was calculated for each site separately, as the average of the 

entire available dataset provided by EIONET and INDAAF. 

 

Both datasets show a south to north dust-PM10 negative gradient with high dust-PM10 

concentrations in the vicinities of the dust sources and lower concentrations over Northern Europe 

(Figure 2.27.a-b). In particular maximum dust-PM10 values were recorded over Sahel (INDAAF 

stations) and over Canary Islands, places that often are subject to dust intrusions originated in the 

Sahara Desert, and over Eastern Mediterranean, where dust particles can be transported from the 

dust sources of Eastern Sahara and the Middle East. MONARCH overestimates dust-PM10 

everywhere, with maximum MB values around the dust sources and moderate values over the sites 

affected by dust transport in Southeastern Europe (Figure 2.27.c). The RMSE map reveal high 

variability of the bias over almost all sites except for those located in Scandinavia and in North 

Atlantic (Figure 2.27.d). The best FGE scores were recorded at the INDAAF stations (FGE < 0.4) 

(Figure 2.27.e), whereas the CC exceeds 0.8 mainly in the remote regions of Northern Europe (Figure 

2.27.f). 

 

The regional evaluation of the MONARCH dust-PM10 was conducted separately for each 

observational dataset, without combining the results, as it was done previously for the regional 

evaluation of the reanalysis DOD and DEC. Here, the two datasets represent two regions, i.e., Sahel 

and Europe, quite distinct from each other, and in addition the temporal coverage of the available 

measurements provided by the two networks, overlap each other only for two years, 2013-2014. 
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Figure 2.27. Spatial distribution of the mean daily dust-PM10 concentration (in μg m-3), as simulated 
by MONARCH (a) and observed over EIONET and INDAFF sites (b), along with the results of their 
comparison: MB (c), RMSE (d), FGE (e), CC (f) and the total number of observations used in each site 
(g). The results refer to the period of the available measurements from each dataset: 2013-2016 for 
EIONET and 2007-2014 for INDAAF. 

 

 

 

 
(a)                                                     (b)  
 
 
 
 
 
 
 
 
(c)                                                     (d) 
 
 
 
 
 
 
 
 
(e)                                                      (f) 
 
 
 
 
 
 
 
 
(g) 



70 
 

The MONARCH reanalysis was evaluated against INDAAF measurements using the mean and 

the median dust-PM10 values calculated from both datasets. The time-series of daily mean and daily 

median dust-PM10 concentrations from INDAAF and reanalysis are presented for the three INDAAF 

stations in Figure 2.28. The reanalysis shows a constant seasonal cycle of the dust concentrations 

throughout the whole period, similar and of equivalent magnitude to those recorded at the three 

stations. This cycle is characterized by maximum daily concentrations between January and April 

and by minimum values between July and October, which fall in the Sahelian dry and wet season, 

respectively. During the dry season (November - May), the Sahelian region is submitted to a 

northeastern dry wind (Harmattan) which allows a mineral dust transport from the Sahara Desert 

towards the Gulf of Guinea. On the opposite, during the wet season (June - October), a humid wind 

flows from South-West (Monsoon) provoking the increase of the precipitation rates (Rajot, 2001). 

 

The reanalysis captures this seasonality of the Saharan dust transport while in some cases 

reproduces quite well the abrupt fluctuations that are developed around the main pattern. In 

particular, at M’Bour station, the reanalysis provides an accurate representation of the short time 

scale oscillations, even if the comparison period is short due to unavailable measurements after July 

2012. This is not the case for the other two stations where extreme daily mean concentrations of 

short duration (no more than 1-2 days) are recorded during the transition from the dry season to 

the wet season (May - June). These peaks are more intense in the years 2007, 2011, 2012 and 2014 

and tend to decrease when moving from east (Banizoumbou) to west (Cinzana). In these cases, the 

MONARCH reanalysis fails to reproduce the high dust concentrations, maybe because they are not 

directly linked to the main Saharan dust transport. On the contrary, the daily median observations 

do not show any extreme daily concentrations and in this case, the MONARCH products fit much 

better to the time series recorded at Cinzana and Banizoumbou. Considering that the outliers have 

bigger effect on the mean, and not so much on the median, it seems that the extreme daily mean 

concentrations are caused by strong dust activity of short duration produced by local dust emissions 

called “Haboobs”. The model configuration considered for the MONARCH reanalysis is not prepared 

to reproduce these smaller-scale convective sand and dust storms. Therefore, in the following 

analysis will be used only the daily median values. 

 

Table 2.10 shows the scores of the reanalysis for each site separately and for all three 

stations together, using the daily median dust-PM10 concentrations. The highest annual dust-PM10 

concentration is observed at Banizoumbou station (129 μg/m3) which is closer to the dust major 

source of the Bodelé Depression and the lowest at Cinzana (75 μg/m3). The same distribution is 

simulated by MONARCH however the reanalysis overestimates the annual PM10 everywhere by an 

almost invariable MB that lies between 68 and 58 μg/m3, with average value for all the stations 

equal to 61 μg/m3. The MB during the wet season in Sahel equals 100 μg/m3 and decreases 

significantly during the wet season (10 μg/m3), and accordingly RMSE shows similar behavior. The 

FGE is quite low with no big differences between stations and seasons and an annual average over 

all sites equal to 0.31. Similarly, the CC is significantly high in all cases with annual average over all 

sites equal to 0.80. The total number N of the available observations in each station partly depends 

on the wind-based filter applied to discard measurements associated with specific wind directions. 
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The range of the filter is larger in Banizoumbou and Cinzana where the number of the observations 

is equivalent, while, in M’Bour, it results much lower. 

 

 

 

 
 

Figure 2.28. Daily mean (top) and daily median (bottom) dust-PM10, as simulated by the MONARCH 
reanalysis (orange line) and observed by INDAAF (blue line) at Banizoumbou, Cinzana and M’Bour 
for the period 2007-2014. 
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Table 2.10. Evaluation scores of the MONARCH reanalysis based on daily median dust-PM10 values 
at Banizoumbou, Cinzana and M’Bour and at all three stations, averaged over the entire period 2007-
2014 in annual level (ANN) and by season (DJF, MAM, JJA and SON) and for the DRY (November–
May) and WET season (June–October) of Sahel. 

