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Highlights

What are the main findings?

e A global satellite-based assessment combining the ESA-LIVAS four-dimensional
multiyear atmospheric dust climate data record, GHSL world population esti-
mates, ECMWF-ERA5 PBL information, and epidemiologically established relation-
ships on human exposure-response to PM concentrations. Near-surface total and
submicrometer-mode atmospheric dust concentrations and their spatial variability
are quantified. The study assesses atmospheric dust as an air quality hazard to the
world population.

e  While ~91% of the global population experiences total dust concentrations below the
WHO annual-mean PMj guideline, about 33.5% (~2.5 billion people) are exposed to
submicrometer-mode dust concentrations exceeding the WHO PM, 5 annual-mean
guideline. The findings highlight the considerable population health-pressure associ-
ated with fine-mode mineral dust particles suspended in the atmosphere.

What are the implications of the main findings?

e  Fine-mode mineral dust represents a significant global air-quality hazard, especially in
the case of regions influenced by major desert sources and/or densely populated areas.

e  Satellite-based aerosol observations provide essential information for assessing popula-
tion exposure to dust aerosols and supporting air-quality management and environmen-
tal policies, particularly in regions lacking dense ground-based monitoring networks.

Abstract

Atmospheric dust is an important contributor to atmospheric particulate matter (PM)
and a significant factor to air quality degradation worldwide. In this study, we assess
atmospheric dust as an air quality hazard to the world population. Near-surface dust
concentrations are quantified through the synergy of the “Lldar climatology of Vertical
Aerosol Structure” (LIVAS) atmospheric dust data record, established based on Cloud-
Aerosol Lidar with Orthogonal Polarization (CALIOP) aerosol profiles, and European
Centre for Medium-Range Weather Forecasts (ECMWEF) ERAS information on planetary

Remote Sens. 2026, 18, 2403

https://doi.org/10.3390/rs18142403


https://crossmark.crossref.org/dialog?doi=10.3390/rs18142403&domain=pdf&date_stamp=2026-07-20
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0001-9547-3019
https://orcid.org/0000-0002-0065-9791
https://orcid.org/0009-0001-3373-0427
https://orcid.org/0000-0002-2940-5672
https://orcid.org/0000-0002-1544-7812
https://doi.org/10.3390/rs18142403

Remote Sens. 2026, 18, 2403

2 of 39

boundary layer (PBL). The health risk to the global population is estimated using em-
pirically derived epidemiological exposure-response relationships that approximate the
association between PM concentrations and adverse health outcomes. Our findings reveal
elevated health risks in regions affected by major desert sources or over densely populated
and highly industrialized regions. Approximately nine-out-of-ten (~91% or ~6.8 billion
people) of the global population experience total dust concentrations below the World
Health Organization (WHO) annual-mean PM; guideline. However, a substantially larger
proportion of approximately one-out-of-three (~33.5% or ~2.5 billion people) is exposed to
submicrometer-mode dust concentrations exceeding the respective PM, 5 recommended
threshold. The study highlights atmospheric dust as an important air quality hazard and
demonstrates the value of satellite observations for assessing trustworthy health risks and
supporting environmental policies.

Keywords: dust; fine-mode dust; world population; air-quality; health hazard

1. Introduction

Air pollution remains one of the most widespread and persistent environmental threats
to human health worldwide. Despite decades of progress in air quality regulation, recent
global assessments by the World Health Organization (WHO) and the United Nations
(UN) indicate that air pollution causes between seven and eight million premature deaths
annually, with children and elderly being particularly vulnerable, representing one of the
leading environmental risk factors for mortality and morbidity [1-3]. Beyond its direct
health impacts, air pollution imposes substantial socioeconomic and developmental costs.
The United Nations Economic Commission for Europe (UNECE) has shown that in the
case of developed countries of the European and North America regions, the total damage
cost from ambient air pollution through impacts on health, ecosystems, and productivity
exceeds 5% of the gross domestic product (GDP), with some national estimates surpassing
10%, while in the case of low- and middle-income countries (LMICs) losses are even more
pronounced [4].

The scale of potential health and socioeconomic losses underscore the urgency of
implementing cost-effective air-quality control measures. Analyses conducted under the
United Nations Framework Convention on Climate Change (UNFCCC), WHO, and allied
institutions such as the International Institute for Applied Systems Analysis and the United
Nations Environment Programme (IITASA), demonstrate that the costs of implementing air-
quality regulation measures are generally an order of magnitude lower than the monetized
damages associated with inaction [4,5]. In addition, regulations of air quality yield strong co-
benefits for climate adaptation and mitigation [1], while simultaneously advancing global
priorities such as the UN’s Sustainable Development Goals on Good Health and Well-being
(SDG 3), by reducing disease burden and improving public health, and Climate Action
(SDG 13), through the implementation of effective mitigation and adaptation measures
(https:/ /sdgs.un.org/2030agenda; last visit: 1 June 2026).

Towards tackling the environmental-induced health and socioeconomic impacts, and
in light of the overwhelming and increasing body of evidence demonstrating the health dis-
orders related to degradation of air quality, recently, WHO’s Air Quality Guidelines (AQGs)
significantly tightened recommended exposure limits [6]. More specifically, the updated rec-
ommended AQGs thresholds aim for annual-mean particulate matter (PM) concentrations
for PM, 5 and PMjj not exceeding 5 ng m~3and 15 ug m~3, respectively (Table 1).
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Table 1. World Health Organization Air Quality Guidelines for PM; 5 and PMjyj.

PM WHO AQG Health Exposure Limit

5 ug m~2 annual mean

PM;5:
20 15 ug m~3 24 h mean

15 ug m~3 annual mean

PM10:
45 ng m 3 24 h mean

As such, in recent years, in recognition of the increasing scientific evidence on the
negative air pollution effects on human health and in light of the related adverse socioeco-
nomic outcomes, and aligning with the recommendations of the WHO, several countries
have revisited and updated existing air-quality legislations. The overarching objective is to
progressively improve air quality to levels no longer considered harmful to human health,
ecosystems, or biodiversity. For instance, building upon the WHO AQGs [6] and aligning
with the European Green Deal, the European Union (EU) has established a comprehensive
legal framework under the directive on ambient air quality (EU AAQD 2024 /2881) [7] with
the aim to achieve a zero-pollution objective, to progressively improve air quality across
Member States (MSs).

In the framework of ambient air quality regulation, special emphasis is given to
pollutant emissions directly or indirectly attributed to anthropogenic activity including,
among others, the general levels of particulate matter (PMjp and PM;5), ozone (O3),
sulphur dioxide (SO,), nitrogen dioxide (NO,) and oxides of nitrogen (NOy), benzene
(C¢Hg), carbon monoxide (CO), arsenic (As), cadmium (Cd), lead (Pb), and nickel (Ni).
However, the updated adopted binding provisions target not only anthropogenic emis-
sions, but also introduce mechanisms to account for the contribution from natural sources
(i.e., sand and dust storm events, wild-land fires, volcanic emissions, sea salt particles).
The underlying rationale of the anthropogenic—natural attribution distinction is that, while
contributions from natural sources can be quantified and assessed, they are extremely
challenging to be regulated or controlled. In this context, for instance, the EU ambient air
quality regulation approach proposes where natural contributions to pollutants in ambient
air are determined with sufficient certainty, and where exceedances are due in whole or
in part attributed to these components and sources, natural aerosol contributions to the
total aerosol load to be subtracted upon assessment of air quality regulation compliances in
terms of limit values and average exposure reduction obligations.

Among the natural aerosol species resulting in degradation of air quality, atmospheric
dust is considered one of the most significant components. Constituting the primary
component of aerosol over extensive regions of the Earth [8,9], dust particles upon emission
into the atmosphere can be transported over distances of hundreds or even thousands of
kilometers prior to their removal through wet deposition or gravitational settling [10-16].

To date, an increasing number of epidemiological studies consistently report on a
strong apparent association between high concentrations of airborne dust and various
induced disorders on human health. It should be emphasized, however, that the impact of
atmospheric dust on degradation of air quality and on human health is largely driven by
the particle size distribution (PSD), for aeolian dust particles’ size is documented to span
more than three orders of magnitude, between as low as 0.1 um to more than 100 um in
diameter [17,18].

Overall, the health risk associated with larger mineral dust particles is predominantly
associated with mild skin irritation or allergic reactions, even under prolonged exposure
to high dust mass concentrations [19,20]. However, fine mineral particles, due to their
small size, can penetrate deeper into the lungs and alveoli [21,22], leading to a spectrum of
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negative health disorders. These include allergic responses [23-25], cardiovascular diseases
and respiratory outcomes [26-31]. In addition, exposure to dust has been linked to lung
cancer [32,33], and even with epidemic outbreaks such as meningitis in the Sahel region
during the Harmattan season [34-37].

Nowadays, the most direct and reliable quantifications of near-surface atmospheric
dust load are provided by in situ measurements. Such measurements enable the assessment
of PM; 5 and PM;g concentrations with high temporal resolution, low detection capabilities,
and exceptional data quality [38]. However, even when the monitoring stations are estab-
lished under exceptionally high-quality monitoring networks, such as in the case of Aerosol,
Clouds, and Trace Gases (ACTRIS; https://www.actris.eu/; last access: 1 June 2026) or
the Surface Particulate Matter Network (SPARTAN; https:/ /www.spartan-network.org/;
last access: 1 June 2026), in situ air quality measurements frequently lack extensive spa-
tial coverage and density due to operational challenges, maintenance requirements, or
resource limitations. Moreover, even though these measurements are widely regarded as
reference-quality observations, they are not always homogeneous, as different protocols,
calibration standards and procedures, and instrumentation types are employed across
different networks and/or regions.

To account for these challenges in dust-related Air Quality (AQ) assessment, and more
specifically in order to quantify the near-surface atmospheric dust load at larger spatial and
temporal scales, the present study leverages satellite observations. More precisely, in terms
of Earth Observations (EOs) the study extensively utilizes aerosol profiles provided by
Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) [39], along the Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) [40] satellite orbit path.
The rationale for considering CALIOP-based observations and products as the most suitable
satellite-based geoinformation source is threefold. First, CALIOP’s configuration allows for
depolarization measurements. Mineral dust particles, being of irregular shape, depolarize
the polarization state of emitted lidar pulses, producing a distinct signature [41-43] that
makes CALIOP particularly suitable for isolating and quantifying atmospheric dust from
the total aerosol load. Second, as an active EO system, CALIOP provided aerosol profiles
rather than just columnar measurements, as passive sensors do. This enables isolation and
assessment of the near-surface dust load, where most human activity occurs and where
the dust load impacts human health. Third, as the only satellite-based lidar system with a
lifespan of more than a decade and a half, CALIOP provides the necessary dataset duration
to support multiyear observation-based conclusions on the global dust load. The necessary
EO-based geoinformation necessary for the present study is established under the European
Space Agency (ESA) “Lldar climatology of Vertical Aerosol Structure” (LIVAS) CALIOP-
based four-dimensional (4D), multiyear, and near-global climate data record (CDR) of the
total, fine-mode (submicrometer in terms of diameter), and coarse-mode (supermicrometer
in terms of diameter) dust components [13-15,44-46].

To assess the natural dust aerosol load as a health hazard, and in addition in light
of the air quality regulation compliances, the present work addresses the following two
central questions:

What is the load of total dust and fine-mode dust close to the Earth’s surface—where
most anthropogenic activity occurs—and how does the dust mass concentrations vary
across spatial scales from 1° x 1° grids to national and continental domains?

and

How do quantified near-surface dust mass concentrations translate into relative risks
for human health disorders when applying empirically derived PM exposure response
functions from epidemiological studies?

https://doi.org/10.3390/rs18142403
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The structure of the present work is as follows. Section 2 provides a detailed descrip-
tion of the datasets employed (Section 2.1), including the climate data record of total, fine-
mode (submicrometer in terms of diameter), and coarse-mode (supermicrometer in terms
of diameter) atmospheric dust (Section 2.1.1), the global population dataset (Section 2.1.2),
and planetary boundary layer (PBL) information (Section 2.1.3). The methodology for
translating dust PM concentrations into relative risk estimates for dust-induced human
health disorders is presented in Section 2.2. Section 3 provides the results of the analysis in
terms of assessment of the atmospheric dust load as environmental risk factor for human
health disorders, at (a) 1° x 1° grid spatial resolution (Section 3.1), and (b) national and
continental level (Section 3.2). Through the combination of the study outcomes at different
levels (Section 3), Section 4 discusses the atmospheric dust as a health hazard under a
broader perspective. Finally, Section 5 summarizes the study and outlines the main findings
and conclusions.

