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A B S T R A C T

Background: Desert dust and sandstorms raise concerns about their adverse effects on human health. Over the last
decade, special attention has been given to mineral dust particles from desert sand. However, evidence from
previous literature reviews has yielded inconclusive results regarding their health effects. We aim to systemat-
ically synthesize evidence on the short-term health effects of desert dust exposure from major dust source areas.
Methods: The bibliographic search was conducted using the MEDLINE (PubMed), Scopus, and Web of Science
databases to investigate the health effects of short-term exposure to desert dust in human populations, using time
series or case-crossover study designs. Study selection and reporting followed the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines. We evaluated the risk of bias (RoB) for individual
studies and the certainty of evidence (CoE) for environmental exposures, as developed by a group of experts
convened by the World Health Organization (WHO). Publication bias was examined using funnel plots and
Begg’s asymmetry test.
Results: A total of 71 studies were included in the review, covering data from 1993 to 2024. Most studies focused
on Asian and African desert dust, with fewer studies from Arabian, American, and Australian regions. We found a
significant increase in the risk for all-cause mortality (Relative Risk, RR = 1.0121, 95 %CI = [1.0045, 1.0199]).
In addition, the mortality risk associated with particulate matter less than 10 μm (PM10) was slightly higher on
dust days compared to non-dust days, while for particulate matter less than 2.5 μm (PM2.5), the risk was higher
on non-dust days. We also observed a significant increase in the risk for cardiovascular mortality (RR = 1.0252,
95 % CI = [1.0100, 1.0407]) during dust days compared to non-dust days, but not for respiratory mortality (RR
= 1.0001, 95 % CI = [0.9773, 1.0277]). The risk also increased for cardiovascular (RR = 1.0094, 95 % CI =
[1.0014, 1.0174]) and respiratory morbidity (RR = 1.0693, 95 % CI = [1.0188, 1.1224]).

Abbreviations: AQGs, WHO Air Quality Guidelines; CoE, Certainty of Evidence; GAPH-TAG, WHO Global Air Pollution and Health Technical Advisory Group;
GDG, WHO Guideline Development Group; GRADE, Grading of Recommendations Assessment, Development and Evaluation; HR, Hazard Ratio; ICD-9, International
Classification of Diseases, 9th Revision; ICD-10, International Classification of Diseases, 10th Revision; OR, Odds Ratio; PECOS, Population, Exposure, Comparator,
Outcomes, and Studies; PM, Particulate matter; PM2.5, Particulate matter with a diameter of 2.5 µm (μm) or less; PM10, Particulate matter with a diameter of 10 µm
(μm) or less; PM2.5-10, Particulate matter with a diameter between 2.5 and 10 µm (μm); PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-An-
alyses; RoB, Risk of Bias; RR, Relative Risk; SPM, Suspended particulate matter; WHO, World Health Organization; 95% CI, 95% Confidence Interval.
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Conclusion: Exposure to desert dust and sandstorms is linked to increased risks of all-cause and cardiovascular
mortality, as well as respiratory morbidity. The overall evidence quality for each exposure-outcome combination
was assessed as moderate, although data limitations prevent the establishment of specific air quality thresholds
for desert dust particles. This review highlights the need for targeted public health interventions in affected
regions.

1. Introduction

Desert dust and sandstorms play a significant role in weather,
climate, and atmospheric chemistry, representing severe environmental
and human health hazards (de Longueville et al., 2013; Mahowald et al.,
2010). Typically, desert dust refers to particulate matter (PM) emitted
from the surface of arid and semi-arid regions. Desert dust significantly
impacts air quality in areas close to the emission sources and over re-
ceptor regions thousands of kilometres distant (Ginoux et al., 2012;
Prospero, 2002). For desert dust to be suspended and transported over
long distances, it must have a relatively fine diameter, typically within
the clay (<2 µm) and silt (<50 µm) size fractions. Additionally, sand
refers to sediment particles ranging from 50 to 2,000 µm in size and
plays a significant role in generating dust during dust storms by eroding
surfaces and through the saltation of sand particles. The influence of
dust episodes on air quality is a complex issue. Desert dust can increase
ambient PM concentrations by supplying large loads of mineral or
crustal dust. Moreover, desert dust can carry anthropogenic pollutants
previously deposited in the source areas or trapped by the high-dust air
masses during atmospheric transport (Mori et al., 2003; Rodríguez et al.,
2011). It can also transport large quantities of microorganisms and toxic
biogenic allergens (Griffin et al., 2001; Ho et al., 2005).
Toxicological studies have shown that sand dust particles can induce