Dust PM10 2007-2014 
MONARCH 
mean ± std 

[μg/m3] 

INDAAF 
mean ± std 

[μg/m3] 

MB 
[μg/m3] 

RMSE 
[μg/m3] 

FGE CC N obs. 

Banizoumbou 

ANN 197 ± 329 129 ± 223 68 199 0.35 0.84 2348 

DJF 366 ± 499 223 ± 284 143 317 0.49 0.88 498 

MAM 278 ± 353 190 ± 286 88 223 0.32 0.81 656 

JJA 47 ± 37 40 ± 91 7 88 0.29 0.27 593 

SON 115 ± 142 71 ± 83 44 92 0.34 0.87 601 

DRY 301 ± 400 191 ± 269 110 254 0.43 0.84 1347 

WET 57 ± 65 45 ± 80 12 76 0.25 0.48 1001 

Cinzana 

ANN 131 ± 215 75 ± 116 56 157 0.35 0.77 2254 

DJF 250 ± 280 133 ± 144 117 232 0.53 0.73 380 

MAM 221 ± 289 125 ± 164 96 230 0.42 0.71 598 

JJA 40 ± 32 27 ± 22 14 28 0.29 0.62 672 

SON 67 ± 95 42 ± 44 25 70 0.21 0.81 604 

DRY 219 ± 273 120 ± 148 100 219 0.48 0.72 1141 

WET 41 ± 36 29 ± 26 12 30 0.20 0.64 1113 

M’Bour 

ANN 173 ± 195 115 ± 152 58 146 0.20 0.73 1438 

DJF 267 ± 230 156 ± 161 110 183 0.39 0.78 498 

MAM 241 ± 190 171 ± 213 70 189 0.29 0.62 312 

JJA 46 ± 53 41 ± 45 5 47 0.03 0.55 246 

SON 78 ± 85 65 ± 63 13 76 0.02 0.52 382 

DRY 236 ± 208 151 ± 171 85 174 0.33 0.70 957 

WET 47 ± 56 45 ± 54 3 57 0.06 0.46 481 

All Sites 

ANN 167 ± 263 105 ± 174 61 172 0.31 0.80 6040 

DJF 298 ± 366 174 ± 214 124 252 0.46 0.84 1376 

MAM 249 ± 303 161 ± 233 88 220 0.35 0.75 1566 

JJA 44 ± 38 34 ± 62 10 62 0.25 0.33 1511 

SON 88 ± 115 58 ± 67 29 80 0.21 0.79 1587 

DRY 256 ± 317 156 ± 211 100 222 0.42 0.79 3445 

WET 48 ± 53 38 ± 58 10 57 0.17 0.50 2595 

 

 

 

 

The high CC values and the reanalysis overestimation can be depicted better by the scatter 

plots presented in Figure 2.29. All the scatter plots show a narrow distribution of the points around 
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the diagonal, while the reanalysis captures the higher concentrations remarkably well. Even though 

the lower concentrations are underestimated by the model by at least two orders of magnitude, 

MONARCH overestimates the majority of the dust-PM10 values. 

 

 

 

 
 

Figure 2.29. Scatter plot comparison of the MONARCH reanalysis vs. INDAAF dust-PM10 
concentration at Banizoumbou, Cinzana and M’Bour and at all three stations for the entire 2007-
2014 period. 

 

 

 

Lastly, the monthly mean dust-PM10 concentrations obtained from INDAAF and reanalysis 

daily median datasets, are represented in Figure 2.30. At all three stations, the intra-annual variation 

is determined by the seasonal characteristics of the Sahelian belt. The reanalysis distinguishes quite 

well the season of high concentrations (December–April), the season of lower concentrations (July 

September), one transition period of steep negative slope (May–June) and another of steep positive 

slope (October–November), in respect with those observed by the measurements. The model 

performs quite well during the period July-September, providing almost zero MB values for the 

entire region. On the other hand, the model overestimates everywhere the dust-PM10 values during 

the dry season in Sahel, between the months November and April. 
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Figure 2.30. Monthly mean dust-PM10 mass concentration (left column) and monthly MB (right 
column) at Banizoumbou, Cinzana, M’Bour and at all stations, averaged over the entire 2007-2014 
period. 

 

 

 

The regional evaluation of the MONARCH dust-PM10 concentration was conducted using 

the 734 EIONET sites which according to their coordinates, were grouped into six MONARCH sub-

regions. Figure 2.31 shows the scatter plot of the simulated and the observed dust-PM10 over all 

the EIONET sites, averaged over the entire period of the evaluation, 2013-2016. The model 

overestimates over all sites the dust-PM10; however, the correlation coefficient is quite high (0.83), 

showing a linear dependence. The model thus seems to reproduce well the temporal variability of 

the dust-PM10 values, although the simulated values are more than twice as that observed.  

 

The results of the regional evaluation are presented in Table 2.11. Over the sites that are 

located closer to the source regions (WesAfr, WesAsi and TroAtl) the annual regional MB and RMSE 

are higher (MB > 10 μg/m3; RMSE > 27 μg/m3), whereas the biases decrease (MB < 2 μg/m3; RMSE 

< 13 μg/m3) over the remote sites. The annual regional FGE is constantly very high (< 1.19) over all 

the sub-regions, showing that the normalized bias remains high both near the dust source regions 

and way from them. Lastly, regional CC is generally low (< 0.46) over the most of the sub-regions 

except for TroAtl and WesAfr where the CC exceeds 0.68. 
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Figure 2.31. Scatter plot of MONARCH vs. EIONET dust-PM10 mass concentration, averaged over 
the entire period 2013-2016. The circle of each site is colored according to the sub-region it belongs. 
The number in parenthesis denotes the number of the sites included in each region. 

 

 

 

Finally, the monthly mean dust-PM10 concentrations obtained from EIONET and MONARCH 

are represented in Figure 2.32. The sub-regions located in the northern part of the domain (MedSea, 

NorEur and NorAtl) show an intra-annual variability with a small peak in April, represented very well 

by the model (MB ~ 0 μg/m3). On the contrary, the monthly variability of the dust events is more 

pronounced over the Canary Islands (TroAtl and WesAfr) where the model strongly overestimates 

the dust concentrations during the months of high dust transport (November–February). 
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Table 2.11. Mean dust-PM10 concentration simulated by MONARCH (± std) and observed by EIONET 
stations (± std) and the evaluation scores: MB, RMSE, FGE and CC calculated for six sub–regions, for 
the period 2013-2016 (ANN), and for each season: DJF, MAM, JJA and SON. In parenthesis the 
number of the sites used in the evaluation. 

