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with on the other hand the areas of research interest focused on the desert dust impacts on air quality and/or
human health. Based on a systematic review of the literature using the ISI Web of Knowledge database, we
found 231 articles published over the last decade on the desert dust impacts on air quality. Of these, 48%
concerned Asian dust and 39% Saharan dust, with the remaining 13% divided between the other dust source
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Dust areas. However, only one of these studies addressed the worsening air pollution in West Africa, even though it
Air quality is very close to the Sahara, the greatest contributor to the global dust budget. Moreover, there have been very
Health few studies (41) looking at the direct links between desert dust and human health; in this context too, no
West Africa interest has been shown in West Africa. Yet this region is also among the areas in which morbidity rates have
been noted to be far higher than those found in other regions of the world, and where respiratory infections
alone account for more than 20% of the causes of infant mortality. This survey highlights a clear imbalance
between those areas most exposed to dust and the most studied areas in terms of dust impacts. Given these
findings and the often alarming results published about other regions of the world, we advocate a revival of
interest in research on West Africa in order to achieve a better understanding of the desert dust impacts on air

quality and health among the populations of this region.
© 2010 Elsevier B.V. All rights reserved.
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1. Introduction existence of effects - mostly negative - of the former on the latter

(Kalkstein and Smoyer, 1993; McMichael, 2001). According to Craig
In recent years, links have been established between the natural et al. (1999), the resurgence and redistribution of disease mirror
environment and human health. Today, no doubt remains on the changes in ecological and climatic conditions. It is estimated that 25
to 33% of the global disease burden can be attributed to environmental
. factors (Smith et al., 1999). A great deal of research is being done on
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pozer@ulg.ac.be (P. Ozer). aims to highlight the specific links between the areas that are most
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exposed to desert dust and the areas of interest in the studies about
the desert dust impacts on air quality and human health, with a view
to ascertaining the situation of West Africa in this context.

2. Origin and movement of desert dust

The desert dust source areas and quantification of the emissions are
not a new issue. Previously, several methods were used to identify
these areas: surface dust observations at meteorological stations,
analysis of trajectories using isobar data, and the use of mineral tracers
(Middleton and Goudie, 2001). These techniques are still used and are
undoubtedly useful although limited, notably because of the difficulty
of covering the world's remoter regions and because of the scarcity of
meteorological stations. Other and more recent methods, such as
ground-level observations of the horizontal visibility — which can be
seen as a proxy indicator of dust (N'Tchayi Mbourou et al., 1997), are
often highlighted in the literature (e.g. Anuforom, 2007; Engelstaedter
et al., 2006; Mahowald et al., 2007; Ozer, 2001; Ozer et al., 2006b). But
horizontal visibility also poses some problems, due to the scarcity of
meteorological stations in some regions and the availability of data
collected (Anuforom et al.,, 2007; Ozer et al., 2005). Furthermore,
Mahowald et al. (2007) note that visibility is not necessarily directly
linked to the aerosol concentration, because visibility may be
influenced by humidity, cloud cover and precipitation. They also say
that highly local effects, such as a busy road nearby, can influence
aerosol quantity close to a station. With the relatively recent
developments in remote sensing, and above all the emergence and
use of several tools such as the Total Ozone Mapping Spectrometer
absorbing Aerosol Index (TOMS Al) (Herman et al., 1997) and the
Infrared Difference Dust Index (IDDI) (Legrand et al., 1989), research
on dust emissions and its spatial distribution in the atmosphere has
improved enormously in recent years (Engelstaedter et al., 2006).

Nine regions contribute to the total global production of desert dust
(Fig. 1): North Africa (Sahara), South Africa, the Arabian Peninsula,
Central Asia, Western China, Eastern China, North America, South
America and Australia (Prospero et al., 2002; Tanaka and Chiba, 2006).
Overall, the different models used estimate that global dust emission

varies by a factor of slightly more than two, although extreme values
from 1018 Tg year— ! (Miller et al., 2004) to 3000 Tg year—' (Tegen
and Fung, 1994) have been established over the last 15 years
(Engelstaedter et al., 2006). Estimates of the contribution of the
different source areas vary by study and are more difficult to make,
especially as each source area follows a distinct seasonal cycle
(Engelstaedter and Washington, 2007). However, the studies addres-
sing these problems all agree that North Africa is the main source area
(over 50%) (e.g. Engelstaedter et al., 2006; Ginoux et al., 2004;
Washington et al., 2003). On the other hand, controversial findings
suggest that this area as a whole may be a dust source or that within
this region there are predominant and more persistent areas (mainly
the Bodélé Depression in the Lake Chad Basin, as well as Mali and
Mauritania in the western Sahara), which are essentially uninhabited
arid regions located around the 200-250 mm isohyet (D'almeida,
1986; Middleton and Goudie, 2001; Prospero et al., 2002). Recently,
Tanaka and Chiba (2006) calculated that the Sahara could account for
58% (or almost 1100 Tg year™!) of the total global dust emission.