inflammatory lung injury and exacerbate allergen-induced nasal and
pulmonary eosinophilia (Ichinose et al., 2006; Sadakane et al. 2016;
Fussell and Kelly, 2021). Findings from an in vitro study also suggests
that substantial quantities of suspended dust during sandstorms could
interact with chemicals present on its surface, potentially increasing the
bioreactivity of PM during dust episodes (Ho et al., 2019). Additionally,
mineral dust surface reactions have been observed to serve as an un-
recognized source of toxic organic chemicals in the atmosphere, thereby
enhancing the toxicity of aerosols in urban settings (Kameda et al.,
2016).
Among the previously existing reviews, two were conducted at the

regional scale (Karanasiou et al., 2012 focused on Saharan dust, and
Hashizume et al., 2020 on Asian dust), while another two reviews were
conducted at the global scale (de Longueville et al., 2013; Zhang et al.,
2016). Although these studies claimed to have systematically reviewed
the literature, only Hashizume et al. (2020) defined an appropriate
research question based on a well-defined Population, Exposure,
Comparator, Outcomes, and Studies (PECOS) framework that allowed
for a meta-analysis and assessed the risk of bias using adapted National
Institute of Health framework for observational cohort and cross-
sectional Studies. Moreover, none of them developed a protocol or
evaluated the certainty of the evidence using the Grading of Recom-
mendations Assessment, Development, and Evaluation (GRADE) or a
similar approach. Furthermore, none of these reviews accounted for the
desert dust exposure assessment methods and metrics. Depending on the
dust exposure metric, whether binary or continuous, the research
questions addressed by the individual studies are different, and study
results need to be pooled separately according to each metric (Tobías
and Stafoggia 2020).
A recent scoping review by the World Health Organization (WHO)

Global Air Pollution and Health-Technical Advisory Group (GAPH-TAG)
on desert dust, sandstorms, and health aimed to identify the most
probable health effects of desert dust and sandstorms based on existing
epidemiological literature (Lwin et al., 2023). All reviewed studies
focused on the short-term health effects of desert dust, with most

employing time-series or case-crossover study designs (75 %). Mortality
and morbidity outcomes, such as hospital admissions, emergency room
visits, and ambulance calls, were the most studied (72 %). Among these,
all-cause mortality and cause-specific mortality for cardiovascular and
respiratory diseases, along with morbidity for cardiovascular and res-
piratory diseases, were the most frequently evaluated outcomes (86 %)
(Lwin et al., 2023). This scoping review provided valuable insights to
refine the PECOS framework and update the protocol for this systematic
review (Tobias et al., 2019).
This study aims to summarize the evidence on the primary effects of

desert dust and sandstorms on cause-specific mortality and morbidity
outcomes, while considering appropriate study designs and major dust
source regions. The conclusions from this systematic review are inten-
ded to enhance the understanding of the short-term health effects of
desert dust.

2. Methods

2.1. Protocol and registration

The systematic review protocol was developed according to discus-
sions at the 3rd Meeting of the WHO Global Platform on Air Quality and
Health (Madrid, Spain, March 2017) – a predecessor of the GAPH-TAG.
The protocol for this study was registered in PROSPERO
(CRD42018091809) and published elsewhere (Tobias et al., 2019).
Later, the study protocol was amended according to the findings from
the scoping review conducted by members of the WHO GAPH-TAG on
desert dust, sandstorms and health (Lwin et al., 2023) (Table A.1, Sup-
plementary Data, Appendix). The reporting of this systematic review
complies with the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) standards (Page et al., 2021). The PRISMA
checklist for this study can be found in Table A.2 (Supplementary Data,
Appendix).

2.2. Research question

A summary of the PECOS question (Morgan et al., 2018) is presented
below:
Population: Among human population, what is the effect of
Exposure: Short-term exposure to desert dust versus
Comparator: Non-exposure or exposure to lower (or the lowest)

levels of desert dust on
Outcomes: All-cause mortality and cause-specific mortality due to

cardiovascular and respiratory diseases, and morbidity due to cardio-
vascular and respiratory diseases.
Studies: Ecological time-series or case-crossover studies.

2.3. Study eligibility criteria

Table 1 lists the eligibility criteria for the studies, in relation to the
population, exposure, comparator, outcome and study type elements.
Where data from the same study population, with complete

geographical and temporal overlap, was reported in multiple publica-
tions, only the largest and the most complete study was included to
avoid double counting. Moreover, multi-city studies were preferred over
single-city studies. When multiple lag estimates were reported in the
studies, we followed the framework proposed by Atkinson et al. (2014)
to maintain consistency with previously published systematic reviews
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used in the update of the WHO AQGs (Lee et al. 2020; Orellano et al.,
2020, 2021; Zheng et al., 2021). We extracted all the lag estimates re-
ported in each study. For the meta-analysis, we selected the most
frequently used lag across all included studies (lag 0 in this systematic
review). While single lags were included, cumulative or distributed lags
were not considered.