Dust PM10 2013-2016 
MONARCH 
mean ± std 

[μg/m3] 

EIONET 
mean ± std 

[μg/m3] 

MB 
[μg/m3] 

RMSE 
[μg/m3] 

FGE CC N obs. 

MedSea 
(215) 

ANN 4 ± 14 1 ± 6 2 13 1.79 0.43 256152 

DJF 4 ± 20 1 ± 7 3 19 1.91 0.36 65325 

MAM 4 ± 14 1 ± 7 3 13 1.78 0.52 65151 

JJA 3 ± 7 1 ± 4 2 7 1.70 0.41 62406 

SON 3 ± 12 1 ± 6 2 10 1.78 0.52 63270 

NorEur 
(460) 

ANN 1 ± 5 0 ± 2 1 5 1.95 0.47 591343 

DJF 0 ± 3 0 ± 1 0 3 1.98 0.40 147402 

MAM 2 ± 9 0 ± 3 1 7 1.93 0.57 148875 

JJA 1 ± 3 0 ± 2 1 3 1.91 0.39 147617 

SON 1 ± 3 0 ± 1 1 3 1.96 0.27 147449 

NorAtl 
(48) 

ANN 1 ± 7 1 ± 5 1 7 1.83 0.46 61574 

DJF 2 ± 12 1 ± 7 1 12 1.88 0.38 15309 

MAM 1 ± 5 1 ± 4 0 4 1.86 0.50 15820 

JJA 1 ± 3 1 ± 4 0 3 1.79 0.62 15105 

SON 1 ± 6 1 ± 6 0 5 1.79 0.66 15340 

TroAtl 
(3) 

ANN 15 ± 68 4 ± 20 10 56 1.69 0.72 4265 

DJF 53 ± 127 12 ± 36 41 111 1.63 0.73 1037 

MAM 4 ± 25 2 ± 8 2 20 1.74 0.73 1081 

JJA 1 ± 4 1 ± 6 0 6 1.72 0.30 1080 

SON 3 ± 10 3 ± 10 -0 8 1.66 0.62 1067 

WesAfr 
(6) 

ANN 27 ± 85 8 ± 24 19 73 1.19 0.68 8073 

DJF 77 ± 150 16 ± 41 61 139 1.35 0.70 1976 

MAM 12 ± 47 5 ± 16 7 37 1.18 0.76 2022 

JJA 11 ± 19 7 ± 13 5 20 0.92 0.30 1990 

SON 10 ± 32 5 ± 14 5 27 1.29 0.58 2085 

WesAsi 
(2) 

ANN 13 ± 26 2 ± 7 11 27 1.80 0.32 1561 

DJF 21 ± 37 1 ± 5 19 41 1.88 0.32 412 

MAM 14 ± 27 3 ± 9 11 28 1.68 0.37 346 

JJA 6 ± 6 1 ± 5 5 8 1.84 0.49 417 

SON 12 ± 18 2 ± 6 9 19 1.77 0.42 386 
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Figure 2.32. Monthly averages of regional dust PM10 concentration (left column) and monthly 
regional MB (right column) for the period 2013-2016, over the six sub-regions: MedSea (1st row), 
NorEur (2nd row), NorAtl (3rd row), TroAtl (4th row), WesAfri (5th row) and WesAsi (6th row). 
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3. Reanalysis Dust Climatology 
 

A study of desert dust climatology is presented in this chapter, based on climatological 

products derived from the MONARCH dust-related simulations. The MONARCH reanalysis products 

are characterized by high temporal and spatial resolution, which offers the opportunity to describe 

with accuracy the dust variability and trends. In fact, the combination of various dust parameters is 

expected to provide reliable climatological reference values describing the spatial and temporal 

(monthly, seasonal and annual) distribution of airborne dust both near the Earth’s surface and in 

upper levels. These reference values can constitute an element of long-term planning in areas 

affected by dust, providing extensive information for the socio-economic evaluation of dust events, 

and their impacts on society. In particular, main objective of the DustClim project was to develop 

dust-related climate services tailored to the needs of specific sectors whose activities are highly 

dependent on sand and dust storms (SDS), focusing on air quality, aviation and solar energy sectors. 

The spatial and temporal distribution of SDS that provides dust climatology could be beneficial: (i) 

to improve air traffic planning and air traffic safety; (ii) to assess the solar resource in the phase of 

planning investments and to improve plant operation; and (iii) to design a better early-warning 

systems as well as an adequate air quality policy over regions in Northern Africa, Middle East and 

Europe. 

 

 

 

3.1 Dust Climatology - Methodology 
 

The MONARCH 10-year dust reanalysis is described and analyzed in climatological terms (i.e., 

considering monthly, seasonal and annual basis aggregations) using the dust climatological products 

which are made available by the DustClim project for each one of the dust variables reported in 

Table 2.3. All the 3-hourly values generated by the model from 2007 to 2016 are taken into account 

to produce climatological data considering exclusively the average of the ensemble. For each 

variable, six different temporal aggregations are generated: monthly, seasonal, annual, normal 

monthly, normal seasonal, normal annual. As seasons it has been considered the following 

convention: December, January and February as winter (DJF); March, April and May as spring 

(MAM); June, July and August as summer (JJA); September, October and November as autumn 

(SON). “Normal monthly” means that all the data of a certain month are aggregated throughout the 

years (e.g., normal monthly data referred to January are obtained aggregating monthly mean values 

taken from all the Januarys, from 2007 to 2016). Analogously for “Normal seasonal”. “Normal 

annual” means that all the annual mean values from 2007 to 2016 are aggregated (WMO-No. 1203). 

The temporal aggregation results are available in the following seven statistical parameters: Mean, 

Standard Deviation, Minimum (0% percentile), 1st Quartile (25% percentile), Median (50% 

percentile), 3rd Quartile (75% percentile) and Maximum (100% percentile). 
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10-year time-series of dust simulations seem ideal for climatological studies since the sample 

is large enough to give reliable statistics, while the distribution of the data is homogeneous in terms 

of space and time implying that the statistical parameters are calculated without assigning any 

weights. The climatological products were analyzed trying to identify dust cycles, seasonal patterns, 

inter-annual variabilities and trends. The visualization of climatological data by using plots, maps 

and time-series, provides a direct way to see and understand patterns and trends in data. In 

particular, it is expected that maps and plots of the climate normals, both monthly and seasonal, 

could offer an insight into the annual dust cycle. Moreover, by showing monthly and seasonal 

averages in chronological sequence, it can give us an estimation of the inter-annual variation of the 

dust properties. 