Fig. 1 shows the location of the nine dust source areas and the
estimated dust emission values, expressed in Tg year ™! (Tanaka and
Chiba, 2006).

Thanks to global dust transport models, the authors were able to
map the trajectories, atmospheric load and the scale of the dust
deposits (Tanaka and Chiba, 2006; Zender et al., 2003). The
association of these models with satellite data appears to be helpful
in determining the regions affected by dust events (Prospero, 1999a).
For several years now, it has been widely accepted that large
quantities of mineral dust are transported over the oceans from arid
continental regions to all the world's regions (Prospero et al., 2002;
Washington et al., 2003). Based on estimates made by Tanaka and
Chiba (2006), Fig. 2 shows the geographical distribution of the desert
dust atmospheric loads, in mg m 2.

The authors distinguish three main trajectories from the North Africa
source area (Middleton and Goudie, 2001). The first is over thousands
of kilometres and crosses the Atlantic Ocean to the United States,
the Caribbean and South America (Chiapello et al., 1995; Ginoux et al.,
2004; Kellogg et al., 2004; Perry et al., 1997); the second carries dust
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Fig. 1. Location of the source areas and scale of the dust emissions.
Adapted from Tanaka and Chiba, 2006.
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to the Mediterranean and Europe (Kellogg et al., 2004; Perez et al., 2008;
Querol et al, 2001); and the third transports dust to the eastern
Mediterranean and the Middle East (Kubilay et al., 2003; Middleton
et al.,, 2008). Each of these trajectories can be seen at a specific period
of the year, with intensity varying annually (Anuforom, 2007).

With a few rare exceptions (e.g. D'Almeida, 1986; McTainsh,
1980), only recently have more authors begun to focus on the
presence of desert dust, its physical characteristics and movement
around the continent of Africa (Resch et al., 2007). Among other
places, the dust is transported from the Sahara to the Gulf of Guinea
by north-easterly trade winds in a south-westerly direction. It can
thus be found specifically in Nigeria, Benin, Togo, Ghana and the Cote
d'lvoire (Sunnu et al., 2008). The dry, dusty wind is one of the
predominant atmospheric phenomena in West Africa, known as the
Harmattan. It blows from late November to March in the sub-region
(Afeti and Resch, 2000). According to D'Almeida (1986), overall 60% of
the total particles from the Sahara Desert are transported to the
Gulf of Guinea. The number of particles, mass distribution, dust flows,
the deposition rate and the mean size of the particles have been
estimated in several countries, especially in Ghana (Afeti and Resch,
2000; Breuning-Madsen and Awadzi, 2005; Resch et al., 2007; Sunnu
et al., 2008), Mali (McTainsh et al.,, 1997) and Nigeria (Anuforom,
2007). These studies show that the dust quantity (which varies from
year to year) is greater in the northern parts of these countries and
that the dust particles become finer in size as they move further south.

3. Impacts of desert dust on air quality

Air pollution has many causes. Purely anthropogenic factors — such
as industry, road traffic and fuelwood in developing countries - all
release polluting particles into the air and contribute to deteriorating
air quality. Moreover dust particles, whether of natural origin and/or
partially human from bush fires or practices that lead to desertifica-
tion, affect air quality (O'Hara et al., 2000; Sunnu et al., 2008; Zender
et al., 2004). Based on measures of horizontal visibility reduced by
mineral dust, the results of a study in Mauritania show that air quality
is seriously degraded following wind erosion processes (Ozer et al.,
2006b). The specific studies on air quality are mainly based on various
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indicators such as the mineral concentrations of SO, NO,, O3, and CO,
in total suspended particulates (TSP), in particulate matter (PM) (e.g.
Baldasano et al., 2003). There are several categories of PM, based on
size criteria. In most cases, the literature refers to PM;o and PM;s.
With this term, the number represents the upper size limit of the
particles included in the categories, expressed in um (micrometres).
These particles vary in their composition, depending on their origin
(Querol et al., 2001). Saharan dust is mainly made up of clay minerals,
quartz, calcium and magnesium carbonates, while particles of
anthropogenic origin seem to be mainly composed of carbon-
containing particles, sulphates and nitrates (Afeti and Resch, 2000;
Rodriguez et al., 2001).