2.4. Study search and selection

We searched the literature for studies matching the study eligibility
criteria in the Medical Literature Analysis and Retrieval System Online
(MEDLINE) via PubMed, Scopus via Elsevier, and the Web of Science.
The search strategy was developed in collaboration with a health sci-
ences librarian specializing in systematic search procedures, retrieving
eligible published studies up to 1st December 2024. The search strate-
gies applied to each bibliographic database are reported in Table A.3
(Supplementary Data, Appendix). Two reviewers independently
screened the titles and abstracts. All studies were classified for inclusion
or exclusion based on the eligibility criteria listed in Table 1 and checked
for duplicates. Full-text articles were retrieved if the study’s relevance
was unclear from the title and abstract, and the relevant studies were
further confirmed for inclusion through full-text review. A third
reviewer was available to resolve discrepancies between reviewers.

2.5. Risk of bias assessment

We used the domain-based risk of bias (RoB) tool to assess the quality
of evidence across studies for associations between specific air pollut-
ants and adverse health outcomes. This tool was developed by a group of
experts convened by the WHO in the context of the 2021 update of the
air quality guidelines (AQGs). A detailed description of this tool can be
found on the WHO/Europe website (World Health Organization,
2020a). Briefly, the RoB tool includes domains with one or more sub-
domains on confounding, selection bias, exposure assessment, outcome
measurement, missing data, and selective reporting. Each domain and

subdomain could be judged as having low, moderate, or high RoB.

2.6. Data synthesis and statistical analysis

The relative risk (RR) was used as the standard effect measure of
association across studies. The odds ratio, if reported, was considered
equivalent to RR, as stated in the protocol. Meta-analysis input data was
estimated and reported as RR. When reporting the effects of any par-
ticulate matter (PM) fraction, the RR was standardized for an increment
of 10 μg/m3. The measure of association from individual studies was
summarized using random-effects meta-analysis (DerSimonian and
Laird, 1986). We conducted a meta-analysis for mortality and morbidity
outcomes when at least three studies were available to ensure the reli-
ability of the pooled estimate on a specific health outcome (Borenstein
et al., 2009).
Independent meta-analyses were conducted separately depending on

how exposure to desert dust was measured in each study (Tobias and
Stafoggia, 2020). Desert dust exposure can be assessed using two pri-
mary approaches. The binary metric classifies days as either impacted by
a dust event (dust days) or not (non-dust days). In epidemiological
studies, it is typically used as a risk factor, comparing the occurrence of
health outcomes on dust days versus non-dust days. However, some
studies have also employed this metric as an effect modifier, examining
whether the association between daily total PM concentrations and
health outcomes differs on dust days compared to non-dust days. The
continuous metric quantifies the amount of dust in the air from desert
sources contributing to daily PM concentrations (Querol et al., 2019). It
enables us to evaluate whether health outcomes are associated with the
specific fraction of PM originating from desert dust sources.
Subgroup analyses were conducted by age group, whenever data

became available in the individual studies, and by the desert origin of
dust exposure, as the composition of dust particles is indeed different
due to the geological and climatic conditions of each desert (Querol
et al., 2019). We further conducted a sensitivity analysis for each com-
bination of desert exposure and health outcome by excluding the studies
with a high RoB in any of the domains of the RoB tool.
Statistical heterogeneity of the effect estimates between studies

included in the meta-analysis was assessed using the Cochran Q test for
heterogeneity and the I2 statistic (Higgins and Thompson, 2002). Pub-
lication bias was evaluated when at least ten studies were included in the
meta-analysis using funnel plots and Begg’s asymmetry test (Begg and
Mazumdar, 1994). All analyses were conducted using Stata Statistical
Software, release 17 (Stata Corp, College Station, TX, 2021).

2.7. Certainty of evidence

The certainty of evidence (CoE) was assessed using an adaptation of
the grading of recommendations assessment, development, and evalu-
ation (GRADE) approach for air quality and health studies, developed by
a group of experts convened by the WHO in the context of the 2021
AQGs update (Morgan et al., 2016; World Health Organization, 2020b).
Briefly, this approach implies that observational studies are always at
risk of unmeasured confounding. Therefore, the level of evidence started
with moderate CoE and was potentially downgraded according to the
domains of limitations in studies, indirectness, inconsistency, impreci-
sion, and publication bias. Subsequently, the domains of large effect
size, confounding, and concentration–response gradient were examined,
allowing for the upgrading of the CoE if appropriate. Some domains of
this tool were evaluated using results of the RoB, heterogeneity, and
publication bias, as previously described in the methodology.
Domains used to downgrade the level of evidence.
Limitations in studies: The evidence was downgraded if there were

statistical differences between studies showing high versus moderate or
low RoB in the sensitivity analysis. If the sensitivity analysis for RoB
showed a considerable influence on the pooled effect-size, the conclu-
sions were based on the high-quality studies only, and the evidence was

Table 1
Eligibility criteria.