 

In this study the climatological analysis of three main dust variables is presented, i.e.: (i) dust 

optical depth (od550du); (ii) dust extinction coefficient (ec550du); and (iii) dust surface 

concentration (sconcdu). These variables were selected as they represent both optical and 

microphysical properties of the mineral dust, and by combing them, important climatological 

information for the presence of dust both near the Earth’s surface (sconcdu) and in upper levels 

(od550du and ec550du) can be obtained. 

 

Only the mean and the standard deviation of the climatological data produced by MONARCH 

were used in this analysis. In addition to the averages, for the analysis of the results the annual 

anomalies were also calculated by season. The annual anomaly maps were generated by season 

according to the following equation: 

 

    SSS NormalSeasonalySeasonalyAnomaly _   (15) 

 

where: 

 

SONJJAMAMDJFS ,,,  (4 Seasons) 

2016,2008,2007 y  (10 Years) 

 

Anomalies can estimate the variability of the dust parameter from year to year and identify 

any possible increasing or decreasing trend. A similar approach was followed in the case of the 3-D 

variable ec550du but instead of seasonal normal maps were plotted average zonal profiles and the 

corresponding anomalies. 

 

Finally, the climatological analysis was also conducted on a regional spatial scale in order to 

obtain the climatological information over regions with different characteristics. Using the sub-

regions of Figure 2.1, the climatological dust variables were aggregated spatially, and not only 

temporally, giving the opportunity to identify any dependencies between the dust cycle and the 

features of each region. 
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The spatial aggregation is realized starting from the climatological data. The mean value of a 

certain variable, in a certain sub-region and in a certain climatological time frame, is obtained 

averaging all the mean values referred to geographical coordinates which stay in the specific sub-

region, taken from the same climatological time frame. For example, in order to calculate the mean 

value of od550du in WesAfr for January 2007, all the mean values of January 2007, referred to each 

geographical point of WesAfr, were averaged. More complex is the explanation of how standard 

deviations are obtained, that can be found in the following lines. 

 

Let σ be the standard deviation of a given variable, for a specific climatological time frame 

and a specific sub-region. Let N be the number of geographical points in a given sub-region, and n 

be the number of 3-hourly values averaged for each point and in the given climatological time frame. 

For example, if σ is the standard deviation of od550du of WesAfr about January 2011, then N=73754 

and n=31×8=248. Now, let σi be the standard deviation referred to the ith point, xi be the mean value 

referred to the ith point, and x be the mean value of the variable in the entire sub region. Then, this 

is the formula for the calculation of σ: 
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In the formula above, Bessel’s correction has been used. Moreover, the final result is the 

sum of two different parts: the standard deviation within each point (σi) and the standard deviation 

between points (xi-x). 

 

 

 

3.2 Dust Optical Depth Climatology 

 

Dust optical depth is a very important extensive optical property of the atmospheric desert 

dust since it represents the total amount of dust particles contained in the entire atmospheric 

column. DOD measures the attenuation of the solar irradiance while transmitted through the dust 

layer and it is wavelength-dependent. Although the reduction of the incident solar irradiance 

concerns exclusively the solar energy sector (Kosmopoulos et al., 2017; Neher et al., 2019), DOD can 

interest aviation and air quality as well, since it provides information of the total concentration of 

the desert dust in the atmosphere. 

 

The monthly normal and the seasonal normal results of od550du are shown in Figure 3.1. It 

is clear that od550du is characterized by an annual cycle. Seasonal maxima od550du are found over 

the Sahara Desert, the Arabian Peninsula and the Arabian Sea during summer and over the Sahel 

and Eastern Mediterranean in spring. Dust transport from the Sahara toward the Atlantic Ocean is 

visible during all seasons with a maximum extension westward during the summer. Minimum 

od550du are found in wintertime, from November to December, over the entire study region. The 
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seasonal cycle of the od550du is well characterized and follow well-known, region-dependent dust 

cycle features controlled by seasonal changes in meteorology and in vegetation cover. The most 

prominent seasonal features that stand out in the reanalysis are the mobilization of dust by north-

northwesterly Shamal winds in the Arabian Peninsula and Tigris-Euphrates basin during summer, 

the transport of south Saharan dust south-west toward the Gulf of Guinea by northeasterly 

Harmattan trade winds during winter and spring, and the northward shift of the plume extending 

from Western Africa over the tropical Atlantic during summer caused by the movements of the 

InterTropical Convergence Zone (ITCZ). 

 

 

 

 

 
 

Figure 3.1. Monthly and seasonal (last column) normal means of dust optical depth averaged over 
the 10-year period, 2007-2016. 
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The maps in Figure 3.2 show od550du anomalies for each season compared to the average 

seasonal conditions during the period between 2007-2016. Seasonal od550du values above normal 

mean are shown in red and below normal mean are shown in blue. An apparent variability through 

the years is identified in both winter and spring. In particular, a fluctuation between negative and 

positive anomalies can be noted in both seasons, especially over much of the Western Sahara, the 

Sahel and the Middle East, even though the variability is not identical. For example, in years 2013 

and 2014 winter and spring anomaly maps are similar, since they are both characterized by negative 

anomalies over the Sahel and the Middle East, whereas in 2010 and in 2016 the anomaly values over 

Western Africa differ significantly between winter and spring. In conclusion, the winter and spring 

od550du anomalies appear to be controlled by random weather phenomena, rather than be part 

of a specific pattern or trend. 