Fig. 3 summarises the air quality standards, defined at the national
level except for the European Union. In the United States, the
Environmental Protection Agency has defined the standards (National
Ambient Air Quality Standards — US EPA NAAQS) for suspended
particles (US EPA, 2006). Until 1986, they were based on the total
suspended particulates (TSP). From 1987, the attention focused on
PMo. Since 1997, the PM, s concentration has been an additional
criterion to the PM;o concentration. In the United States today, the
following standards apply: the acceptable annual mean values of
PM, 5 and PM;, are respectively 15 ug m—> and 50 ug m > and the
mean values over 24 h exceeding respectively 65pugm—> and
150 ug m—> are considered to exceed the standards (Prospero,
1999a). In Europe, the Directive 1999/30/EC (EU, 1999) on air quality
laid down the standards (EU Air Quality Limit Values — EU AQLV),
based exclusively on PM;, concentrations. The annual PM;q concen-
tration must not exceed 40 pg m—> and the daily concentration may
reach a maximum of 50 ug m~>, not to be exceeded more than
35 days per calendar year. From 2010, the standards will be tightened:
previously 40 pg m—>, the annual average PM;, concentration will be
20 pg m > and a daily concentration of up to 50 ug m > must not be
exceeded more than seven days per calendar year (EU, 1999). The
other data have been taken from diverse sources (Australian
Government, Department of the Environment, Water, Heritage and
the Arts, 2005; Aziz, 2006; Baldasano et al., 2003; Bae et al., 2004;
CETESB, 2002; Cicero-Fernandez et al., 2001; Gozun, 2006; Ministry of
Environment. Government of British Columbia, 2006; Ministry of
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Fig. 2. Geographical distribution of the dust atmospheric loads.
Adapted from Tanaka and Chiba, 2006.
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Fig. 3. National (or regional) standards for air quality (PM;j).

Social Development (New Zealand), 2008; Olcese and Toselli, 1998;
Qian et al., 2001). In Fig. 3, if a country only shows the annual average
tolerated PM;o concentration or only the maximum PM;q concentra-
tion in a day, that means we were unable to obtain the other value
or that no standard has been defined.

In Spain, Querol et al. (2001) note that the PM, 5 and PM; levels are
consistent with the daily cycle of gaseous pollutants emitted by traffic.
The same applies to the PM; 5/PM; ratio. However, the TSP and PMq
do not follow the same trend and the PM;, peaks appear to be mainly
recorded during Saharan air intrusions. By comparing the contribu-
tion of Saharan dust with the presence of particles measuring
respectively 10, 5 and 2 pm in Ghana, Sunnu et al. (2008) come to
the same conclusion. That is why we will focus exclusively on PM;q
particles in the rest of this article. The coarse particles (PM;o) seem
capable of being deposited in the bronchial passages and so appear to
have an impact on respiratory conditions, leading to asthma, chronic
obstructive pulmonary disease, pneumonia and other respiratory
tract infections. The finer particles (PM; 5) appear to be more linked to
cardiovascular problems, since they can reach the pulmonary alveoli
(Sandstrom and Forsberg, 2008).

An initial in-depth literature search on the areas of interest in the
studies linking desert dust and air quality was carried out using the ISI
Web of Knowledge database. The following key words were used:
‘PM;o’ AND ‘dust storm?’, ‘sand storm’, ‘African dust’, ‘Saharan dust’,
‘Asian dust’, ‘Yellow dust’ or ‘dust events’, together with an additional
criterion on the publication date of studies (between January 1999
and December 2009). After checking the relevance of each result
obtained, the studies were classified by the dust source area and by
the location of the study area affected by any air degradation. Fig. 4
summarises the information by showing the weight given to the
different areas of interest in the studies on the dust impacts on air
quality with an indication of the desert dust origin. Of the 231
publications selected, 48% deals with Asian dust and 39% with African
dust, while the remaining 13% is divided between the other dust
emission source areas. As regards the distribution of the interest in
areas affected by an increase in the PM; concentration, 109 of the 231
studies (i.e. 47.2%) are on Asia, 81 and 19 studies (i.e. 35.1% and 8.2%)
focus respectively on Europe and the United States, while four or six

papers concern Latin America, the Middle East and Oceania (i.e. 7.4%
for all these areas). Lastly, only three studies (i.e. 1.3%) focused on air
pollution in Africa (Egypt, Tunisia and Mauritania) and the decimal
parts (0.8%) comprise two studies carried out globally.