2. Materials and Methods
2.1. Data
2.1.1. Atmospheric Dust

The study is based on the ESA atmospheric, four-dimensional (4D), multiyear, and
near-global LIVAS total dust CDR [47] and the fine-mode (submicrometer in terms of
diameter) atmospheric dust CDR component [15]. Three are the key enablers allow-
ing the establishment of the EO-based products. First, on lidar- and laboratory-based
studies and experiments reporting on the distinct light-depolarizing optical properties
of non-spherical particles, such as in the case of atmospheric dust [41-43]. Second, on
sophisticated approaches, such as the one-step and two-step POlarization Lldar PHO-
tometer Networking (POLIPHON) techniques [47-50], developed in the framework of the
European Aerosol Research Lidar Network (EARLINET; http:/ /www.earlinet.org/; last
access: 1 June 2026) activities [51]. The family of the POLIPHON techniques, established
on the basis of extensive implementation of the empirically acquired and parametrized
knowledge on atmospheric dust optical properties, allow decoupling the dust load from
detected aerosol layers [47,48,52], providing at the same time insight on the submicrometer
and supermicrometer (in terms of diameter) components of dust [49,50]. Third, on multi-
year and near-global CALIPSO [40] CALIOP [39] level 2 (L2) version 4.51 (V4.51) aerosol
and cloud profiles, along the satellite orbit path. The atmospheric dust products of the
CDR [13-15,44-46] extensively expands the EO capacity on the atmospheric dust aerosol
component, through the implementation of the one- and two-step POLIPHON techniques
to CALIPSO-CALIOP optical products, from local to global scale in terms of spatial cover-
age, and for more than sixteen years of satellite-based observations (June 2006-May 2023).

The ESA-LIVAS dust CDR is composed of two pillars [15]. The first, “per-orbit” pillar,
consists of the total, fine-mode (submicrometer in terms of diameter), and coarse-mode
(supermicrometer in terms of diameter) components of dust provided in cloud-free quality-
assured [13,53] profiles of backscatter coefficient at 532 nm, extinction coefficient at 532 nm,
and mass concentration (in pg m~3), with the original L2 5 km horizontal resolution and
60 m vertical resolution of CALIOP, along the CALIPSO orbit-track [54]. The second, “per-
grid” pilar, consists of the total, fine-mode, and coarse-mode components of dust provided
in cloud-free quality-assured [13,53] profiles of backscatter coefficient at 532 nm, extinction
coefficient at 532 nm, and mass concentration (in ug m~2), aggregated in monthly mean,
seasonal-mean, and/or annual-mean temporal resolution, in 1° x 1° grid spatial resolution,
and 60 m vertical resolution. The analysis of airborne dust as health hazard in the present
study is restricted to the latitude band 60°S5-60°N. The domain encompasses the major
global dust source regions, principal transport pathways, and the vast majority of dust-
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related population exposure. While High-Latitude Dust (HLD) exerts regional impacts, its
contribution to the global atmospheric dust burden and associated population exposure is
considerably smaller than that of the major subtropical and mid-latitude desert regions.

Towards the aggregated monthly mean, seasonal-mean, and annual-mean products,
all CALIPSO overpasses and L2 QA aerosol profiles within a specific area, for instance of
1° x 1° grid spatial resolution, are averaged to produce the mean aerosol profiles represen-
tative for each period, respectively. Moreover, the “per-grid” component of the ESA-LIVAS
dust CDR, following vertical integration of the total, coarse-mode, and fine-mode dust
extinction coefficient at 532 nm profiles, between the mean surface elevation and the top of
atmosphere (TOA), provides information on the dust optical depth (DOD), coarse-mode
DOD (DOD¢oarse-mode), and fine-mode DOD (DODyipe-mode) at 532 nm. Synergy between
the PBL height and the total, fine-mode, and coarse-mode dust CDRs, allows computation
of the PBL-mean dust mass concentration (MC), coarse-mode dust mass concentration
(MCparse-mode), and fine-mode dust mass concentration (MCfine-mode) at 532 nm. Both
the “per-orbit” and “per-grid” pillars of the ESA-LIVAS total, fine-mode, and coarse-
mode dust CDR span over the lifetime of the CALIPSO mission (June 2006-May 2023).
Figure 1 provides the ESA-LIVAS aerosol optical depth (AOD; Figure 1a), DOD (Figure 1b),
DODparse-mode (Figure 1c), and DODgpe-mode (Figure 1d) at 532 nm gridded at 1° x 1° spa-
tial resolution on the basis of CALIPSO-CALIOP aerosol observations conducted between
June 2006 and May 2023.

DOD 532nm

DOD 532nm
Latitude (deg)

. - y 0 60 2= 0
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Longitude (deg) Longitude (deg)
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(d) Fine-Mode DOD 532 nm

Figure 1. ESA-LIVAS AOD (a), DOD (b), coarse-mode DOD (c), and fine-mode DOD (d) at 532 nm
at 1° x 1° grid spatial resolution, established on the basis of CALIPSO-CALIOP aerosol profiles
between June 2006 and May 2023.

To date, the LIVAS dust CDR, as well as the underlying algorithms, parametrizations,
assumptions, and retrieval approaches have undergone extensive validation and evalu-
ation. These assessments have been performed using reference measurements provided
by in situ [42,43], ground-based photometers and lidar systems [14,15,44,47,52,55-57], air-
borne in situ [15,20,58,59], and satellite-based systems [13,44]. Proestakis et al. (2024) [15]
performed extensive evaluation of the satellite-based total, fine-mode, and coarse-mode
dust products in terms of optical depth against AErosol RObotic NETwork (AERONET;
https:/ /aeronet.gsfc.nasa.gov/; last access: 1 June 2026) [60] Spectral Deconvolution Algo-
rithm (SDA) [61-63] aerosol optical thickness (AOT) fine-mode and coarse-mode reference
retrievals. The analysis demonstrated a good agreement of DOD¢pe-mode With AOT fine-mode
(R% = 0.69, RMSE = 0.06, Absolute bias = —0.012) and of DOD.orse-mode With AOT coarse-mode
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(R2 =0.92, RMSE = 0.08, Absolute bias = —0.012). In addition, central validation activity
of the satellite-based total, fine-mode, and coarse-mode dust products in terms of mass
concentration included intercomparison against airborne high-quality in situ measurement
of dust mass concentration carried out by the Facility for Airborne Atmospheric Mea-
surements (FAAM) BAe-146 research aircraft during the “Ice in Clouds Experiment-Dust”
(ICE-D)/“AERosol properties-Dust” (AER-D) extensive experimental campaigns over
the tropical Atlantic Ocean in the presence of dust [18]. The coarse-mode concentrations
(EO-based: 163.3 & 31.8 g m~3; in situ: 149.4 + 55.2 ug m 3, averaged over 1.5-5 km
a.m.s.l.) agreed within 10%, closely matching the total in situ mass, while fine-mode concen-
trations are underestimated in the Saharan Air Layer (SAL) (EO-based: 2.3 + 0.4 ug m~3;
in situ: 5.4 & 2.1 ug m~3). Overall, the comparison showed good agreements between the
EO-based and the airborne in situ measurements, demonstrating that the satellite retrievals
reliably capture the spatial and vertical distribution of dust mass [15].

However, it should be noted that the satellite-derived dust PM mass concentrations
(ug m~3) are not directly comparable to the WHO AQGs (Table 1) [6]. This discrepancy
arises for three main reasons. First, the dust-depolarization laboratory experiments [42,43],
which underpin the parameterizations used to separate fine-mode and coarse-mode dust
via the two-step POLIPHON technique [49,50], define these modes based on particle
diameter as submicrometer and supermicrometer. Consequently, the EO-based fine-mode
dust CDR represents particles with diameters up to 1 um, while the coarse-mode CDR
includes particles larger than 1 pm. In contrast, the WHO AQGs [6] use a threshold of
2.5 um, meaning that the EO-based fine-mode dust constitutes only a subset of WHO PM; 5.
Second, the WHO PMjy metric includes particles with diameters up to 10 pm, whereas
observational studies indicate that dust particles can reach sizes of several hundreds of
micrometers [18]. Finally, satellite-derived dust PM mass concentrations refer to ambient
atmospheric conditions, including humidity effects, while WHO guidelines are defined
under dry conditions. For these reasons, WHO AQG thresholds are not applied here as
strict limits, but rather as indicative benchmarks to contextualize whether the EO-based
dust mass concentrations are relatively low or high.

Overall, the continuous multi-faceted rigorous quality assurance assessments and
the documented uncertainties report on the high quality and reliability of the LIVAS dust
CDR, enhancing the confidence to the provided long-term, homogeneous dust datasets and
information across large regions where monitoring networks may be incomplete or even
completely absent. This, in turn, facilitates addressing a number of scientific questions of the
earth system and tracking the global dust load over time, thus supporting evidence-based
insights on dust’s role as an environmental-induced pressure to air-quality deterioration
and consequently to human health.

2.1.2. World Population

The study utilizes gridded population estimates from the Global Human Settlement
Layer (GHSL) [64]. The GHSL population raster provides gridded population estimates at
fine spatial resolution of 100 m and 1 km. The estimates are based on raw global census data
harmonized by the Center for International Earth Science Information Network (CIESIN) at
the Columbia University for the Gridded Population of the World, version 4.11 (GPWv4.11).
The data have been disaggregated to regular grid cells based on the distribution of built-
up area mapped by the other information layers of GHSL incorporating high-resolution
satellite dataset. The data have been harmonized with the UN World Population Prospects
2022 [65] and the UN World Urbanization Prospects 2018 [66] datasets. GHSL used Eurostat
series at level 2 Local Administrative Units (LAU2) to control and correct the population
estimates at LAU2 level in the EU. For this study, the 1 km gridded data have been summed
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to a 1-degree resolution matching the LIVAS “per-grid” spatial resolution grid of 1° x 1°.
Data from 3 epochs (2010, 2015, 2020) have been averaged to create an estimate for the
average population in each grid during CALIPSO’s lifetime (Figure 2).

60

area]

2
o

Latitude [deg]

Population [#/ 1x1 de;

TUI80 <150 -1200 90 60 30 0 30 60 90 120 150 180
Longitude [deg]
Figure 2. GHSL world population (number of individuals: “#”) data record, processed to
1° x 1° spatial resolution, 2010, 2015 and 2020 epochs—mean.

2.1.3. ERA5 PBL

Satellite-based lidar EOs have the capacity to provide accurate vertical aerosol profiles.
However, near-surface retrievals are characterized by significant uncertainties [67]. These
arise from several factors such as the “negative signal anomaly” (NSA) [53], algorithmic
detection and classification limitations in close-to-the-surface [68] or tenuous [69] layers,
strong surface returns over areas of high variability in the surface elevation or over high-
albedo surfaces [70] and reduced signal-to-noise ratios (SNRs) especially under daytime
solar illumination conditions [71]. These sources of uncertainties often produce unrealistic
negative or high positive near-surface backscatter signals and biased Level 3 (L3) products,
hampering the capacity of satellite-based lidar EOs to provide insight on close-to-the-
surface (<90 m) aerosol conditions.