 

In summer, over the Sahara Desert the anomalies present small departures from the 

seasonal normal mean, which is noteworthy since it is the season with the highest seasonal mean 

od550du values especially over Western Africa and the Atlantic Ocean (Figure 3.1), implying that 

summer od550du remains quite stable throughout the years, over these regions. On the other hand, 

the summer od550du anomalies are more meaningful in the Middle East, where, unlike the winter 

and spring anomalies, a tendency can be identified. In fact, more dust is emitted from the Middle 

East between 2008 and 2012 compared to the normal mean (positive anomaly), whereas in the later 

years od550du is reduced below the seasonal average (negative anomaly), implying a decrease of 

the dust load in summer over the Middle East, during the study period. The regional analysis 

presented in Section 3.5 will attempt to afford a closer insight into possible temporal trends - 

increasing or decreasing - of dust at regional scale. Lastly, in autumn the od550du anomalies are 

relatively insignificant because of the low DOD levels observed during this season, throughout the 

years of the reanalysis. 

 

 

 

3.3 Dust Surface Concentration Climatology 

 

The dust surface concentration represents the total mass concentration of the dust particles 

near the surface, including particles of all sizes, independently of the length of the particle 

aerodynamic diameter. The MONARCH reanalysis initially produces the dust surface concentration 

per size bin, distributed in eight size bins covering the diameter range from 0.2 to 20 μm (Table 2.2). 

Consequently, the climatological product of the total dust surface concentration presented in this 

study (sconcdu) derives from summing the concentration of all the size bins. Dust surface 

concentration is a crucial parameter regarding the dust impact assessment on air quality and public 

health, since it is related to the contributions of dust to ambient PM levels over the affected areas 

during dust outbreaks (Barnaba et al., 2017). 
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Figure 3.2. Dust optical depth seasonal anomalies per year, based on winter (DJF), spring (MAM), 
summer (JJA) and autumn (SON) seasonal normal means. 

 

 

 

The sconcdu monthly normals in Figure 3.3 show that areas with values higher than 1000 

μg/m3 can be found over the main desert dust sources of the NAMEE region. The Bodéle Depression, 

the Libyan Desert, as well as the desert dust sources in Maghreb, the Arabian and the Syrian Deserts 

in the Middle East, and the dust sources of Western Asia, are systematically characterized by high 

monthly mean sconcdu values throughout the year. However, an annual cycle can be identified 

linked to the spatial distribution of the sconcdu and to how this varies from month to month. In 

particular, areas of high sconcdu values (>1000 μg/m3) cover almost the entire Northern Africa and 

the Arabian Peninsula during the winter months and early spring, whereas they shrink in their 

minimum extent in September (Northern Africa) and in October (Arabian Peninsula). Regarding the 

adjacent regions, the seasonal sconcdu fields show a distinct seasonal pattern of dust transport 

although the pattern varies from region to region. Wide dust intrusions are depicted over the 

Tropical Atlantic and the Mediterranean Sea mainly during winter, whereas this flow decreases 

during summer. On the other hand, sconcdu values are higher during spring in case of Central and 

Eastern Europe where seasonal mean sconcdu higher than 5 μg/m3 can be found up to 50°N and up 

to 60°N respectively. 

 

Figure 3.4 depicts the chronological sequence of the seasonal sconcdu anomalies for each 

season separately. The inter-annual variability throughout the decade 2007-2016 of sconcdu shows 

similar behavior as the od550du. One region that stands out with large departures from the seasonal 

normal mean is the Central and Western Sahel, where winter anomaly values exceed 120 μg/m3 in 

2007, 2008 and 2016, whereas they fall below -120 μg/m3 in 2009, 2010, 2013 and 2014. 

 

 

 

3.4 Dust Extinction Coefficient Climatology 

 

Climatological information of dust vertical distribution is of high importance for the 

enhancement of aviation safety within NAMEE region. Dust extinction coefficient is an extensive 

optical property which measures the scattering and the absorption that radiation undergoes passing 

through a dust layer, and it is proportional to the mass of the dust. The MONARCH reanalysis 

produces profiles of dust extinction coefficient at 550 nm (ec550du). The climatological product is 

provided in 15 prefixed pressure levels between 1000 hPa and 100 hPa, which correspond to 

selected flight levels where most of the phases of a typical commercial flight take place. 
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Figure 3.3. Monthly and seasonal (last column) normal means of dust surface concentration (in 
μg/m3) averaged over the 10-year period, 2007-2016. 
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Figure 3.4. Dust surface concentration seasonal anomalies per year (in μg/m3), based on winter 
(DJF), spring (MAM), summer (JJA) and autumn (SON) seasonal normal means. 

 

 

 

In order to illustrate the vertical distribution of ec550du, the MONARCH geographical 

domain was divided in four equal longitudinal zones of 25°, covering latitudes from 0° N to 70° N 

(Figure 3.5): 

 

A. [-30° E, -5° E) Including the regions of Western Sahara, Tropical and North Atlantic 

B. [-5° E, 20° E) Central Sahara, Western Mediterranean and Northwestern Europe 

C. [20° E, 45° E) Northeastern Africa, Middle East, Eastern Mediterranean and Eastern Europe 

D. [45° E, 70° E] Arabian Sea and Western Asia 

 

 

 

 
 

Figure 3.5. The MONARCH reanalysis domain divided in four equal longitudinal zones. 

 

 

 

Figure 3.6 presents the zonal average profile of the seasonal normal mean ec550du. The 

results are presented as latitude-pressure cross-section plots, which are sorted by zone and by 

season. This depiction can show how the processes of the dust cycle, and in particular the emission 

and the transport, evolve throughout the year, in each of these four longitudinal zones. 

 

First of all, the lower layers are representative of near-source dust activity and boundary 

layer processes. High ec550du values are concentrated over specific latitudes indicating where the 

dust sources are located in each zone. Dust emissions are stronger mainly during winter and spring 
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as the ec550du values under the pressure level of 850 hPa exceed 160 Mm-1 in zone A (winter), 250 

Mm-1 in zone B (winter and spring), and 100 Mm-1 in zone C and D (winter and spring). These 

seasonal ec550du peaks close to the surface are consistent with the sconcdu seasonal normal means 

shown in Figure 3.3. 

 

Secondly, the elevation of the dust plumes and the way ec550du is distributed at lower 

pressure levels, reveal seasonal variations. More specifically, the presence of elevated dust plumes 

is evident mainly during spring and summer as ec550du values greater than 40 Mm-1 can reach 

pressure levels of 600 hPa in spring and 500 hPa in summer, in all the four zones. During winter the 

plume is located mostly under the 700 hPa while, in the zones A, B and C, a horizontal dust transport 

is evident towards lower latitudes where a slight elevation up to 600 hPa can be distinguished 

between 0° and 10° N. Finally, autumn is characterized by low dust activity and by moderate dust 

elevation, constituting a transitional season between summer and winter. 