Population Inclusion: Human population of all ages from developed and
developing countries living in areas exposed to desert dust in both
urban and rural settings. We have not imposed geographical
restrictions. Exclusion: Studies analyzing populations with complete
geographical and temporal overlap, in order to avoid double-
counting of participants.

Exposure Inclusion: We considered short-term exposure, from the same day of
the exposure up to one week after exposure to desert dust
characterized using a binary metric, distinguishing days affected by
dust events and days not affected by dust events, or using a
continuous metric, quantifying the amount of desert dust in daily PM
concentrations. Desert dust exposure can be measured by source
apportionment, component analysis, particle size and composition,
use of weather data and back trajectories, or any other suitable
method. Exclusion: Long-term exposure to desert dust.

Comparator Inclusion: The exposure to desert dust should be compared with non-
exposure to desert dust (binary metric) or exposure to lower
concentrations of desert dust (continuous metric) within the same
population.

Outcome Inclusion: Mortality for all-natural causes (International
Classification of Diseases 9th revision (ICD-9): 001–799,
International Classification of Diseases 10th revision (ICD-10): codes
A00–R99) and cause-specific for all cardiovascular (ICD-9: 390–459,
ICD-10: I00-I99) and respiratory diseases (ICD-9: 460–519, ICD-10:
J00-J99), and morbidity from hospital admissions and visits,
emergency room visits, and ambulance calls for all cardiovascular
and respiratory diseases. Exclusion: Other causes of mortality and
morbidity.

Study type Inclusion: We included epidemiological studies in human
populations using ecological time-series and case-crossover study
designs. Exclusion: Any other individual epidemiological design
examining long-term association and qualitative studies.
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not downgraded.
Indirectness: The evidence was not downgraded based on this

domain, as the PECOS question in the included studies always reflected
the PECOS systematic review.

Inconsistency: The evidence was downgraded if severe heterogeneity
was detected, when the prediction interval of the random-effects meta-
analysis included unity and was more than twice the meta-analytical
confidence interval.

Imprecision: The evidence was downgraded if the health events
(deaths and hospitalizations) used when calculating the pooled effect
size was below 100,000. This number is lower than the value proposed
in the adapted GRADE approach (World Health Organization 2020b),
because that value was calculated for RR in long-term studies. We
defined our own cut-off point for short-term studies, using data from two
selected multi-city studies (Lee at al., 2014; Stafoggia et al., 2016), in
which significant positive effect sizes were found considering approxi-
mately 100,000 health events or less. The rationale behind this
reasoning is that if the number of events is sufficient for a given study to
derive significant effect sizes, the same number will be adequate for
meta-analysis.

Publication bias: The evidence was downgraded if publication bias

was detected by visual inspection of the funnel plots or through the
Begg’s test.
Domains used to upgrade the level of evidence:
Large effect size: The magnitude of the effect size was assessed by

calculating the E-value (E − value = RR +
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
RR× (RR − 1)

√
). The E-value

quantifies the minimum strength of association as RR that an unmea-
sured confounder must have to negate the observed exposure-outcome
association. The evidence was upgraded if the E-value was substan-
tially larger than the anticipated effect of a significant unmeasured
confounder.

Confounding: The evidence was not upgraded using this domain, as
several potential confounders could shift the RR in both directions.

Concentration-response gradient: The evidence was upgraded if a
concentration–response association was observed, either linearly or
non-linearly.
Finally, the overall CoE was rated as high, indicating that further

research is unlikely to change confidence in the effect size estimate;
moderate, indicating that further research is likely to have a substantial
impact on the confidence in the effect size estimate; low, suggesting that
further research is very likely to have a substantial impact on the con-
fidence in the effect size estimate; or very low, meaning that the effect

Fig. 1. PRISMA flowchart of assessment of eligible studies.
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size is highly uncertain (World Health Organization, 2020b).

3. Results

3.1. Studies included

The search through electronic databases yielded 592 studies. After
removing duplicates, 495 studies were screened by title and abstract.
From these, 86 studies were selected for retrieval, but 2 could not be
accessed. Therefore, 84 studies were ultimately assessed for eligibility
and selected for a full-text assessment. We finally included 71 studies in
the systematic review (Fig. 1).
The included studies analyzed time-series data spanning from 1993

to 2024, focusing on the association between desert dust exposure and
various health outcomes. Of these, 34 studies examined all-cause mor-
tality, 28 cardiovascular mortality, 25 studies respiratory mortality, 18
studies cardiovascular morbidity, and 29 studies respiratory morbidity.
Most studies focused on Asian dust originating from the Gobi and
Taklamakan deserts in western China and Mongolia (n = 33). African
dust storms from the Sahara Desert (n = 24) were studied in regions far
beyond the source, mostly in Southern Mediterranean countries but also
a few in the Caribbean. Fewer studies examined dust from the Arabian
Desert (n = 8), while other studies focused on local deserts in Australia
(n = 3) and America (n = 3) (Fig. A.1, Supplementary Data, Appendix).
Ten articles presented results from multi-location studies, whereas the
remaining studies focused on single locations.
Detailed information from the included studies is provided in Table

A.4 (Supplementary Data, Appendix).