To mitigate this, the mean total dust and fine-mode dust mass concentration values of
the vertical range extending between the minimum surface elevation and the PBL height
are utilized, and considered representative for near-surface dust PM and PMge mode atmo-
spheric conditions. The underlying assumption lies in dynamical and thermodynamical
processes of high significance occurring within this layer, including among others, the
exchange of momentum, energy and mass through surface heating, and evaporation [72].
These processes have critical impact on the PBL depth [73] and chemical composition [74].
More specifically, inside the PBL, turbulent eddies promote strong mixing, leading to an
approximately homogeneous distribution of thermodynamic properties. This enhanced
turbulence also strengthens vertical mixing of aerosols [75,76], resulting in relatively uni-
form aerosol concentration throughout the layer [77,78]. Airborne in situ measurements
by Pikridas et al. (2019) [79] demonstrated that once the daytime PBL is fully developed,
aerosol concentrations are nearly constant from the surface to the PBL top. Moreover, it
should be noted that the assumption of a well-mixed PBL is valid only during specific
time periods. CALIPSO overpasses, as part of the afternoon-train constellation of polar
orbit satellites are in general during stable atmospheric regimes or transitional phases of
PBL development. More specifically, CALIOP measurements are acquired from the sun-
synchronous CALIPSO platform, which crosses the Equator at approximately 13:30 local
solar time on the daytime ascending orbit and 01:30 local solar time on the nighttime
descending orbit. Consequently, the observations represent atmospheric conditions at
two fixed local times per day. This sampling strategy is sufficient for deriving robust
long-term climatological statistics; however, it does not resolve the full diurnal variability
of the planetary boundary layer and dust vertical distribution. Moreover, it is emphasized
that assuming a uniform vertical distribution of dust within the PBL introduces certain
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limitations, particularly regarding larger particles (>10 um). Due to gravitational settling,
larger dust particles exhibit vertical gradients with higher concentrations closer to the
surface, especially under stable atmospheric conditions or low wind speeds. Consequently,
using the PBL mean dust concentration may lead to a conservative underestimation of near-
surface total dust exposure during periods of weak atmospheric mixing. However, during
major dust emission and transport events—which drive the highest exposure risks—strong
near-surface winds generate intense mechanical turbulence and vertical shearing. This tur-
bulent kinetic energy effectively counteracts gravitational settling, leading to a well-mixed
profile for both fine and coarse modes. Furthermore, CALIOP daytime profiles obtained at
~1:30 PM local time coincide with the diurnal peak of convective solar heating and thermal
mixing, creating a highly convective, well-mixed daytime PBL that homogenizes aerosol
concentrations vertically [73]. For the fine-particles, which represent the core global health
hazard highlighted in this study, the uniform mixing assumption is highly robust due to the
extended atmospheric residence time and negligible settling velocities of fine particles. Given
the absence of a global, continuous ground-based vertical profiling network, this observa-
tional, PBL-averaged approach provides a transparent and reproducible baseline without
introducing the compounding uncertainties of global chemical transport model simulations.

Information on PBL height is extracted from the fifth generation of atmospheric reanal-
yses produced by the European Centre for Medium-Range Weather Forecasts (ECMWF)
ERAS Reanalysis dataset [80]. The ERAS5 data record provides model-based hourly es-
timates of various atmospheric, land, and oceanic climate variables at a global spatial
coverage. In this study, ERA5 PBL height monthly averages of single level data are
applied, accessible through ECMWEF’s Climate Data Store (CDS; https://cds.climate.
copernicus.eu/datasets/reanalysis-era5-single-levels-monthly-means?tab=overview; last
access: 1 June 2026), spatially averaged from the native ERA5 global uniform grid of hori-
zontal resolution 0.25° x 0.25° to the ESA-LIVAS dust CDR grid resolution of 1° x 1°, and
from monthly to seasonal temporal resolution.

To derive the PBL-constrained dust mass concentrations, the seasonal mean LIVAS
dust mass concentration layers located between the mean surface elevation and the cor-
responding ERA5 PBL height above mean surface elevation were considered. Seasonal
ERAD5 PBL heights were matched with the corresponding seasonal LIVAS dust mass con-
centration profiles prior to the long-term averaging procedure. Atmospheric layers located
entirely above the PBL were excluded from the analysis. Layers intersecting the PBL en-
trainment zone (CALIOP L2 layers in the APro and CPro products are 60 m) and layers
extending above the ECMWEF ERAS5 PBL height were not included in the PBL mean mass
concentration computation.

2.2. Methodology—Atmospheric Dust and Health Risk Assessment

The health risk attributed to exposure to different levels of air pollution is assessed
through the estimation of the Relative Risk (RR). The metric provides the occurrence probabil-
ity of adverse human health impacts due to the exposure of a population to specific pollutant
concentrations relative to a reference, unexposed population, where no health disorders are
observed, in the form of empirical PSD-dependent mass concentration response functions.

The relative risk attributed to long-term exposure to PMjy for all-cause mortality can
be estimated via an exponential function (Equation (1)) [81,82]:

C
RRpyr,, = 1081 /% (1)

In Equation (1) C denotes the annual mean mass concentration of PM;, 1.081 is the
base Relative Risk obtained from recent epidemiological data on a global scale and x is the
increment in exposure concentration which is equal to 10 pg m~3 [82].
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Similarly, the relative risk attributed to long-term exposure to PM; 5 for all-cause
mortality is estimated via (Equation (2)) [81,82]:

RR =1 095C/ * 2
PMy s . )

In Equation (2) C denotes the annual mean mass concentration of PM2.5, 1.095 is the
base Relative Risk obtained from recent epidemiological data and x is the increment in
exposure concentration which is again equal to 10 ug m~3[82].

Moreover, the determination of RR facilitates the estimation of the Attributable Frac-
tion (AF), a metric that provides the % incidences (deaths) attributed to exposure to the
ambient concentrations based on the estimated RRs [82,83].

_ RR-1

AF RR

x 100 [%)] ©)

The epidemiological concentration-response functions employed in Equations (1)-(3)
were originally developed for PM;y and PM; 5 exposure. The ESA LIVAS products pro-
vide dust mass concentrations for the total dust and fine-mode dust fractions, which do
not exactly coincide with the PM;y and PM; 5 size definitions used in the underlying
epidemiological studies. In the absence of globally consistent satellite-derived PM;( and
PMj, 5 dust products, the LIVAS total dust and fine-mode dust concentrations were used
as proxies for PM;g and PM; 5 dust, respectively. Consequently, the resulting health-risk
estimates should be interpreted as first-order approximations of dust-related health impacts
and are subject to uncertainties associated with the differences between the LIVAS size
classes and the epidemiological exposure metrics. Besides toxic heavy metals, typical
crustal elements also contribute to particle driven health impacts [84], whilst exposure
to mineral dust is associated with several health effects [85]. Given the variations in the
chemical content and the relative contribution of either natural or anthropogenic sources,
toxicity and the related health effects are not a single concentration parameterization al-
though epidemiological results provide powerful insights on human health effects through
concentration-response functions.

Figure 3 provides the expected estimations of the relative risk (left axis-blue) and
attributable fraction (right axis-red) for total dust (Figure 3a) and fine-mode dust (Figure 3b)
for mass concentration values extending up to 100 pg m~3. Shaded areas denote the
WHO-classified annual-mean and 24 h AQGs (Table 1). It should be emphasized, that the
scope of the study is to shed light on the impact of dust PM to human health and not to
provide the risks for further health assessment. Given the above uncertainties, the estimates
presented are precise of the concentrations incorporated but subject to a bias relating with
the inherently lower mass concentration of LIVAS fine dust particles compared to PM; 5.

25
WHO AQGs PM, WHO AQGs PM
WHO AQGs P

2 AQGs gm annual mean /
22 . . 3, .
22 AQGs 15 pg m " 24-hour mean o 80

WHO AQGs PM, : 15 jig

WHO AQGs PM : 4

Population Relative Risk (RR)
- S >

Population Relative Risk (RR)

Population Attributable Fraction [%]

= 0 0
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Dust PM, | Concentration - PBL [ m™] Dust PM, , Mass Concentration - PBL [ug m™]

(a) Total Dust (b) Fine Mode Dust

Figure 3. Relative risk (left axis-blue) and attributable fraction (right axis-red) for the total dust (a)
and fine-mode dust (b) for mass concentration values extending up to 100 pug m~3. Shaded areas
denote the WHO-classified annual mean and 24 h AQGs (Table 1).
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3. Results
3.1. Atmospheric Dust as Environmental Risk Factor for Human Health Disorders—Grid Level

The present section provides a grid-level assessment of atmospheric dust as environ-
mental risk factor for human health disorders, using a uniform 1° x 1° spatial resolution.
This grid-based approach is selected to assess the impact of an aerosol component both
natural and anthropogenic on air-quality degradation by focusing on the spatial variability
of dust in the atmosphere. The analysis seeks to reveal and quantify the dust-related health
relative risk arising from the combined effects of transboundary dust transport and local
dust anthropogenic emissions—effects that would be masked in broader-scale assessments.
Grid-based analysis also avoids biases introduced by varying national boundaries or dif-
fering administrative unit sizes. More specifically, national-level averages can obscure
critical spatial heterogeneity: in large countries, mean dust concentrations may appear low,
while smaller regions, areas near deserts, and urban centers or megacities may experience
elevated dust levels due to both natural and anthropogenic sources. A consistent grid
approach allows identification of transboundary dust transport, areas characterized by
elevated EO-derived dust concentrations relative to WHO AQG benchmark values, and
population exposure hotspots, providing a more accurate assessment of environmental
risk across regions. By linking these exposures to the resident population in each grid,
eventually, the analysis aims to report on the number of individuals exposed to dust
concentrations above WHO AQG reference values (Table 1), having as a cornerstone the
EO-based near-surface dust mass concentration. As such, Figure 4 provides the ESA-LIVAS
long-term (June 2006-May 2023), near-global (60°S to 60°N), and grided (1° x 1° grid
spatial resolution) PBL-mean mass concentration of the atmospheric dust load, for the cases
of total dust (MC; Figure 4a) fine-mode dust (MCfine-mode; Figure 4b), and thus the levels of
dust mass concentration close to the Earth’s surface responsible for dust-induced negative
impacts on human health.

Latitude [deg]

Mass Concentration [p1g m 3]
s
]

y . 3

Mass Concentration [ug m ~]

30 60 90 120 150 180 ) -180  -150  -120 -90 -60 -30 0 30 60 90 120 150 180
(b) Fine-Mode Dust MC-PBL mean

Figure 4. ESA-LIVAS PBL-mean dust mass concentrations for the total dust aerosol component (MC;
(a)) and the fine-mode (MCfine-mode; (b)) component of dust, established on the basis of CALIOP
long-term observations (June 2006-May 2023), for the geographical region extending between 60°S
and 60°N, and grided to 1° x 1° grid spatial resolution.

Mineral dust emissions from the Sahara Desert dominate the global atmospheric
dust budget [9] and strongly influence air quality across multiple continents through
well-reported long-range transport pathways [10,86-88]. Intense dust emissions into
the atmosphere occur under strong surface winds associated with the Saharan heat low
(SHL) [89] and mobilization mechanisms such as pressure gradients [90,91], dust devils [92],
haboobs [93,94], and low-level jets (LLJ) [95]. Once released into the Free Troposphere (FT),
the dust layers frequently are subject to long-range transport, over distances of hundred
or even thousands of kilometers towards Europe [13] and America [88]. Transported
northwards, Saharan dust layers negatively impact the air quality of European countries,
especially of those encompassing the Mediterranean Sea region from the North, such as
Spain, Portugal, France, Italy, Greece, and the countries of the Balkan Peninsula. Over
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this area, Saharan Desert episodic outbreaks substantially increase total dust (Figure 4a)
and fine-mode dust (Figure 4b) mass concentration levels above the WHO AQGs (WHO,
2021) regulatory thresholds [96], especially during intense episodes [97]. In addition to this
Mediterranean pathway, Saharan dust is transported westward across the tropical Atlantic
and within the Saharan Air Layer (SAL) [12], influencing atmospheric composition over the
Caribbean, Central America, the Amazon Basin, and the southeastern United States [98].
These intercontinental transport pathways represent two of the most significant natural
aerosol fluxes on Earth and exposes large populations across both sides of the Atlantic to
elevated mineral aerosol concentrations, and as such to increased risk for dust-induced
disorders on human health.