 

 

 

 
 

 
 

Figure 3.6. Zonal average profiles of the seasonal normal mean ec550du (in Mm-1), for winter 
(DJF), spring (MAM), summer (JJA) and autumn (SON). 

 

 

 

Anomalies of ec550du are presented in Figure 3.7 (winter), Figure 3.8 (spring), Figure 3.9 

(summer) and in Figure 3.10 (autumn). The departures from the seasonal normal ec550du are more 

pronounced in zones A and B. In fact, zones A and B resemble each other since they are both affected 
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by the Sahara Desert, while anomalies in zone C are similar to those in zone D since both zones share 

the deserts of the Middle East. According to the zones A and B, winter shows a fluctuation between 

positive and negative departures that is repeated almost every two years, while spring tends to 

change from positive to negative anomaly almost every year. Consequently, no increasing or 

decreasing trend is apparent. As it was expected ec550du and od550du results are quite close, 

because the two variables are related, since the od550du is computed by integrating the ec550du 

profiles. 

 

 

 

3.5 Regional Climatological Analysis 
 

As it has been noticed in the previous results, dust climatology is not uniform across NAMEE 

region since dust annual cycle or inter-annual variability can vary from place to place. In this section 

the dust climatology is studied at sub-regional level based on the division of Figure 2.1. 

 

Based on the monthly mean climatological products of the variables od550du and sconcdu, 

the spatial average per region was computed. Figure 3.11 presents the regional monthly mean 

od550du of the ten MONARCH sub-regions and the entire NAMEE region (top right corner). The 

regions in which the deserts are located along with the adjacent oceanic regions reveal a distinct 

seasonal cycle which is repeated throughout the years. A season of increased dust activity starts on 

average in February and ends in September, and then it is followed by a period characterized by low 

od550du values. This pattern is more pronounced in the regions that are more affected by dust, i.e., 

higher od550du values, whereas in the remote region of North Atlantic it is difficult to define a solid 

seasonal cycle. The fact that the duration of the high od550du season can vary from year to year, 

constitutes an indicator of the inter-annual variability. For example, monthly mean od550du over 

Tropical Atlantic remains higher than 0.07 for nine straight months (from December to August) in 

2007, 2008 and 2015, including months when od550du exceeds 0.25, whereas in 2013 and 2014 the 

dust season is limited to three months during summer with a second maximum in February. The 

Mediterranean Sea demonstrates an intense year-to-year variability in dust activity, as well. In 2007 

and in 2008 this region presents significant dust transport (od550du > 0.07) for a long period 

between March and October, whereas in the later years this period shrinks and is shifted between 

February and June-July. Similarly, in the Middle East long periods of intense dust emissions 

(od550du > 0.25) during the first years of the reanalysis, were limited around July after 2013. This 

downward tendency in DOD over the Middle East was noted in Figure 3.2 as well. On the other hand, 

od550du’s seasonal cycle is quite stable throughout the 10-year period, in Western Asia and the 

Arabian Sea. 
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Figure 3.7. Zonal mean profiles of winter ec550du anomalies (in Mm-1) per year, for the period 

2007-2016. 
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Figure 3.8. Zonal mean profiles of spring ec550du anomalies (in Mm-1) per year, for the period 

2007-2016. 
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Figure 3.9. Zonal mean profiles of summer ec550du anomalies (in Mm-1) per year, for the period 

2007-2016. 
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Figure 3.10. Zonal mean profiles of autumn ec550du anomalies (in Mm-1) per year, for the period 

2007-2016. 
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Figure 3.11. Monthly mean od550du per region. 

 

 

 

Regarding the monthly mean sconcdu, Figure 3.12 shows that the sub-regions whose dust 

activity is related to the Sahara Desert (Western Africa, Northeastern Africa and Tropical Atlantic) 

follow a seasonal cycle characterized by maximum dust concentration values during winter (DJF) 

which gradually decline reaching minimum values between August and October. This is not the case 

in the Middle East and Western Asia where the sconcdu maxima seem to be shifted towards spring 

and summer, implying that the peak of the seasonal cycle occurs in different months of the year in 

different dust source regions. 
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Figure 3.12. Monthly mean sconcdu (in μg/m3) per region. 

 

 

 

The results of the climatological analysis so far revealed a significant inter-annual variability 

of the dust loads during the study period. Both the anomaly maps and the heat-maps of the regional 

monthly mean values could depict how the distribution of atmospheric dust was changed over the 

decade of the MONARCH reanalysis; however, no clear, decreasing or increasing, trend could be 

identified. In order to determine if the reanalysis simulations exhibit any kind of trend a linear trend 

estimation technique was applied using time-series of the DOD climatological product that is the 

most representative 2D variable of the atmospheric dust load.  In particular, time-series of monthly 

and seasonal mean regional values of od550du were generated for each sub-region. The mean 

regional monthly values are actually the same with those used in Figure 3.11. Figure 3.13 gives the 
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two time-series for each sub-region where the black dots and the blue solid line represent the 

monthly and the seasonal mean values, respectively. 

 

 

 

 
 

Figure 3.13. Time-series (2007-2016) of monthly (black dots) and seasonal (blue line) mean values 
of od550du for each sub-region of the MONARCH domain. The red straight line represents the linear 
regression to the monthly mean od550du time-series. 

 

 

 

As it was expected, the time-series of seasonal mean od550du values show a clear annual 

cycle in agreement with the results in Figure 3.11; however, the pattern of the cycle varies from 

region to region. The peak of dust activity in some regions occur in spring, whereas in summer for 

others. Similarly, od550du reaches a minimum value during winter or autumn, depending on the 
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sub-region. The sub-regions that are mainly affected by the same dust sources, demonstrate similar 

annual cycle, like for example in the Middle East and the Arabian Sea where the maximum and the 

minimum od550du occur in summer and in winter, respectively. An exception is the Tropical Atlantic 

where apart from spring and summer the peak of the seasonal means can be also found in winter 

and in addition there are three years that present double maxima in winter and in summer. This 

behavior is mainly associated with dust transport from the Bodélé Depression towards the Gulf of 

Guinea during winter and from the dust sources of the Sahara Desert towards the Atlantic Ocean 

during spring and summer (Figure 3.1). 