3.2. Risk of bias

In two out of six domains, selection bias and selective reporting, the
RoB was found to be low or moderate (Fig. 2). In the confounding,
exposure assessment, outcome measurement domains, a non-negligible
proportion of articles were found to have high RoB. The confounding
domain showed 12.7 % of the studies with a high RoB. The main reason
for the high RoB was the lack of proper adjustment for critical con-
founders in the time-series design (i.e., long-term trend and seasonality,
and weather variables). The exposure assessment domain showed 7 %
with high RoB, mainly because those studies did not report the method

used to assess desert dust exposure. The outcome assessment domain
showed 2.8 % with high RoB, due to the studies that did not use the ICD
or another known standard for cause-specific mortality. Finally, the
missing data domain showed 29.5 % with high RoB. The reasons for the
high RoB were related to the lack of information on the number of
missing values in the exposure data, the absence of information
regarding imputation methods, or when the number of missing data for
the exposure was higher than 5 %.
We also explored the RoB distribution across domains within each

exposure-outcome combination, which was relatively homogeneous,
indicating a consistent pattern of RoB.
The RoB reporting per item and domain in the individual studies,

along with the rationale to justify each judgment, is available in Table
A.5 (Supplementary Data, Appendix).

3.3. Meta-analysis

Table 2 reports the meta-analytical estimates of the associations
between desert dust, as a binary exposure, and the study outcomes.
Results are expressed as RR of the health outcomes on dust compared to
non-dust days. The forest plots for these meta-analyses are shown in Fig.
A.2 (Supplementary Data, Appendix). The mortality risk increased
significantly by 1.12 % on dust days (RR = 1.0121, 95 % CI = [1.0045,
1.0199], n = 26, I2 = 26.1 %) compared to non-dust days.
However, in five studies the binary desert dust exposure was used as

an effect modifier, evaluating whether the association between all-cause

Fig. 2. Summary of the risk of bias assessment.

Table 2
Summary of meta-analytical estimates for the risk of mortality and morbidity
outcomes for dust days compared to non-dust days.

Outcome N RR (95 % CI) p-value I2 (%)

Mortality
All-cause 26 1.0121 (1.0045 , 1.0199) 0.0019 26.1
Cardiovascular 22 1.0252 (1.0100 , 1.0407) 0.0011 21.0
Respiratory 20 1.0001 (0.9773 , 1.0277) 0.9918 28.3
Morbidity
Cardiovascular 4 1.0094 (1.0014 , 1.0174) 0.0204 0.0
Respiratory 9 1.0693 (1.0188 , 1.1224) 0.0067 81.9

RR, Relative Risk for dust days compared to non-dust days; N, number of effect
sizes included in the meta-analysis.
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mortality and daily concentrations of PM differs between dust days and
non-dust days (Fig. A.4, Supplementary Data, Appendix). A 10 µg/m3

increase in PM10 was associated with a 0.9 % mortality risk during dust
days (RR = 1.0119, 95 % CI [0.9981, 1.0201], I2 = 89.6 %) and 0.74 %
on non-dust days (RR= 1.0074, 95 % CI [1.0029, 1.0120], I2= 36.7 %).
No increase in mortality risk was observed for a 10 µg/m3 increase in
PM2.5 on dust days (RR = 0.9888, 95 % CI [0.9737, 1.0042], I2 = 24.1
%), while the risk was larger on non-dust days (RR = 1.0067, 95 % CI
[0.9917, 1.0219], I2 = 71.1 %).
Moreover, the mortality risk for cardiovascular diseases increased

significantly by 2.52 % on dust days (RR = 1.0252, 95 % CI = [1.0100,
1.0407], n = 22, I2 = 21 %) compared to non-dust days. In contrast, the
mortality risk for respiratory causes did not show a significant increase
(RR = 1.0001, 95 % CI = [0.9773, 1.0277], n = 20, I2 = 28.3 %).
For morbidity outcomes, the risk increased significantly by 0.94 %

for cardiovascular diseases (RR = 1.0094, 95 % CI = [1.0014, 1.0174],
n= 4, I2= 0 %) and by 6.93 % for respiratory diseases (RR= 1.0693, 95
% CI = [1.0188, 1.1224], n = 9, I2 = 78.0 %).