Dust emissions from the natural sources of Middle East and South Asia, including the
Arabian Peninsula, Syrian and Iraqi deserts, the semi-arid regions of Ethiopia, Somalia, Iran,
Iraq, Afghanistan, and the Thar Desert, constitute another major component of the global
dust cycle [99,100], accounting for approximately 2100 Tg per year [9]. Frequent dust out-
breaks occur in these regions, attributed mainly to the west Indian monsoon activity [101],
convective episodes [102], strong pressure gradients [90,91], and dry soil conditions [99].
Transport from these sources regularly affects large numbers of individuals residing in
several countries of the region including Saudi Arabia, Iraq, Kuwait, Iran, Pakistan, India,
and Bangladesh. As such, these events constitute a particularly intense hazard for the
large urban centers of Middle East and South Asia, such as Riyadh, Dubai, Kuwait City,
Tehran, Karachi, and Delhi, which frequently experience elevated dust concentration levels
(Figure 4), resulting in significant air-quality degradation [31,96].

In East Asia, the Taklimakan Desert encompassed by the Tarim Basin and the vast Gobi
Desert spanning across northern China and Mongolia represent the primary regional dust
sources [14]. The topography of the Tarim Basin favors the accumulation of mineral dust
particles that are easily resuspended under strong winds [103]. At the same time strong
cyclonic systems that are generated over the Mongolian Plateau [104] facilitate the uplift and
eastward long-range transport of dust layers [105]. Dust storms generated in these regions
frequently propagate across northern and eastern China, affecting densely populated areas
and major population centers. The transported mineral dust layers significantly contribute
to increased ambient particulate matter concentrations across North China [96], and in
addition, due to long-range atmospheric transport of dust, impacts air quality also across
North and South Korea and Japan [106]. Overall, across this area which is one of the most
densely populated and industrialized regions of the world, the Taklimakan Desert and
Gobi Desert negatively impact the aerosol load and frequently result in episodic significant
air-quality degradation.

Additional, though comparatively weaker, regional arid and semi-arid dust sources are
located in South America, South Africa, and Australia. In South America, the Patagonian
Desert and the surrounding semi-arid regions (i.e., Rio Negro and Chubut provinces)
generate dust plumes that degrade air quality and constitute an episodic dust-related
health hazard for the citizens of Argentina, Chile, Uruguay, and southern Brazil [107,108].
In southern Africa, episodic emissions from the Etosha Pan, Makgadikgadi Pan, Kalahari
Desert, and Namib Desert deserts have negative impact on the air quality and thus on
the health of the populations of Namibia, Botswana, Angola, and South Africa [109-111].
Similarly, arid interior regions of Australia, particularly the Lake Eyre Basin, generate
large dust storms that can be transported toward major population centers including
Sydney, Melbourne, and Brisbane, occasionally producing severe regional air-quality events.
Although the South America, South Africa, and Australia dust emission sources contribute
less to the global dust budget compared with the Saharan and Asian deserts, they can
exert substantial regional impacts on atmospheric composition, visibility, and population
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exposure especially during intense dust outbreaks, where dust events increase dust mass
concentration levels (Figure 4) above the health safety thresholds of WHO AQGs [6].

However, it should be emphasized that the total atmospheric dust load corresponding
to the total dust hazard for the world population and shown in Figure 4 is the cumulative
result of natural dust and anthropogenic dust, a distinction grounded in dust sources and
emission mechanisms [112,113]. Although difficult to quantify precisely, the current consen-
sus suggests that natural dust accounts for approximately ~ 75% of the global atmospheric
dust burden, while the remaining ~ 25% is attributed to anthropogenic activities [99,114].
Anthropogenic dust originates directly or indirectly from human activities, including trans-
portation, infrastructure development, and building and road construction [115,116], as
well as from soil surface degradation and land-use changes such as deforestation, over-
grazing, urbanization, and agricultural practices [99,117]. Such activities disturb erodible
soils or reduce vegetation cover, facilitating the entrainment of dust particles into the atmo-
sphere, often confined within the PBL. Consequently, regions with intense anthropogenic
activity frequently exhibit enhanced atmospheric dust loads relative to surrounding areas
primarily influenced by long-range transport occurring in the free troposphere. In some
densely populated and rapidly industrializing regions, particularly over the broader Indian
subcontinent and across eastern China, anthropogenic dust may contribute up to ~70% of
the total airborne dust load [118]. In addition, anthropogenic dust emissions associated
with agricultural practices such as cultivation and overgrazing have been identified even
in major desert regions, including the western Sahara [99]. Consequently, anthropogenic
dust constitutes an additional and important source of uncertainty in the assessment of the
global atmospheric dust budget [99], impacting negatively air quality.

Building on the spatial patterns described above, we quantify population exposure to
the hazard posed by near-surface particulate loads of total and fine-mode dust globally by
combining long-term mean near-surface dust concentrations with global population data
from the Global Human Settlement Layer (GHSL) [64] (Section 2.1.2). Figure 5 presents
the relationship between long-term mean near-surface dust concentrations and the global
distribution of population.

The upper row of Figure 5 shows, through 2-D density plots, the joint distribution of
PBL-mean dust mass concentration and population for total dust (Figure 5a) and fine-
mode dust (Figure 5b). In both panels, the horizontal axis represents the dust mass
concentration (ug m~3) on a logarithmic scale, while the vertical axis represents the num-
ber of inhabitants, also on a logarithmic scale, with the matching performed for grid cells of
1° x 1° spatial resolution. The color shading indicates the number of grid cells correspond-
ing to each combination of dust concentration and population values, with warmer colors
denoting a higher frequency of occurrence. In the upper-left panel (Figure 5a), which corre-
sponds to total dust mass concentration, the highest density of grid cells is concentrated
within dust concentrations of roughly a few to several tens of pg m~3 and population
values between approximately 10 and 10° inhabitants per grid cell. The distribution grad-
ually decreases toward higher dust concentrations and toward both very low and very high
population counts. The upper-right panel (Figure 5b) shows the equivalent distribution for
fine-mode dust mass concentration. Compared with total dust, the concentration range is
shifted toward lower values, while the general structure of the population—dust relationship
remains similar. Both upper-row panels graphs use three distinct colored shaded areas to
indicate WHO AQGs safety limits for exposure. The light blue area represents concentra-
tions below WHO AQG benchmark values used here for contextual interpretation of the
EO-derived dust concentrations for PMyg (15 ug m ) and PM, 5 (5 ug m~3), respectively,
where health risks are minimal and exposure is generally acceptable for the population. The
orange area indicates intermediate EO-derived dust concentration ranges relative to WHO
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a moderate-risk where dust exposure may begin to pose health concerns, particularly for
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elevated EO-derived dust concentration ranges exceeding WHO AQG benchmark levels
used for contextual comparison for PMjq (45 pg m~3) and PM; 5 (15 ug m~3), respectively,
indicating hazardous exposure where dust-related adverse health effects are more likely
and potentially severe.
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Figure 5. Relationship between long-term near-surface total dust ((left) column) and fine-mode
((right) column) mass concentrations (ug m~3) and global population (#), established on the basis of
areas of 1° x 1° grid spatial resolution and for the geographical region extending between 60°S and
60°N. The relationship is provided in the form of 2-D density plots ((upper) row) and in terms of
bubble charts ((lower) panel) towards quantification of population-exposure to atmospheric dust.
Colors follow the convention: the light blue areas represent concentrations below WHO AQGs
annual-mean recommended safety thresholds, the orange areas indicate concentrations in the range
between WHO AQGs annual-mean and 24 h mean safety thresholds, the red areas mark high-risk
levels that exceed WHO AQGs 24 h mean safety limits, distinct for the cases of PMjg and PM; 5.

The lower row of Figure 5 summarizes through bubble charts the population exposure
across different dust concentration ranges for the total dust (Figure 5c) and fine-mode
dust (Figure 5d), respectively. In these panels, circles represent population in terms of
percentage associated with different dust WHO AQGs PM safety regimes (Table 1), with
circle size proportional to the number of inhabitants, shown as percentage of total world
population. In addition, the colors of the circles that are used in the lower-row of Figure 5
follow the same definition of WHO AQGs safety regimes as in the upper-row of Figure 5.
In the lower-left panel (Figure 5c), the largest circle corresponds to populations living in
regions where total dust concentrations remain below the WHO AQG for PM;g accounting
for ~91.7% of the global population, which corresponds to approximately 6780 million
individuals. This indicates that the majority of the world’s population experiences long-
term mean total dust levels within the recommended WHO AQGs. A circle of smaller size
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represents populations exposed to EO-derived total dust concentrations exceeding WHO
PM; benchmark values used as indicative reference thresholds of 15 pg m~2, comprising
~8.3% of the global population, or roughly 610 million people. Within this group, an even
smaller inner circle indicates exposure to EO-derived dust concentrations above WHO 24 h
PM;g benchmark levels of 45 g m 3, affecting ~3.3% of the global population, equivalent to
approximately 250 million individuals. In contrast, the lower-right panel (Figure 5d) shows
the population exposure to fine-mode dust (PMy5). The largest circle indicates that ~66.5%
of the global population, or approximately 4920 million individuals, reside in areas where
fine dust concentrations remain below the WHO AQGs PM, 5 annual-mean safety guideline.
However, a substantially large fraction of the population is exposed to exceedances of this
health safety threshold. Specifically, ~33.5% of the global population, corresponding to
roughly 2480 million individuals, are exposed to EO-derived long-term mean fine-mode
dust concentrations exceeding WHO PM; 5 benchmark thresholds used for contextual
comparison, of 5 ug m~2. Within this group, ~3.9% of the global population, or about
290 million individuals, experience EO-derived fine-mode dust concentrations exceeding
WHO PM, 5 benchmark levels of 15 ug m~3. Overall, these figures highlight that while most
people reside in areas of dust mass concentration below the WHO health safety guidelines,
exposure to fine dust particles at concentration levels exceeding WHO AQG benchmark
thresholds used here as contextual indicators, affects a significant fraction of the global
population, emphasizing the greater widespread impact of fine-mode dust particulate on
public health. Together, the four panels provide a compact overview of the relationship
between global population distribution and near-surface dust mass concentrations for both
total and size-resolved dust components.

3.2. Atmospheric Dust as Environmental Risk Factor for Human Health
Disorders—National Level

The present section provides a national-level assessment and quantification of atmo-
spheric dust as an environmental risk factor for human health disorders. As discussed,
an increasing body of scientific evidence reports that atmospheric dust constitutes a
major component of ambient particulate matter (Figure 4) that constitute a non-trivial
atmospheric-induced risk factor for human health, particularly for health-vulnerable popu-
lation groups [19-37]. These reports highlight the growing recognition that comprehensive
monitoring, management, and assessment of air quality at the national scale is essen-
tial to ensure that population exposure to both natural and anthropogenic pollutants are
accurately evaluated and that pollution sources are effectively identified.