 

Although at first glance the monthly and seasonal time-series do not seem to follow any clear 

trend, linear regression was applied to the time-series of monthly mean DOD and the slope was 

used to search for possible tendencies over the study period. In particular, a straight line is fitted 

through the monthly means using the least squares method (red line in Figure 3.13) and the slope 

of the least-squares line is actually expressing the estimated tendency of the fitted values. In 

addition, the statistical significance of the computed linear tendencies was examined by applying 

the null-hypothesis test to the monthly mean DOD time-series of each sub-region. The values of the 

slope in terms of DOD change per year are presented in Table 3.1 along with the relative change of 

the DOD over the ten-year period of the reanalysis, calculated by subtracting the ending value of 

the linear function (yn, last month of the time-series) from the starting value (y1, first month) and 

dividing this number by the starting value. Lastly, the p-values are listed, computed to evaluate the 

hypothesis test. 

 

The trend line computed for each sub-region reveals a decreasing tendency (negative slope) 

in all cases during the study period. Specifically, the monthly mean od550du for the entire NAMEE 

region has decreased over the period 2007–2016 by 13.6 % in relative percentage terms and by 

0.0018/year in absolute terms. In most cases the relative change ranges between -10 and -20 %, 

whereas in the Middle East and in the North Atlantic the percentage decrease exceeds 20 %. In 

addition, the Middle East presents the highest loss of od550du per year (-0.0053), showing a 

tendency of less dust emissions from the dust sources located in this sub-region. 

 

These linear decreasing DOD tendencies were examined with the null-hypothesis test in 

order to determine their statistical significance. In fact, the slope value itself cannot verify if the 

trend is real, considering that when a trend line is fitted through the data, the chances of an exactly 

zero estimated slope are negligible. Assuming that there is no linear trend in the monthly mean DOD 

values and that any trend it is observed is due to chance (null-hypothesis), the p-values were 

computed to quantify the probability of incorrectly concluding there is a trend (null-hypothesis is 

false), when actually there is no real trend (null-hypothesis is true). If the p-value is smaller than a 

significance level which is usually 0.05, the null-hypothesis should be rejected. According to the 

results, p-value is larger than the threshold value in all the sub-regions, so there is no sufficient 

evidence to be concluded that there is a real trend. The smallest p-values were found in the Middle 

East (0.08) and in the entire NAMEE region (0.16), indicating the most significant decreasing DOD 

tendencies, but not sufficient enough to verify the existence of a linear trend. 
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Table 3.1. od550du change per year (slope), relative change and p-values, for each sub-region and 
for the entire NAMEE region. 

Region 
Change per Year 

(Slope) 

Relative Change 

100
1

1 


y

yyn  
p-value 

NAMEE -0.0018 -13.6 % 0.16 

Arabian Sea -0.0008 -11.5 % 0.64 

Mediterranean Sea -0.0009 -10.7 % 0.37 

Middle East -0.0053 -21.1 % 0.08 

North Atlantic -0.0001 -20.1 % 0.38 

Northeastern Africa -0.0013 -7.1 % 0.47 

Northern Europe -0.0001 -9.6 % 0.67 

Russia -0.0002 -12.2 % 0.57 

Tropical Atlantic -0.0021 -19.1 % 0.20 

Western Africa -0.0037 -12.2 % 0.25 

Western Asia -0.0019 -16.2 % 0.20 

 

 

 

In conclusion, the results of the linear trend estimation technique are statistically 

insignificant. However, the fact that the entire NAMEE region along with all the sub-regions present 

negative tendencies, indicates possibly decreasing dust loads over all the regions of the MONARCH 

geographical domain. In any case, considering that only ten years of simulations are available, there 

would be required more years of reanalysis results to get safer conclusions on climatic tendencies. 

 

 

 

 

 

 

 

 

 

 

 

 

 



99 
 

4. Conclusions 
 

The topic of this thesis is the study of atmospheric desert dust based on the climatological 

analysis and the quality assessment of a dust model reanalysis combining dust related observations 

obtained by different measurement techniques. Airborne mineral dust particles can play a 

significant role in different aspects of weather, climate and atmospheric chemistry and represent a 

serious hazard for life, health, property, environment and economy. Substantial impacts of dust on 

key socio-economic sectors, like air quality, aviation and solar energy industry, have increased needs 

to understand better and predict the atmospheric dust cycle. An advanced dust regional reanalysis 

was produced by the MONARCH dust model, over a 10-year period (2007-2016), in order to provide 

reliable climatological dust information, of the spatiotemporal distribution of the atmospheric dust 

over the Northern Africa, the Middle East and Europe. 

 

This thesis was focused, particularly, on the evaluation of the model performance in 

reproducing the dust load in the atmosphere, using a combination of space- and ground-based dust 

related observations. Specifically, MONARCH simulations of dust optical depth, dust extinction 

coefficient and dust PM10 mass concentration were compared against dust retrievals obtained from 

independent measurements. The evaluation was conducted at two spatial scales: firstly, at the 

original spatial resolution of the observational datasets and secondly, dividing the MONARCH 

geographical domain in ten sub-regions, the evaluation results were averaged at regional level, to 

assess the model performances in areas characterized by different dust conditions. Then the 

regional scores of the reanalysis were presented at annual and seasonal temporal scale. 

 

Prior to the reanalysis evaluation was assessed the quality of the satellite dust-related 

observations over different areas, using AERONET ground-based observations of DOD and coarse 

DOD as the reference value. Satellite observations with significant relative bias over a certain region 

were excluded from the model evaluation procedure in order to reduce potential biases in the final 

results due to observational uncertainties. 

 

According to our findings, the MONARCH reanalysis reproduces very well the spatial 

distribution of atmospheric dust across the NAMEE region, identifying the major dust emission hot 

spots located in the Sahara Desert and the Middle East, and the main dust transport pathways 

toward the adjacent maritime regions of the Atlantic Ocean, the Arabian Sea and the Mediterranean 

Sea. Moreover, MONARCH exhibits similar DOD and coarse DOD seasonal variability compared to 

the observations, especially over the aforementioned areas, indicating that the reanalysis captures 

quite well the annual dust cycle both over the sources and the nearby outflow regions. 

 

However, MONARCH seems to simulate more emitted and less transported dust particles. In 

fact, the comparison at regional scale showed that on average, MONARCH overestimates DOD and 

coarse DOD over Africa and underestimates them over the Atlantic Ocean and the Arabian Sea. 