3.4. Subgroup and sensitivity analyses

We performed subgroup analyses by age group for the mortality
outcomes (Fig. A.4, Supplementary Data, Appendix). We did not find a
substantial difference in the risk of all-cause mortality between pop-
ulations older than 65/75 years (RR = 1.0105, 95 % CI = [0.9979,
1.0233], n = 17, I2 = 42.6 %) and those younger than 65/75 years (RR
= 1.0094, 95 % CI = [0.9987, 1.0203], n = 18, I2 = 0 %). However, the
risk of cardiovascular mortality was significantly higher in the older

population (RR = 1.0255, 95 % CI = [0.9859, 1.0666], n = 5, I2 = 41.7
%) compared to the younger (RR= 0.9742, 95 % CI= [0.9334, 1.0167],
n= 4, I2= 0%). Similarly, the risk of respiratory mortality was higher in
the older population (RR = 1.0430, 95 % CI = [0.9058, 1.2010], n = 3,
I2 = 68.1 %) than in the younger (RR = 1.010, 95 % CI = [0.8270,
1.2359], n = 3, I2 = 40.6 %).
Moreover, we also conducted subgroup analyses by the origin of the

desert source for the mortality outcomes (Fig. A.7, Supplementary Data,
Appendix). We found a similar risk of all-cause mortality in Asian (RR =

1.0122, 95 % CI = [1.0019, 1.02226], n = 16, I2 = 34 %) and African
dust studies (RR = 1.0185, 95 % CI = [0.9861, 1.0520], n = 3, I2 = 40.9
%), while the risk was lower in Arabian studies (RR= 1.0042, 95 % CI=
[0.9855, 1.0233], n = 3, I2 = 49.2 %). For cardiovascular mortality, the
risk was higher in studies on Asian dust (RR = 1.0312, 95 % CI [1.0140,
1.04898], n = 15, I2 = 20.8 %); however, fewer than three studies were
available for African and Arabian dust. For respiratory mortality, no
significant risk was observed in studies on Asian dust (RR = 0.9950, 95
% CI [0.9620, 1.0292], n = 13, I2 = 32.8 %), and the number of studies
for African and Arabian dust was also fewer than three.
The sensitivity analysis for mortality and morbidity outcomes,

excluding studies with a high risk of bias (RoB) in any domain of the RoB
tool, did not reveal differences between pooled risk estimates based on
only low/moderate RoB studies and those including all studies (Table
A.7, Supplementary Data, Appendix).

3.5. Publication bias assessment

Publication bias was assessed in studies examining mortality

Table 3
Certainty of evidence profile for each exposure-outcome combination.

Exposure –
Outcome

Limitations in
studies

Indirectness Inconsistency Imprecision Publication
bias

Large effect
size

Confounding Concentration-
response gradient

Certainty
of
evidence

Downgrade Upgrade

All-cause
mortality

(0) No
differences
between high
versus low/
moderate
RoB

(0) All
studies were
consistent
with the
PECOS

(0) 80 %
prediction
interval includes
null effect, but is
not twice the
confidence
interval

(0) Large
number of
mortality
counts

(0)
Publication
bias not
detected

(0) Insufficient
data to assess
the impact of
unmeasured
variables

(0) Unknown
direction of
effect of other
confounding

(0) Significant
positive
association, but
CRF not evaluated
because exposure
with a binary
metric

Moderate

Cardiovascular
mortality

(0) No
differences
between high
versus low/
moderate
RoB

(0) All
studies were
consistent
with the
PECOS

(0) 80 %
prediction
interval did not
include unity

(0) Large
number of
mortality
counts

(0)
Publication
bias not
detected

(0) Insufficient
data to assess
the impact of
unmeasured
variables

(0) Unknown
direction of
effect of other
confounding

(0) Significant
positive
association, but
CRF not evaluated
because exposure
with a binary
metric

Moderate

Respiratory
mortality

((0) No
differences
between high
versus low/
moderate
RoB

(0) All
studies were
consistent
with the
PECOS

(0) 80 %
prediction
interval includes
null effect, but is
not twice the
confidence
interval

(0) Large
number of
mortality
counts

(0)
Publication
bias not
detected

(0) Insufficient
data to assess
the impact of
unmeasured
variables

(0) Unknown
direction of
effect of other
confounding

(0) Significant
positive
association, but
CRF not evaluated
because exposure
with a binary
metric

Moderate

Cardiovascular
morbidity

((0) No
differences
between high
versus low/
moderate
RoB

(0) All
studies were
consistent
with the
PECOS

(0) 80 %
prediction
interval did not
include unity

(0) Large
number of
morbidity
counts

(0)
Publication
bias not
evaluated

(0) Insufficient
data to assess
the impact of
unmeasured
variables

(0) Unknown
direction of
effect of other
confounding

(0) Significant
positive
association, but
CRF not evaluated
because exposure
with a binary
metric