As such, monitoring atmospheric dust, among other aerosol types, at the national
level is essential for several reasons. First, accurate information on atmospheric dust con-
centrations supports air-quality assessment frameworks and contextual evaluation relative
to WHO AQGs, established by the WHO with the main objective to protect human health
by recommending safe limits for air pollutants (Table 1). Second, atmospheric aerosol
monitoring at the national level allows authorities to distinguish between anthropogenic
emissions and natural contributions, such as desert dust, which is necessary for appropriate
assessments and policy responses, facilitating identification of population vulnerability.
This information is critical for designing targeted mitigation strategies, improving air qual-
ity management plans, and protecting public health. Third, natural aerosol contributions,
such as dust-related particulate matter, when properly documented and verified, may be
excluded from compliance assessments of limit values. Consequently, the monitoring and
characterization of natural aerosols at national scales provide the scientific basis for sub-
tracting their contribution from the total particulate matter load, ensuring that regulatory
evaluations focus on controllable anthropogenic sources while maintaining an accurate
assessment of population exposure and environmental risks.
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In this context, quantification of the atmospheric dust load at the national level is
performed on the basis of EO-based long-term (June 2006-May 2023), near-global (60°S
to 60°N), and gridded (1° x 1°) mass concentrations, for both total dust (MC; Figure 4a)
and fine-mode dust (MCfipe-mode; Figure 4b). This approach is based on PM levels of
dust mass concentration near the Earth’s surface (PBL-mean), which are responsible
for dust-induced negative impacts on human health. By applying world administra-
tive boundaries/countries shapefiles (https:/ /public.opendatasoft.com/explore/assets/
world-administrative-boundaries/; last access: 1 June 2026), provided as boundary co-
ordinates, the “per-grid” long-term mean dust mass concentrations are aggregated and
accordingly processed PBL-mean dust mass concentrations for both national-level total
dust (MC; Figure 6a) and fine-mode dust (MCfipe-mode; Figure 6b). The resulting mean mass
concentration dust values therefore represent geographical (area-based) national mean
dust concentrations. Population weighting is not applied during this aggregation, as the
purpose of the national-level analysis is to characterize the mean atmospheric dust burden
within each national territory rather than population exposure, which is addressed better
in 1° x 1° grid cells analysis (Section 3.1). In this context, national-scale indicators provide
a useful basis for air-quality assessment, environmental risk evaluation, and the devel-
opment of evidence-based adaptation and management strategies. The provided insight
also enables comparisons among countries and supports the assessment of dust transport
across political boundaries, facilitating regional cooperation among countries affected by
common source regions and atmospheric transport pathways. Consequently, the national
averages reported in this study are intended to describe territorial dust conditions and the
overall dust burden within national boundaries, while the gridded products are retained to
identify local hotspots, spatial heterogeneities, and areas where targeted interventions may
be required.
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Figure 6. National-level near-surface dust mass concentration for the cases of total dust (MC; (a)) and
fine-mode dust (MCfine-mode; (b)), established on the basis of CALIOP long-term observations (June
2006-May 2023).

Having estimated the near-surface mass concentration for both total dust (Figure 6a)
and the fine-mode dust (Figure 6b), the associated health risks from exposure to the EO-
based quantified dust mass concentration levels can be assessed through the estimation of
the Relative Risk (RR) [81,82]. More specifically, through the estimation of the RR metric
the study quantifies and provides information on the likelihood of adverse human health
outcomes occurring in a population exposed to specific concentrations relative to a reference,
unexposed population in which no health effects are observed. Accordingly, the estimation
of RR further enables the calculation of the Attributable Fraction (AF) [81,82]. Figure 7
provides the RR and AF as a response to the near-surface total accumulated atmospheric
dust load (Figure 7-upper row), and in addition the RR and AF as a response to the near-
surface fine-mode component of atmospheric dust load (Figure 7-bottom row) [81,82].
Overall national-level, near-surface long-term mean MC and MCfpe-mode dust, including
the corresponding quantified relative risks and attributable (Table A1).
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Figure 7. Upper row: National-level mean relative risk (RR; (a)) and attributable fraction (AF; (b)) of
adverse human health outcomes associated with population exposure to near-surface total dust mass
concentrations (MC) quantified at the national level using long-term EO data (Figure 6a). Bottom row:
National-level mean relative risk (RR; (c)) and attributable fraction (AF; (d)) of adverse human health
outcomes associated with populations exposed to near-surface fine-mode dust mass concentrations
(MCfine-mode) quantified at the national level using long-term EO data (Figure 6b).

The RRs estimated for the dust fine-mode varied between 1.0022 (Greenland) to
1.766 (Guinea) whilst for total dust the RRs varied between 1.0062 (Greenland) to
3.895 (Benin). The RRs for total dust should not be considered independent of those
estimated for the fine mode. Instead, they represent the excess risk for mortality arising
from the partition of coarser particles (>2.5 um). For this reason, RRs for total dust were
always higher compared to the corresponding RR for the fine mode assessment when both
pollutants are available. Yet, in this work the methodology was applied to both fine and
total dust to contribute as indicative results of the input of coarser particles to mortality
outcomes. PM; 5 is generally considered the best proxy for evaluating health risks.

Half of the countries had an RR lower than 1.053 for fine dust and 1.095 for total dust.
The latter suggests that 50% of the world countries have risks that lie between 1 and 1.1 but
increased mortality is associated with the remaining 50% (127 countries). Detailed analysis
indicates a lognormal distribution of AFs both for both fine and total dust (Figure 8),
i.e., most of the countries were characterized by relatively lower AFs but there are cases
where AFs were substantially higher. More precisely, 192 countries (75%) had AF values
lower than 10% but for the remaining 63, and the most burdened ones, AFs scaled up to
43%. For total dust, the situation is worse, as 182 countries (71%) had AFs up to 15% yet
the remaining 73 AFs scaled up to 74%, highlighting the increased mortality induced by
coarser particles.

At the continent level, higher relative risks were obtained for Africa (1.017-3.895) and
Asia (1.011-3.033). For the remaining continents, RRs were considerably lower with a
higher risk obtained at 1.174 for the case of America whilst the lowest RRs were obtained
for Oceania (Figure 9). Under this case, populations in Africa and Asia are subject to an
increased burden leading to higher all-cause mortality risks whereas significantly reduced
mortality is expected for people living in Oceania. Particularly, Africa and Asia were
characterized by greater variability in the estimated RRs, reflecting the wider range of dust
concentrations. Apart from that, the RRs presented in Figure 9 are indicative of the higher
overall risks corresponding to total dust compared to fine dust particles.
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Figure 8. Histogram (bars) and cumulative probability (dotted line) of AFs estimated for each country
for all-cause mortality and long-term exposure to dust fine-mode (a) and total dust (b).
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Figure 9. Relative risk sorted per continent for all-cause mortality and long-term exposure to fine-
mode dust and total dust.

Translation of RRs to the respective AFs suggests that almost 12% of deaths are
attributed to long-term exposure to fine-mode dust in Africa and another 18.7% to the
coarser dust particles (Figure 10). The numbers indicate a higher contribution to African
populations by coarser particles associated inherently with the input of Sahara Desert.
For Asia the overall deaths associated with long-term exposure to dust particles is 18.4%
with half of them associated with fine-mode dust and the other half with coarser dust
particles. For Europe, Americas and Oceania the contribution to total deaths is 4.7%, 3.3%
and 2.8% respectively for fine-mode dust and 3.2%, 3.1% and 1.3% respectively for coarser
dust particles.
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Figure 10. Attributable fraction per continent showing the contribution of each size dust classes.
Values represent median AFs for each continent.

4. Discussion

This study provides a global assessment of atmospheric dust as an environmental
health hazard by combining long-term satellite observations, global population datasets,
and epidemiological exposure-response relationships. Using the ESA-LIVAS atmospheric
dust climate data record (Section 2.1.1) derived from long-term CALIOP lidar observations
(June 2006-May 2023), the analysis (a) quantified near-surface mass concentrations of total
dust and fine-mode dust (ug m~3) and (b) assessed the health risks for human exposure
across spatial scales ranging from 1° x 1° grids to national and continental levels.

The grid-level analysis highlighted the global distribution of PBL (Section 2.1.3) dust
concentrations and identified regions with elevated near-surface dust and greater potential
health impacts (Figure 4). High dust levels occur mainly near or downwind of major desert
regions, including the Sahara, the Arabian Peninsula and Middle East, and the deserts
of Central and East Asia. Long-range atmospheric transport also leads to elevated dust
concentrations in regions far from deserts, such as the Mediterranean, Europe, and the
Americas. Increased dust levels are also observed in highly populated and industrialized
regions, including the Indian subcontinent and China, where anthropogenic activities such
as land-use change, soil degradation, transportation, and construction can significantly
enhance dust emissions locally. The dust patterns revealed transboundary dust transport
pathways and highlight localized exposure hotspots that could be obscured in national-
scale averages.

Combining grid-level dust concentrations with global population datasets allowed
the quantification of population (Section 2.1.2) exposure to atmospheric dust. Results show
that most of the global population experiences EO-derived total dust concentrations below
WHO PMjj benchmark values used here for contextual interpretation (Table 1); however, a
substantial fraction is exposed to fine-mode dust levels exceeding WHO PMj; 5 benchmark
thresholds used as indicative reference levels. More specifically, the analysis reports that
approximately one-third of the global population resides in regions where fine-mode dust
concentrations exceed WHO annual-mean PM, 5 benchmark thresholds used for contextual
comparison of 5 pg m 3, indicating widespread exposure to fine particles (Table A1).

At the national scale (Figure 6), dust exposure varies considerably between countries
due to differences in proximity to dust sources, atmospheric transport pathways, population
density, anthropogenic activity, and environmental conditions. Using epidemiological
exposure-response relationships (Section 2.2), the analysis linked these exposure patterns
to measurable health risks at national level, outcomes associated with long-term exposure
to dust particulate matter (Figure 7; Table A1).
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The present findings are consistent with previous CALIPSO- and LIVAS-based analy-
ses investigating the vertical structure, transport characteristics, and climatological behavior
of atmospheric dust aerosols [13-15,44,45]. Previous studies based on CALIOP observa-
tions have extensively documented the capability of active remote sensing techniques to
resolve the three-dimensional structure of mineral dust layers, identify long-range transport
pathways, and characterize the vertical variability of dust aerosols over major source and
receptor regions. Nevertheless, the majority of these investigations primarily focused on
total-column aerosol properties, dust optical depth, free-tropospheric transport, or verti-
cally resolved aerosol occurrence frequencies rather than on dust concentrations specifically
constrained close to the Earth’s surface, with further focus on decoupling the modes of the
dust aerosol components within this atmospheric layer.

Since the majority of anthropogenic activities and direct human exposure occur within
the PBL [73,75,76], the integration of ERA5-derived PBL heights with the LIVAS vertically
resolved dust mass concentration profiles CDR provided a substantially more exposure-
oriented perspective of atmospheric dust as an air-quality hazard. Although several
previous studies have investigated near-surface dust concentrations using ground-based
observations, air-quality monitoring networks, numerical models, or data assimilation
approaches [29,32,38,119-121], global Earth Observation-based assessments of near-surface
or PBL-constrained dust mass concentrations remain relatively limited. Most satellite-
based studies have instead concentrated on total-column dust optical properties, ver-
tically integrated aerosol characteristics, transport pathways, or climatological aerosol
distributions [13,15,44,45,85,85]. Similarly, several global modeling studies provide in-
formation relevant to surface dust abundance and variability [9,122-124], yet these are
predominantly model-based representations rather than observation-driven vertically re-
solved satellite retrievals directly constrained close to the Earth’s surface.

In this context, the methodological developments introduced by Mamouri and
Ansmann (2014) [49] and Mamouri and Ansmann (2017) [50] constitute an important step
towards the quantitative retrieval of dust mass concentrations from polarization lidar obser-
vations. More specifically, Mamouri and Ansmann (2014) [49] introduced a methodology
for separating fine (sub-micrometer) and coarse (super-micrometer) dust components using
polarization lidar measurements, enabling the retrieval of vertically resolved dust mass
concentration profiles through the combination of depolarization-ratio-based aerosol typ-
ing and dust-specific conversion factors. Subsequently, Mamouri and Ansmann (2017) [50]
further expanded this framework by demonstrating the capability of polarization/Raman
lidar observations to distinguish fine dust, coarse dust, maritime aerosol, and anthro-
pogenic aerosol components within vertically resolved atmospheric profiles. These studies
highlighted the strong potential of lidar observations for deriving physically meaningful
dust mass concentration information relevant to air-quality and exposure studies. How-
ever, their analyses were primarily focused on methodological development, regional
applications, and case-study investigations rather than long-term global climatological
assessments. Consequently, despite the substantial progress achieved in satellite aerosol
remote sensing and lidar-based dust profiling during the last decade, relatively few studies
have attempted to derive long-term global dust mass concentration climatologies specif-
ically constrained within the PBL and directly linked to potential human exposure. In
this context, the present study contributes towards bridging this gap by combining the
vertically resolved LIVAS pure-dust profiles with ERA5-derived PBL heights, enabling
a long-term global satellite-based assessment of the atmospheric dust component most
directly relevant to air-quality impacts and population exposure.