More specifically, in the sub-regions of WesAfr and NorAfr the maximum annual DOD MB (0.03) and 



100 
 

coarse DOD MB (> 0.05) were found. The fact that the MB of coarse DOD is almost double, whereas 

coarse DOD is by definition lower than total DOD, indicates that the reanalysis estimates 

significantly higher coarse dust loads over the source regions than those actually emitted. On the 

other hand, the maximum underestimation recorded, over TroAtl and AraSea both for DOD (MB < -

0.04) and coarse DOD (MB = -0.02), clearly shows the difficulty model had in simulating the right 

dust quantity transported in the main downstream directions during the study period. As an 

exception to what was mentioned above, a near-zero DOD MB was recorded over the 

Mediterranean Sea and a near-zero coarse DOD MB over the Western Asia, which are considered 

as dust transport and dust source regions, respectively. 

 

The calculation of the FGE which corresponds to the relative bias of the model, and the CC 

which represents the spatiotemporal correlation between the simulations and the observations, 

showed that the reanalysis performs better over dust sources and over areas frequently affected by 

dust transport, whereas MONARCH performance diminishes towards the remote regions located in 

the northern parts of the study region. Both statistical parameters are normalized, allowing 

comparisons between the DOD and coarse DOD evaluation results. In fact, the annual FGE calculated 

for each sub-region presents small differences between the DOD and coarse DOD, while the CC is 

almost identical, indicating that the reanalysis performance depends more on the region than on 

the evaluated variable. According to our regional results, the sub-regions of WesAfr, NorAfr, MidEas, 

AraSea and TroAtl provide FGE lower than 1 and CC higher than 0.78 for both variables, while the 

fact that the coverage rates in these sub-regions are high (CR > 17%) corroborates the reliability of 

our outcomes. On the other hand, the remote sub-regions of NorEur and Russia are characterized 

by very high errors (FGE > 1.93) and low correlation (CC < 0.61); however, the very low availability 

of AOD observations over these regions (CR < 10%) prevents us from drawing strong conclusions. 

Even though it seems that the reanalysis is more reliable over regions with high dust loadings, 

WesAsi is an exception, a quite arid sub-region with DOD and coarse DOD values above the average 

and with a considerable CR (33%), where the evaluation scores are not so good (FGE ~ 1; CC ~ 0.65), 

for both variables. 

 

To sum up, the best normalized statistics (low FGE and high CC) in most cases coincide with 

high coverage rates, indicating the consistency of the reanalysis when evaluated against a large 

amount of observations and thus its very good performance. However, the quantitative comparison 

between reanalysis and observations shows that the model tends to overestimate the atmospheric 

dust load over the source regions and underestimates it over the dust transport regions, whereas 

the surface dust mass concentration is overestimated everywhere by the model. 

 

Another objective of this thesis was to provide a general overview of dust climatology by 

analyzing and exploring the climatological data produced by the MONARCH dust model reanalysis. 

To investigate the presence of dust cycle, seasonality, inter-annual variability and trends, MONARCH 

climatological products were visualized in various temporal and spatial scales. For this purpose, the 

climatological products of three representative dust variables were analyzed: (i) dust optical depth, 

(ii) dust extinction coefficient and (iii) surface dust mass concentrations. 
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According to the climatological results the monthly mean dust values follow a distinct annual 

cycle where periods of high dust concentrations, distributed over large areas, contrast with periods 

of weaker dust activity, confined to areas closer to the dust sources. The dust cycles of the variables 

DOD and surface dust concentration are not identical to each other since the peak of the seasonal 

cycle occurs in different months of the year; however, they both present lower monthly means 

during autumn. The regional analysis showed that the dust cycle can be subjected to spatial 

dependence since the pattern is more pronounced in the sub-regions that are more affected by 

dust, including the dust sources and the adjacent oceanic regions. Well-defined seasonal patterns 

can be identified too. Maxima in seasonal normal mean DOD are found in spring and in summer, 

while seasonal surface dust concentration appears higher during winter and spring. In the case of 

DEC, a seasonal cycle is reflected in the processes of dust emission and plume elevation. Seasonal 

anomalies show that large departures from the normal conditions, both negative and positive, are 

evident mainly in winter and in spring; however, each season follows a different pattern. On the 

other hand, DOD and surface dust concentration produce similar anomalies. Regional analysis 

provides climatological information in regional scale. The sub-regions that are located closer to dust 

sources show some cyclic behavior with a random period which ranges from 2 up to 5 years; 

however, the pattern of the fluctuations differs between the sub-regions. 

 

Even though no trend, increasing or decreasing, can be identified over the study period from 

the anomaly maps, a trend estimation technique was used to investigate whether any possible 

tendencies could be found in the reanalysis data using the monthly mean regional time-series of the 

DOD. The linear regression on the time-series revealed a general decreasing tendency of the DOD 

for all the examined sub-regions. Considering the entire NAMEE region the monthly mean DOD 

decreased over the study period 2007-2016 by 13.6 % in relative percentage terms. The statistical 

significance of the computed tendencies was examined by applying the null-hypothesis test to the 

time-series of each sub-region. Even though it was found that in all regions the tendencies were 

statistically insignificant (p-value > 0.05), the slight decreases in DOD, revealed in all sub-regions, 

corroborate a possible decreasing tendency; however, more than ten years of reanalysis simulations 

are needed to get safer conclusions. 

 

The research carried out in this thesis uses for the first time dust-related observational data 

retrieved from different advanced measurement techniques including in-situ and remote sensing – 

active and passive –, to evaluate a new dust model reanalysis which will be used as suitable tool for 

having a complete picture of the desert dust distribution, overcoming the gap into observations. 

Assessing the limitations and the uncertainties of a dust reanalysis allow a better understanding of 

the quality of the climatological products of the reanalysis that will be provided to the users. In the 

following years, the advancement in observing techniques and the synergistic use of passive and 

active sensors and of satellite and ground based measurements are opening new possibilities for 

generating optimized reanalyses or evaluating them. Moreover, this thesis is introducing a new 

methodology for evaluating dust simulations combining various observational datasets. This 
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methodology can be also used for the inter-comparison of the different dust models in order to 

improve the accuracy of short-range atmospheric dust forecasts. 
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