Moderate

Respiratory
morbidity

(0) No
differences
between high
versus low/
moderate
RoB

(0) All
studies were
consistent
with the
PECOS

(0) 80 %
prediction
interval includes
null effect, but is
not twice the
confidence
interval

(0) Large
number of
morbidity
counts

(0)
Publication
bias not
evaluated

(0) Insufficient
data to assess
the impact of
unmeasured
variables

(0) Unknown
direction of
effect of other
confounding

(0) Significant
positive
association, but
CRF not evaluated
because exposure
with a binary
metric

Moderate

Certainty of evidence, stating from moderate certainty; () between brackets is the downgrading/upgrading in that domain; CRF: Concentration-response function.
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outcomes. The funnel plots did not show clear evidence of asymmetry,
and this finding was further supported by Begg’s test (Fig. A.9, Sup-
plementary Data, Appendix). However, since the number of studies
examining morbidity outcomes was fewer than ten, assessing publica-
tion bias was not feasible.

3.6. Certainty of the evidence assessment

The CoE produced neither downgrades nor upgrades applied to any
specific domain (Table 3).
No differences were found in the pooled risk estimates when

comparing studies with low/moderate risk of bias (RoB) versus those
with high RoB. All studies were consistent with the PECOS framework
for all dust exposure-health outcome combinations. Publication bias was
not detected in the exposure-outcome combinations that included more
than ten studies. Although significant positive short-term associations
were observed between desert dust and health outcomes, the binary
metric for desert dust exposure did not allow for the assessment of
concentration–response functions.

4. Discussion

This systematic review and meta-analysis of global time-series and
case-crossover studies provides comprehensive evidence on the short-
term health effects of desert dust and sandstorms on all-cause and
cause-specific mortality and morbidity. Unlike earlier reviews, this
systematic review accounts for desert source regions and exposure
metrics, evaluates risk of bias (RoB), and applies the GRADE framework,
offering a more rigorous assessment of the evidence base.
Our findings suggest that exposure to desert dust is associated with

an immediate increase in the risk of all-cause and cardiovascular mor-
tality, but not respiratory mortality, on dust days compared to non-dust
days. Additionally, respiratory morbidity is linked to immediate expo-
sure to desert dust events, whereas the risk of cardiovascular morbidity
is somewhat lower. These findings are consistent with those of a previ-
ous systematic review and meta-analysis conducted for Asian dust
(Hashizume et al., 2020). However, the studies assessing desert dust
exposure with a binary metric that classifies days as either impacted by a
dust event or not, comparing health outcomes on dust days to non-dust
days, while informative, do not allow us to estimate concen-
tration–response functions, as they consider all dust events uniformly
without quantifying the dust load (Tobias and Stafoggia, 2020). More-
over, a few studies in this systematic review used the binary desert dust
exposure as an effect modifier, evaluating whether the association be-
tween PM concentrations and daily all-cause mortality differs between
dust and non-dust days. The meta-analysis results indicate a slightly
higher mortality risk for PM10 on dust days compared to non-dust days.
In contrast, the mortality risk for PM2.5 was larger on non-dust days. A
previous systematic review on ambient dust PM pollution also reported
an increased risk of all-cause mortality associated with PM10 exposure
during dust days (Pouri et al., 2024). However, it did not compare the
mortality risk during non-dust days, failing to explore the potential
modifying role of desert dust on the PM-mortality association. Although
the assumption is that PM composition may vary between these days,
the total PM10 comprises a combination of natural and anthropogenic
sources, even during dust days (Querol et al. 2019). As a result, it be-
comes challenging to attribute health effects solely to one source or the
other by merely categorizing days based on the presence of a dust
episode (Tobias and Stafoggia, 2020). To address this issue, some studies
adopted a different approach by analyzing PM’s fine and coarse fractions
separately. Unfortunately, we could not perform the meta-analysis for
the coarse fraction (PM2.5-10) due to the lack of studies. The use of desert
dust as a continuous exposure metric could enable the estimation of
independent effects for desert dust and non-desert PM sources, as well as
facilitate the estimation of concentration–response functions (Querol
et al., 2019). However, very few studies in this systematic review

quantified desert dust as a continuous exposure, limiting the ability to
perform meta-analysis.
Heterogeneity between studies was generally low for all mortality

outcomes, enhancing the reliability of the results. Moreover, subgroup
analyses suggest that the risk of cardiovascular and respiratory mortality
was significantly higher in the older population. This may be attributed
to the higher prevalence of heart and lung diseases among the elderly
compared to younger age groups. (Shin et al., 2022). Additionally,
studies conducted in receptor areas influenced by Asian or African dust
exhibited higher risk for all-cause mortality compared to those influ-
enced by Arabian dust. Differences in the geological and chemical
composition of dust particles from various source regions may explain
these variations (Querol et al. 2019). Although heterogeneity for car-
diovascular morbidity was low, substantial heterogeneity was observed
for respiratory morbidity. Subgroup analysis could not be performed due
to the limited number of studies. The large heterogeneity observed for
respiratory morbidity may be attributed to the diverse nature of the
included outcomes, such as hospital admissions, clinic visits, emergency
room visits, and ambulance transports. Furthermore, even when using
ICD classification, respiratory morbidity encompasses a wide variety of
conditions, and the variability in severity likely contributes to the
observed differences across studies.
The risk of bias (RoB) in individual studies was relatively high only in