It is emphasized that an important source of uncertainty arises from the mismatch
between the particle-size classes provided by the EO-based dust products and those used

https://doi.org/10.3390/rs18142403


https://doi.org/10.3390/rs18142403

Remote Sens. 2026, 18, 2403

21 of 39

in the epidemiological studies from which the mass concentration—response functions
are derived. Specifically, the health-risk relationships are based on PM;y and PM; 5 dust
concentrations, whereas the satellite retrievals provide total dust and submicrometer-mode
dust mass concentrations. Although the EO-based products represent the closest globally
available satellite-derived analogs to PM1y and PM, 5 dust, the correspondence is not exact
because the underlying size boundaries differ. Therefore, the estimated excess risks should
be viewed as indicative of the spatial patterns and relative magnitude of dust-related health
impacts rather than precise estimates of the absolute health burden. Future work would
benefit from the development and validation of satellite-derived dust products explicitly
tailored to PM;p and PM, 5 definitions used in epidemiological and air-quality studies,
once laboratory experiments establish necessary parametrizations.

Overall, the study highlights the impact of the accumulated dust in the atmosphere
as a significant global air-quality hazard to the world population. The findings also stress
the importance of distinguishing between natural and anthropogenic aerosol contributions
and improving, monitoring and reporting ambient concentrations of natural aerosols, such
as dust, as an essential step for effective air-quality management and mitigation policies.

As such, and given the increasing scientific evidence that atmospheric dust poses
health, environmental, climatic, and socioeconomic risks, several international organiza-
tions and initiatives, including the WMO Sand and Dust Storm Warning Advisory and
Assessment System (SDS-WAS), the United Nations Coalition to Combat Sand and Dust
Storms, the UNCCD, UNEP, and WHO support global efforts related to dust monitoring,
forecasting, mitigation, and assessment of dust-related impacts on human health and the
environment [6]. In this context, the EO-based global dust concentration and exposure
analysis presented in this study can contribute to ongoing international efforts related
to atmospheric dust monitoring, air-quality assessment, and population exposure evalu-
ation. Moreover, within the atmospheric science community, coordinated international
research efforts have led to the development of advanced observational capabilities and
long-term climate data records for atmospheric aerosols. The Copernicus Atmosphere
Monitoring Service (CAMS; https://atmosphere.copernicus.eu/; last access: 1 June 2026)
provides global analyses and forecasts of dust and other atmospheric pollutants using
satellite and ground-based data. ESA supports Earth observation missions that track,
among others, dust transport, deposition, and source regions, and the development of
novel EO-based products. ACTRIS operates ground-based observational networks across
Europe to study aerosol properties, including dust particles, and their impacts on air quality,
climate, and health.

The overall objective is to improve the ability to observe, model, and respond to
dust events through international monitoring systems, scientific research initiatives, and
coordinated policy frameworks. These efforts aim to enhance forecasting capabilities,
strengthen early warning systems, and support sustainable land-management and air-
quality policies worldwide. Such coordinated actions are essential given the transboundary
nature of dust transport and the wide range of environmental, economic, and health
impacts associated with atmospheric dust aerosols.

In this concept, the present study constitutes a supporting effort to monitoring and
understanding the dust aerosol component close to the earth’s surface where the dust load
impacts human health. The study represents an informative reporting analysis for support-
ing mitigating the impacts of dust events on air quality and public health. Enhancing our
understanding on the dust hazard for human health has the potential to allow authorities
to issue public health advisories and implement precautionary measures aimed at reduc-
ing population exposure to dust. Such measures may include limiting outdoor activities,
implementing temporary health advisories, or providing guidance for vulnerable popula-
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tion groups such as children, the elderly, and individuals with pre-existing respiratory or
cardiovascular conditions. The study, through translating satellite-based observation to
information on the dust load and the dust-related risk for human health disorders, has the
capacity to enhance the effectiveness of regulatory frameworks in managing the impacts
of atmospheric dust on air quality. Although natural dust emissions cannot be directly
controlled, regulatory policies can address anthropogenic dust emissions of particulate
matter and reduce the overall exposure to harmful particles. Air quality legislation in many
regions incorporates mechanisms that allow natural contributions to particulate matter
concentrations to be identified when evaluating compliance with regulatory standards.
This distinction enables policymakers to separate natural dust events from anthropogenic
pollution sources while maintaining accurate assessments of population exposure and
environmental health risks.

Overall, the findings presented here emphasize that atmospheric dust is not only a
natural component of the Earth system but also a significant environmental factor influenc-
ing global air quality and human health. Through the integration of satellite observations,
population datasets, and epidemiological exposure-response relationships, the present
study provides new insights into the spatial distribution of dust exposure and its associated
health risks at global scale.

5. Conclusions

What is the PM load of total and fine-mode dust near the Earth’s surface, where most
anthropogenic activity occurs, and how does it vary across spatial scales from 1° x 1° grids
to national and continental domains? How do estimates of near-surface dust mass concen-
trations translate into relative risks for human health induced disorders when applying
empirically derived PM exposure-response functions established from epidemiological
studies? And ultimately, to what extend atmospheric dust constitutes an air-quality health
hazard to the world population?

The objective of the present study was to provide a comprehensive assessment of
atmospheric dust as an air quality hazard to the world population. Cornerstones of
the analysis were (1) the ESA-LIVAS four-dimensional multiyear atmospheric dust mass
concentration CDR, established on the basis of CALIOP profiles of aerosol optical properties
retrieved along the CALIPSO orbit track between June 2006 and May 2023; (2) GHSL
world population estimates; (3) ECMWE-ERAS5 PBL information; and (4) epidemiologically
established relationships on human exposure-response to PM concentrations.

The first key conclusion of this study is that atmospheric dust constitutes a substantial
environmental hazard to public health. Evaluation of EO-derived near-surface dust concen-
trations using WHO AQG values as contextual benchmark thresholds for human health
exposure revealed several important findings. The majority of the world’s population is
exposed, on a long-term mean basis, to relatively moderate total dust levels: ~92% of the
global population (~6.8 billion people) reside in regions where total dust mass concentra-
tions remain below the WHO AQGs for annual-mean PMy, (15 g m~3). However, ~8% of
the population (~610 million people) experience EO-derived dust concentrations exceeding
this benchmark threshold, while ~3.3% (~250 million people) are exposed to levels ex-
ceeding the WHO AQG 24 h benchmark threshold used here for contextual interpretation
for PMyg (45 pg m~3), indicating substantial regional air-quality pressure. In contrast,
exposure to the fine-mode component of dust is considerably more widespread among
the global population. Although ~67% of the global population (~4.9 billion individuals)
live in regions where concentrations remain below the WHO AQGs for annual-mean PM; 5
(5 ng m~3), ~33% of the world population (~2.5 billion people) are exposed to EO-derived
dust concentrations exceeding the WHO AQG benchmark threshold. Out of the total world
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population, ~3.9% (~290 million individuals) experience fine-mode dust mass concentra-
tions exceeding 15 ug m~3, highlighting the considerable global health-pressure associated
with fine-mode mineral dust particles suspended in the atmosphere.

The second key outcome of the study is the pronounced spatial variability in near-
surface dust concentrations, highlighting again key global population exposure patterns.
The national-scale quantification of near-surface dust mass concentrations revealed that
atmospheric dust represents a non-negligible driver of health risks associated with partic-
ulate matter exposure. The largest health burdens are identified across Africa and Asia,
where higher atmospheric dust loads lead to elevated population exposure levels.

The national-level analysis reported on the substantial spatial variability of dust-
related health risks across countries, driven by differences in proximity to major desert
sources, atmospheric transport pathways, and population density. Countries located in the
proximity or downwind of major dust source regions exhibit the highest potential health
burden, reflecting the combined influence of elevated near-surface dust concentrations
and large exposed populations. The integration of epidemiological exposure-response
relationships with satellite-derived dust concentrations demonstrated that atmospheric dust
information provided by satellite-based observations can be translated into quantification
of dust’s relative health risks at the national scale. These results also revealed that national
averages may mask significant sub-regional variability, as localized dust hotspots can
strongly influence population exposure patterns.

The study emphasized that atmospheric dust should be considered not only a natural
component of the Earth system but also a significant factor influencing global air quality
and human health. The integration of satellite observations, population datasets, and
epidemiological exposure-response relationships provide the capacity to assess dust-related
health risks across different spatial scales. These findings highlight the importance of
improving monitoring and reporting of natural aerosols in air-quality assessments and
regulatory frameworks and that the strengthening of observation-based assessments of
atmospheric dust is an essential measure for supporting effective environmental policies
and mitigating its impacts on public health.
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SNR Signal-to-Noise Ratio

SPARTAN Surface Particulate Matter Network

TOA Top of Atmosphere

UN United Nations

UNECE United Nations Economic Commission for Europe

UNFCCC United Nations Framework Convention on Climate Change
WHO World Health Organization
Appendix A

Table Al. (From left to right): Country (name; alphabetically listed), continent of country/region,
countries /regions-level near-surface long-term mean total dust mass concentration (Dusty, MC;
ug m~3), Total Dust Relative Risks (RRry all cause), Total Dust Attributable Fraction (AT, all
cause), fine-mode dust mass concentration (Dustgy; MC; pg m—3), fine-mode dust mass concentration
Relative Risk (RRgys all cause) and Attributable Fraction (ATgy all cause).

DD ot D g S g, R A
‘Abyei’ ‘Africa’ 47.28 1.45 0.308 15.583 1.152 0.132
‘Afghanistan’ ‘Asia’ 82.51 1.90 0.474 13.706 1.132 0.117
‘Aksai Chin’ ‘Asia’ 9.31 1.08 0.070 1.342 1.012 0.012
‘Albania’ ‘Europe’ 18.78 1.16 0.136 6.929 1.065 0.061
‘Algeria’ ‘Africa’ 68.97 1.71 0.416 10.687 1.102 0.092
‘;‘:ﬁ;‘;an ‘Oceania’ 521 1.04 0.040 3.429 1.032 0.031
‘Andorra’ ‘Europe’ 11.43 1.09 0.085 4.321 1.040 0.038
‘Angola’ ‘Africa’ 7.81 1.06 0.059 2.994 1.028 0.027
‘Anguilla’ ‘Americas’ 3.19 1.03 0.025 2.025 1.019 0.018
AMIBUA & Americas’ 321 1.03 0.025 2.085 1.019 0.019
‘Argentina’ ‘Americas’ 9.74 1.08 0.073 2.682 1.025 0.024
‘Armenia’ ‘Asia’ 29.52 1.26 0.205 10.658 1.102 0.092
‘Aruba’ ‘Americas’ 5.27 1.04 0.040 3.248 1.030 0.029
“punachal ‘Asia’ 734 1.06 0.056 3.464 1.032 0.031
‘Australia’ ‘Oceania’ 8.00 1.06 0.060 3.721 1.034 0.033
‘Austria’ ‘Europe’ 10.84 1.09 0.081 4.296 1.040 0.038
‘Azerbaijan’ ‘Asia’ 32.49 1.29 0.224 12.347 1.119 0.106
i‘;‘iiﬁfﬁ; “Europe’ 6.32 1.05 0.048 3.586 1.033 0.032
‘Bahamas’ ‘Americas’ 8.49 1.07 0.064 5.167 1.048 0.046
‘Bahrain’ ‘Asia’ 111.33 2.38 0.580 44.490 1.497 0.332
‘Bangladesh’ ‘Asia’ 39.24 1.36 0.263 22.580 1.227 0.185
‘Barbados’ ‘Americas’ 6.26 1.05 0.048 4.019 1.037 0.036
‘Belarus’ ‘Europe’ 9.12 1.07 0.069 4.605 1.043 0.041
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Table A1l. Cont.
Country . RRpa1 All AT o1a1 All RRppm All ATgpym All
Name Continent Dustrotal Cause Cause Dustpy Cause Cause
‘Belgium’ ‘Europe’ 10.11 1.08 0.076 5.356 1.050 0.047
‘Belize’ ‘Americas’ 11.96 1.10 0.089 6.230 1.058 0.055
‘Benin’ ‘Africa’ 174.58 3.90 0.743 47.336 1.537 0.349
‘Bermuda’  ‘Americas’ 8.44 1.07 0.064 4.927 1.046 0.044
‘Bhutan’ ‘Asia’ 13.64 1.11 0.101 7.027 1.066 0.062
‘Bolivia’ ‘Americas’ 6.42 1.05 0.049 1.823 1.017 0.016
Bosnia& g oper 15.09 112 0.111 6.961 1.065 0.061
Herzegovina
‘Botswana’ ‘Africa’ 6.45 1.05 0.049 3.481 1.032 0.031
Bouvet ‘Antarctica’ 9.40 1.08 0.071 5.769 1.054 0.051
Island
‘Brazil’ ‘Americas’ 6.82 1.05 0.052 2.320 1.021 0.021
‘British
Indian Ocean ‘Africa’ 4.49 1.04 0.034 3.082 1.028 0.028
Territory’
British Virgin -, | o ricas’ 3.28 1.03 0.025 2.081 1.019 0.019
Islands
Brunei ‘Asia’ 8.60 1.07 0.065 4309 1.040 0.038
Darussalam
‘Bulgaria’ “Europe’ 14.74 1.12 0.108 7.170 1.067 0.063
B;‘i‘;f‘a ‘Africa’ 163.49 3.57 0.720 30.440 1.318 0.241
‘Burundi’ ‘Africa’ 17.17 1.14 0.125 9.653 1.092 0.084
‘CAte ‘Africa’ 147.22 3.15 0.682 53.064 1.619 0.382
d”Ivoire
‘Cambodia’ ‘Asia’ 16.89 1.14 0.123 7.564 1.071 0.066
‘Cameroon’ ‘Africa’ 81.05 1.88 0.468 26.504 1.272 0.214
‘Canada’ ‘Americas’ 4.98 1.04 0.038 1.909 1.017 0.017
‘Cape Verde’ ‘Africa’ 67.02 1.69 0.407 31.463 1.330 0.248
Cayman ‘Americas’ 4.42 1.04 0.034 2.834 1.026 0.025
Islands
‘Central
African ‘Africa’ 48.78 1.46 0.316 19.822 1.197 0.165
Republic’
‘Chad’ ‘Africa’ 71.48 1.75 0.427 12.265 1.118 0.105
‘Chile’ ‘Americas’ 8.33 1.07 0.063 2.579 1.024 0.023
‘China’ ‘Asia’ 49.74 1.47 0.321 14.823 1.144 0.126
Christmas ‘Asia’ 1.91 1.01 0.015 1.280 1.012 0.012
Island
‘Cocos
(Keeling) ‘Asia’ 3.71 1.03 0.028 2.360 1.022 0.021
Islands’
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Table Al. Cont.

Country . RRpa1 All AT o1a1 All RRppm All ATgpym All
Name Continent Dustrotal Cause Cause Dustem Cause Cause
‘Colombia’ ‘Americas’ 8.61 1.07 0.065 2.925 1.027 0.026
‘Comoros’ ‘Africa’ 3.70 1.03 0.028 2.402 1.022 0.022
‘Congo’ ‘Africa’ 20.94 1.18 0.150 5.238 1.049 0.046
Cook ‘Oceania’ 5.04 1.04 0.038 2.909 1.027 0.026
Islands
‘Costa Rica’ ‘Americas’ 8.57 1.07 0.065 3.557 1.033 0.032
‘Croatia’ ‘Europe’ 11.71 1.10 0.087 5.509 1.051 0.049
‘Cuba’ ‘Americas’ 11.71 1.10 0.087 6.628 1.062 0.058
‘Cyprus’ ‘Asia’ 27.51 1.24 0.193 15.112 1.147 0.128
Czech “Europe’ 11.23 1.09 0.084 5.719 1.053 0.051
Republic
‘Democratic
People”s ‘Asia’ 35.41 132 0.241 19.016 1.188 0.159
Republic of
Korea’
‘Democratic
Republic of ‘Africa’ 16.87 1.14 0.123 5.365 1.050 0.048
the Congo’
‘Denmark’ ‘Europe’ 7.20 1.06 0.055 3.711 1.034 0.033
‘Djibouti’ ‘Africa’ 90.28 2.02 0.505 34.351 1.366 0.268
‘Dominica’ ‘Americas’ 14.03 1.12 0.104 10.087 1.096 0.087
Dominican 1 iaer 18.27 1.15 0.133 9.620 1.091 0.084
Republic
‘Ecuador’ ‘Americas’ 12.45 1.10 0.092 3.917 1.036 0.035
“Egypt’ ‘Africa’ 50.86 1.49 0.327 17.838 1.176 0.149
‘El Salvador’ ‘Americas’ 16.86 1.14 0.123 7.036 1.066 0.062
Equatorial ‘Africa’ 36.28 1.33 0.246 7.255 1.068 0.064
Guinea
‘Eritrea’ ‘Africa’ 107.92 2.32 0.569 36.769 1.396 0.284
‘Estonia’ ‘Europe’ 5.81 1.05 0.044 2.792 1.026 0.025
‘Ethiopia’ ‘Africa’ 66.45 1.68 0.404 26.138 1.268 0.211
‘Falkland
Islands ‘Americas’ 6.59 1.05 0.050 3.529 1.033 0.032
(Malvinas)’
Faroe ‘Europe’ 472 1.04 0.036 2.367 1.022 0.021
Islands
“Fiji’ ‘Oceania’ 5.77 1.05 0.044 3.234 1.030 0.029
‘Finland’ ‘Europe’ 1.59 1.01 0.012 0.664 1.006 0.006
‘France’ ‘Europe’ 8.74 1.07 0.066 4.570 1.042 0.041
French ‘Americas’ 8.29 1.07 0.063 3.478 1.032 0.031
Guiana
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DD et Das M AT g, A A
POFl;enr;‘;}l‘a ‘Oceania’ 499 1.04 0.038 3.004 1.028 0.027
‘French
Southernand ., » 1o ticar 16.80 1.14 0.123 9.290 1.088 0.081
Antarctic
Territories’
‘Gabon’ “Africa’ 23.92 1.20 0.170 4.989 1.046 0.044
‘Gambia’ ‘Africa’ 149.82 3.21 0.689 43.227 1.480 0.325
‘Gaza Strip’ ‘Asia’ 38.25 1.35 0.258 17.608 1.173 0.148
‘Georgia’ ‘Asia’ 18.38 1.15 0.133 7.244 1.068 0.064
‘Germany’ ‘Europe’ 10.15 1.08 0.076 4712 1.044 0.042
‘Ghana’ “Africa’ 169.37 3.74 0.733 58.618 1.702 0.413
‘Gibraltar’ ‘Europe’ 11.87 1.10 0.088 7.002 1.066 0.062
%‘;ﬂgi" ‘Africa’ 3.02 1.02 0.023 1.917 1.018 0.017
‘Greece’ ‘Europe’ 19.16 1.16 0.139 9.130 1.086 0.080
‘Greenland’ ‘Americas’ 0.80 1.01 0.006 0.241 1.002 0.002
‘Grenada’ ‘Americas’ 5.03 1.04 0.038 3.045 1.028 0.027
‘Guadeloupe’”  ‘Americas’ 12.56 1.10 0.093 8.905 1.084 0.078
‘Guam’ ‘Oceania’ 6.43 1.05 0.049 4154 1.038 0.037
‘Guantanamo’ ‘Americas’ 5.21 1.04 0.040 3.367 1.031 0.030
‘Guatemala’ ‘Americas’ 17.56 1.15 0.128 8.187 1.077 0.072
‘Guernsey’ ‘Europe’ 5.82 1.05 0.044 2.966 1.027 0.027
‘Guinea’ ‘Africa’ 164.13 3.59 0.722 62.714 1.767 0.434
unea- ‘Africa’ 137.54 2.92 0.657 53.267 1622 0383
‘Guyana’ ‘Americas’ 11.98 1.10 0.089 4.559 1.042 0.041
‘Haiti’ ‘Americas’ 20.61 1.17 0.148 10.398 1.099 0.090
:Flézi?gliz ‘Africa’ 81.17 1.88 0.469 27.208 1.280 0.219
‘Heard Island
Mc]?)rg)ial 4 ‘Antarctica’ 9.48 1.08 0.071 5.636 1.052 0.050
Islands’
‘Holy See’ ‘Europe’ 11.45 1.09 0.085 6.674 1.062 0.059
‘Honduras’ ‘Americas’ 14.90 1.12 0.110 6.093 1.057 0.054
‘Hong Kong’ ‘Asia’ 5.20 1.04 0.040 3.335 1.031 0.030
‘Hungary’ ‘Europe’ 11.07 1.09 0.083 5.377 1.050 0.048
“Tceland’ ‘Europe’ 5.28 1.04 0.040 2.021 1.019 0.018
Trf;rglle ‘Africa’ 48.24 1.46 0.313 20.156 1.201 0.167
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Name  Continent  Dustryy N M Mpa M Dty Sl A
‘India’ ‘Asia’ 69.90 1.72 0.420 37.414 1.404 0.288
‘Indonesia’ ‘Asia’ 12.59 1.10 0.093 5.108 1.047 0.045
Eﬁ‘uglsilcag‘fi)? ‘Asia’ 73.79 1.78 0.437 20.245 1.202 0.168
‘Iraq’ ‘Asia’ 93.34 2.07 0.517 27.918 1.288 0.224
‘Ireland’ ‘Europe’ 5.69 1.05 0.043 2.854 1.026 0.026
‘Isle of Man’ ‘Europe’ 5.89 1.05 0.045 3.112 1.029 0.028
‘Israel’ ‘Asia’ 52.21 1.50 0.334 20.843 1.208 0.172
‘Italy” ‘Europe’ 17.60 1.15 0.128 8.682 1.082 0.076
‘Jamaica’ ‘Americas’ 10.48 1.09 0.078 6.724 1.063 0.059
K]:sn}:rnr:E' ‘Asia’ 19.13 1.16 0.138 8.121 1.076 0.071
‘Japan’ ‘Asia’ 18.18 1.15 0.132 8.541 1.081 0.075
‘Jarvis Island”  ‘Americas’ 4.67 1.04 0.036 3.239 1.030 0.029
‘Jersey’ ‘Europe’ 5.88 1.05 0.045 3.049 1.028 0.027
‘Jordan’ ‘Asia’ 58.91 1.58 0.368 20.797 1.208 0.172
‘Kazakhstan’ ‘Asia’ 9.18 1.07 0.069 3.975 1.037 0.035

‘Kenya’ ‘Africa’ 29.46 1.26 0.205 13.416 1.129 0.115
‘Kiribati’ ‘Oceania’ 3.68 1.03 0.028 2.408 1.022 0.022

ourl ‘Asia’ 13.35 111 0.099 6.593 1.062 0.058
‘Kuwait’ ‘Asia’ 124.21 2.63 0.620 38.959 1.424 0.298

‘Kyrgyzstan’ ‘Asia’ 30.35 1.27 0.211 7.543 1.071 0.066
‘Lao People”s
Democratic ‘Asia’ 18.02 1.15 0.131 7.109 1.067 0.062
Republic’

‘Latvia’ ‘Europe’ 7.48 1.06 0.057 3.472 1.032 0.031
‘Lebanon’ ‘Asia’ 45.50 143 0.298 20.442 1.204 0.169
‘Lesotho’ ‘Africa’ 6.16 1.05 0.047 2.950 1.027 0.026