the missing data domain, primarily because several studies did not
report the methods used to impute missing data or specify the propor-
tion or number of missing days for exposure. The exposure assessment
and outcome assessment domains exhibited a high RoB in a few studies
that did not report the methods used for dust exposure assessment or the
ICD codes for the health outcomes. Other domains were relatively
consistent, benefiting from the high standardization of the time-series
regression design adapted from air pollution studies used to assess the
short-term effects of desert dust. The confounding domain was the only
one to influence the RoB in a small proportion of studies. Nevertheless,
the sensitivity analysis excluding studies with a high risk of bias did not
significantly alter the pooled estimates for either mortality or morbidity
outcomes, further reinforcing the reliability of the results. Additionally,
we found no evidence of publication bias, although this assessment was
only possible for mortality outcomes. However, despite observing sig-
nificant short-term associations that increase the risk of mortality and
morbidity outcomes on dust days compared to non-dust days, the use of
a binary metric, as stated earlier, avoided the evaluation of concen-
tration–response functions.
The strengths of this systematic review comprise an inclusion crite-

rion that encompasses various desert dust exposure assessment methods
and metrics, while accounting for major dust source regions and pop-
ulations in both source regions and receptor areas. We also applied a
rigorous assessment of RoB and CoE using tools specifically adapted for
air quality and health studies. These tools were developed by a group of
experts convened by the WHO as part of the 2021 update to the Air
Quality Guidelines (Morgan et al., 2016; World Health Organization,
2020b). The CoE remained consistent throughout the assessment pro-
cess, with neither downgrades nor upgrades applied to any specific
element. The overall quality of the evidence for each exposure-outcome
combination evaluated was assessed as moderate certainty. While a
clear association exists between desert dust exposure and the health
outcomes reviewed, further research is needed to strengthen the evi-
dence base. Nonetheless, there are some limitations that should be
considered. First, most of the studies included in this systematic review
were conducted in dust-affected locations, with limited studies from
source regions. Only one study was conducted inWest Africa, despite the
proximity of the Sahara, and studies in the Middle East were limited to
Iran and Kuwait. To address this gap, more resources should be allocated
to research in these regions, preferably through multi-country collabo-
rative projects (Tobias et al., 2024). Second, the main core of the evi-
dence was derived from studies using a binary metric for desert dust
exposure, with only a few studies employing a continuous metric to
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investigate the health effects of desert dust PM composition. As a result,
concentration–response functions for desert dust exposure could not be
established. Third, we found considerable variation in how results were
reported across studies involving different populations and age groups.
Similarly, the choice of the number of lags evaluated and the lag
structures (e.g., single lags versus averaged lags) made comparisons
challenging. This variation is a common limitation in air pollution time-
series studies (Kim and Lee, 2019). However, in this systematic review,
most of the studies reporting single-lag estimates focused on the im-
mediate effects of desert dust exposure on the same day (i.e., lag 0).
Developing a standardized protocol to ensure consistent definitions and
reporting procedures would help enhance the reliability and compara-
bility of epidemiological time-series studies (Tobias and Stafoggia,
2020).
The findings of this study supported the update of the WHO Global

Air Quality Guidelines, coordinated by the WHO Regional Office for
Europe and the European Centre for Environment and Health. While
limitations in the available data prevented the establishment of specific
AQGs levels for particles originating from desert dust, the results of this
systematic review underscore the need for targeted public health in-
terventions in regions frequently affected by desert dust events. This is
especially important given that the frequency and intensity of desert
dust and sandstorms have increased in recent decades due to land use
and land cover changes, as well as climate-related factors in many
dryland areas (Shukla et al., 2019).

5. Conclusion

This systematic review and meta-analysis provides evidence on the
short-term health effects of desert dust exposure, revealing significant
associations with increased risks of all-cause and cardiovascular mor-
tality, as well as respiratory morbidity. Although current exposure
metrics and limited source-region studies may hinder full attribution
and impede concentration–response analyses, the existing body of evi-
dence supports targeted public health interventions in desert dust-
affected areas. Future research should prioritize continuous exposure
metrics for a better understanding of desert dust PM composition,
broader geographic coverage in source regions, and investigation of the
long-term effects to strengthen air quality guidelines and address the
challenges of desert dust exposure in the current climate change
scenario.
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