“Liberia’ ‘Africa’ 130.86 2.77 0.639 51.777 1.600 0.375

?;'2’;‘;‘1 ﬁ;:b ‘Africa’ 43.39 140 0.287 10.763 1103 0.093
‘Liechtenstein”  ‘Europe’ 6.65 1.05 0.050 3.826 1.035 0.034
‘Lithuania’ ‘Europe’ 8.99 1.07 0.068 4.405 1.041 0.039
‘Luxembourg’ ‘Europe’ 9.89 1.08 0.074 5.316 1.049 0.047
‘Macao’ ‘Asia’ 5.42 1.04 0.041 3.481 1.032 0.031
‘Madagascar’ ‘Africa’ 6.72 1.05 0.051 3.041 1.028 0.027
Madelra Burope 12.25 110 0.091 5.720 1.053 0.051
‘Malawi’ ‘Africa’ 7.66 1.06 0.058 3.588 1.033 0.032
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Nome  Continent  Dustroy et M AT pustyyy K A A T
‘Malaysia’ ‘Asia’ 14.17 112 0.105 5.000 1.046 0.044
‘Maldives’ ‘Asia’ 2.69 1.02 0.021 1.705 1.016 0.015
‘Mali’ ‘Africa’ 142.64 3.04 0.671 22.370 1.225 0.184
‘Malta’ ‘Europe’ 10.65 1.09 0.080 6.321 1.059 0.056
1;;1?;22211 ‘Oceania’ 5.21 1.04 0.040 3.111 1.029 0.028
‘Martinique”  ‘Americas’ 19.17 1.16 0.139 12.798 1.123 0.110
ali/[gartra: ‘Africa’ 73.24 1.77 0.435 22.625 1.228 0.186
‘Mauritania’ ‘Africa’ 135.17 2.87 0.651 20.785 1.208 0.172
‘Mauritius’ ‘Africa’ 4.69 1.04 0.036 3.055 1.028 0.027
‘Mayotte’ ‘Africa’ 4.46 1.04 0.034 2.835 1.026 0.025
‘Mexico’ ‘Americas’ 15.30 113 0.112 6.952 1.065 0.061
‘Micronesia
(Federated ‘Oceania’ 6.32 1.05 0.048 3.840 1.035 0.034
States of)’
‘Midway Is.  ‘Americas’ 6.52 1.05 0.050 3.840 1.035 0.034
I{i\gzﬁfc";, ‘Europe’ 13.76 111 0.102 7.532 1.071 0.066
‘Monaco’ ‘Europe’ 11.03 1.09 0.082 6.374 1.060 0.056
‘Mongolia’ ‘Asia’ 7.15 1.06 0.054 2.100 1.019 0.019
‘Montenegro’ ‘Europe’ 15.43 1.13 0.113 6.282 1.059 0.055
‘Montserrat’ ‘Americas’ 3.64 1.03 0.028 2.423 1.022 0.022
‘Morocco’ ‘Africa’ 51.68 1.50 0.331 14.064 1.136 0.120
‘Mozambique’ ‘Africa’ 9.58 1.08 0.072 4.569 1.042 0.041
‘Myanmar’ ‘Asia’ 19.20 1.16 0.139 10.693 1.102 0.092
‘Namibia’ ‘Africa’ 7.06 1.06 0.054 2.942 1.027 0.026
‘Nauru’ ‘Oceania’ 4.59 1.04 0.035 3.192 1.029 0.029
‘Nepal’ ‘Asia’ 34.37 1.31 0.235 19.469 1.193 0.162
‘Netherlands’ ‘Europe’ 8.84 1.07 0.067 4.710 1.044 0.042
'Nztflﬁﬂ:;}ds ‘Americas’ 13.64 111 0.101 9.066 1.086 0.079
Caizlle;ia' ‘Oceania’ 6.69 1.05 0.051 3.786 1.035 0.034
Zei‘;;v v ‘Oceania’ 7.01 1.06 0.053 2.835 1.026 0.025
‘Nicaragua’  ‘Americas’ 11.73 1.10 0.087 4.956 1.046 0.044
‘Niger’ ‘Africa’ 117.53 2.50 0.600 15.024 1.146 0.127
‘Nigeria’ ‘Africa’ 173.21 3.85 0.741 40.160 1.440 0.305
‘Niue’ ‘Oceania’ 423 1.03 0.032 2478 1.023 0.022
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Country . RRpa1 All AT o1a1 All RRppm All ATgpym All
Name Continent Dustrotal Cause Cause Dustem Cause Cause
Norfolk ‘Oceania’ 5.34 1.04 0.041 3.319 1.031 0.030
Island
‘Northern
Mariana ‘Oceania’ 5.64 1.04 0.043 3.853 1.036 0.034
Islands’
‘Norway’ ‘Europe’ 2.13 1.02 0.016 0.785 1.007 0.007
‘Oman’ ‘Asia’ 118.89 2.52 0.604 40.190 1.440 0.306
‘Pakistan’ ‘Asia’ 123.36 2.61 0.617 41.151 1.453 0.312
‘Palau’ ‘Oceania’ 6.74 1.05 0.051 4.116 1.038 0.037
‘Panama’ ‘Americas’ 10.49 1.09 0.078 4,948 1.046 0.044
PapuaNew . nia’ 8.43 1.07 0.064 2.935 1.027 0.026
Guinea
Paracel ‘Asia’ 3.64 1.03 0.028 2.423 1.022 0.022
Islands
‘Paraguay’ ‘Americas’ 7.23 1.06 0.055 2.230 1.020 0.020
‘Peru’ ‘Americas’ 6.95 1.06 0.053 2.176 1.020 0.020
‘Philippines’ ‘Asia’ 8.09 1.07 0.061 3.896 1.036 0.035
Pitcairn ‘Oceania’ 3.78 1.03 0.029 2272 1.021 0.020
Island
‘Poland’ ‘Europe’ 10.26 1.08 0.077 5.382 1.050 0.048
‘Portugal’ ‘Europe’ 13.06 1.11 0.097 7.026 1.066 0.062
‘Puerto Rico’ ‘Americas’ 14.38 1.12 0.106 9.879 1.094 0.086
‘Qatar’ ‘Asia’ 142.37 3.03 0.670 49.220 1.563 0.360
Republic of ‘Asia’ 3521 1.32 0.240 19.389 1.192 0.161
Korea
‘Reunion’ ‘Africa’ 7.69 1.06 0.058 4.221 1.039 0.038
‘Romania’ ‘Europe’ 12.90 1.11 0.096 6.658 1.062 0.059
Russian | ‘Europe’ 5.25 1.04 0.040 2.335 1.021 0.021
Federation
‘Rwanda’ ‘Africa’ 28.86 1.25 0.201 13.951 1.135 0.119
SaintKitts ) o vicas’ 321 1.03 0.025 2.085 1.019 0.019
and Nevis
‘Saint Lucia’ ‘Americas’ 6.51 1.05 0.049 4.270 1.040 0.038
‘Saint Vincent
and the ‘Americas’ 6.26 1.05 0.048 4.019 1.037 0.036
Grenadines’
‘Samoa’ ‘Oceania’ 2.88 1.02 0.022 1.780 1.016 0.016
‘San Marino’ ‘Europe’ 10.67 1.09 0.080 6.194 1.058 0.055
SaoTome ) piiar 15.46 113 0.113 5.063 1.047 0.045
and Principe
Saudi ‘Asia’ 118.37 2,51 0.602 33.273 1.353 0.261
Arabia
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Name  Continent  Dustryy N M Mpa M Dty Sl A
‘Senegal’ ‘Africa’ 155.69 3.36 0.703 39.849 1.436 0.303
‘Serbia’ ‘Europe’ 15.72 1.13 0.115 7.809 1.073 0.068
‘Seychelles’ ‘Africa’ 4.25 1.03 0.033 2.944 1.027 0.026
‘Sierra Leone’ ‘Africa’ 142.32 3.03 0.670 62.647 1.766 0.434
‘Singapore’ ‘Asia’ 15.09 1.12 0.111 7.493 1.070 0.066
‘Slovakia’ ‘Europe’ 12.19 1.10 0.091 5.772 1.054 0.051
‘Slovenia’ ‘Europe’ 14.71 1.12 0.108 5.486 1.051 0.049
?:11;’;3‘;“ ‘Oceania’ 4.84 1.04 0.037 2277 1.021 0.020
‘Somalia’ ‘Africa’ 44.10 141 0.291 20.740 1.207 0.172
‘South Africa’ ‘Africa’ 7.89 1.06 0.060 4.236 1.039 0.038
‘South
Georgia & the
South Antarctica’ 12.34 1.10 0.092 5.601 1.052 0.050
Sandwich
Islands’
‘South Sudan’ ‘Africa’ 46.92 1.44 0.306 17.743 1.175 0.149
‘Spain’ ‘Europe’ 13.66 1.11 0.101 6.586 1.062 0.058
Iilf; f:llz ‘Asia’ 3.73 1.03 0.029 2171 1.020 0.020
‘Sri Lanka’ ‘Asia’ 17.20 1.14 0.125 9.438 1.089 0.082
‘Sudan’ ‘Africa’ 71.01 1.74 0.425 16.494 1.161 0.139
‘Suriname’ ‘Americas’ 9.45 1.08 0.071 3.308 1.030 0.030
‘Swaziland’ ‘Africa’ 16.78 1.14 0.123 11.123 1.106 0.096
‘Sweden’ ‘Europe’ 2.05 1.02 0.016 0.825 1.008 0.007
‘Switzerland’ “Europe’ 9.97 1.08 0.075 3.860 1.036 0.034
ISI{ZE;‘bIEZ?b ‘Asia’ 50.85 1.49 0.327 20.588 1.205 0.170
‘Taiwan’ ‘Asia’ 13.26 1.11 0.098 8.134 1.077 0.071
‘Tajikistan’ ‘Asia’ 49.83 1.47 0.322 10.847 1.103 0.094
‘Thailand’ ‘Asia’ 17.90 1.15 0.130 9.181 1.087 0.080
M;Iigéiia’ ‘Europe’ 19.48 1.16 0.141 9.798 1.093 0.085
‘Timor-Leste’ ‘Asia’ 10.35 1.08 0.077 5.781 1.054 0.051
“Togo’ ‘Africa’ 161.56 3.52 0.716 53.484 1.625 0.385
“Tokelau’ ‘Oceania’ 2.93 1.02 0.023 2.049 1.019 0.018
“Tonga’ ‘Oceania’ 5.99 1.05 0.046 3.397 1.031 0.030
'Tr?;gjgo’i‘nd ‘Americas’ 18.98 1.16 0.137 12.275 1.118 0.105
“Tunisia’ ‘Africa’ 39.60 1.36 0.265 12.848 1.124 0.110
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Table Al. Cont.

Country . RRpa1 All AT o1a1 All RRppm All ATgpym All
Name Continent Dustrotal Cause Cause Dustem Cause Cause
‘Turkey’ ‘Asia’ 24.85 1.21 0.176 10.852 1.104 0.094
‘“Turkmenistan’ ‘Asia’ 36.11 1.32 0.245 10.386 1.099 0.090
“Turks and
Caicos ‘Americas’ 5.73 1.05 0.044 3.697 1.034 0.033
Islands’
‘Tuvalu’ ‘Oceania’ 4.47 1.04 0.034 3.049 1.028 0.027
“U.K. of Great
Britainand g o 6.42 1.05 0.049 2.953 1.027 0.026
Northern
Ireland’
‘Uganda’ ‘Africa’ 27.78 1.24 0.195 12.672 1.122 0.109
‘Ukraine’ ‘Europe’ 12.56 1.10 0.093 6.618 1.062 0.058
United Arab ‘Asia’ 142.48 3.03 0.670 49539 1.568 0.362
Emirates
‘United
Republic of ‘Africa’ 13.77 1.11 0.102 5.994 1.056 0.053
Tanzania’
United States - cag’ 6.52 1.05 0.050 2.887 1.027 0.026
of America
‘United States
Virgin ‘Americas’ 3.14 1.02 0.024 2.007 1.018 0.018
Islands’
‘Uruguay’ ‘Americas’ 9.50 1.08 0.071 3.128 1.029 0.028
‘Uzbekistan’ ‘Asia’ 32.73 1.29 0.225 10.204 1.097 0.088
‘“Vanuatu’ ‘Oceania’ 5.62 1.04 0.043 2.894 1.027 0.026
“Venezuela’ ‘Americas’ 14.19 1.12 0.105 6.288 1.059 0.055
“Vietham’ ‘Asia’ 23.97 1.21 0.170 11.250 1.107 0.097
‘West Bank’ ‘Asia’ 60.54 1.60 0.376 23.916 1.242 0.195
Western ‘Africa’ 77.87 1.83 0.455 17.646 1.174 0.148
Sahara
“Yemen’ ‘Asia’ 115.20 2.45 0.592 34.769 1.371 0.271
‘Zambia’ ‘Africa’ 6.14 1.05 0.047 3.159 1.029 0.028
‘Zimbabwe’ ‘Africa’ 9.85 1.08 0.074 5.653 1.053 0.050
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