4. Impacts of desert dust on human health

Airborne dust particles also affect human health, through their
impact on local and regional air qualities (Anuforom et al., 2007;
Sassen et al., 2003). From all the studies cited so far, several mention
the potential effects of dust particles on human health (e.g. Anuforom
et al., 2007; Engelstaedter et al., 2006; Kellogg et al., 2004; Mahowald
et al, 2007; Sassen et al, 2003), but very few of them present
quantitative results.

A second literature review was carried out, again using the ISI Web
of Knowledge database. The objective was to identify all work
presenting specific results on the potential desert dust impacts on
human health. The following key words were entered: ‘Health’,
‘Mortality’, ‘Morbidity’, ‘Respiratory’, ‘Asthma’ or ‘Cardiovascular’ AND
‘dust storm’, ‘sand stormy’, ‘African dust’, ‘Saharan dust’, ‘Asian dust’,
‘Yellow dust’ or ‘dust events’, while keeping the additional criterion
on the publication date of studies (1999-2009). As for the link
between the dust source and air quality, the relevance of each
publication resulting from the set target request was checked. The
studies were then grouped together according to the dust source area
and the location of the area in which various health issues are being
studied. In all, this analysis led to the selection of only 41 publications.
Of these, 29 deal with Asian dust and 9 with African dust, while the
other addressed dust from arid areas of Australia, North America and
the Aral Sea region. Concerning the distribution of the areas of interest
in which the population health effects are studied, 28 of the 41 studies
are about Asia, 5 are on the Caribbean, and 4 studies were done on
Europe and 2 on North America; Australia and the region to the south
of the Aral Sea were the focus of the latter two publications. Fig. 5
summarises the links between the desert dust source areas and the
importance of different areas of interest in studies on the dust impacts
on human health.
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5. Discussion

Figs. 1 and 2 include two noteworthy points: (i) North Africa is the
main dust emission source area, alone responsible for generating over
50% of the total desert dust found in the atmosphere and almost five
times as much as the second biggest source (the Arabian Peninsula)
(Fig. 1); and (ii) although a global transport process affects the vast
majority of the Earth's surface, it appears that the atmospheric loads -
and thus the deposits - are higher when close to the sources. West
Africa is by far the most exposed region to atmospheric dust event
(Fig. 2).

A comparison with Fig. 4 underlines three major findings. The first is
that Asia is the world's most studied region in the literature linking
desert dust and air quality. Half of the relevant publications resulting
from the first request are about the role of Asian dust in the degradation
of air quality in countries on the same continent, mainly China, Taiwan
and South Korea. It appears that the whole of this region is only affected
by Asian dust (Fig. 4), mainly from the Gobi Desert (Prospero et al.,
2002), although this is only the third source area in terms of quantities
emitted, after North Africa and the Arabian Peninsula (Fig. 1). Moreover,
some research has been done on the contribution of this dust to the
degradation of air quality in North America, even though according to
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Fig. 5. Geographical distribution of the studies on human health according to the dust source area.
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Fig. 2 the dust drift from Asia to this continent seems to be limited. The
second finding is that, in terms of dust origin, the second most common
source area in the literature is North Africa. But unexpectedly, the 91
listed studies addressed the effects on air quality mainly in Europe (78
including 48 in Spain alone), the Middle East (4), Latin America and
North America (6), and very few in Africa (3 including 1 in Mauritania, 1
in Egypt and 1 in Tunisia). The third finding is that in spite of the
relatively low quantity of emissions and a more local range for the dust
movements in some source areas, several studies focused on air quality
in regions close to secondary source areas, such as several cases seen on
North America, Australia and Latin America. These three findings
underline an apparent imbalance between the relative importance of
the different source areas and the interest of the scientific community in
air quality in areas close to these sources, which are inevitably more
exposed to the dust. Table 1 shows a comparison of air quality measures
in West Africa with those made in the world's other regions. With the
few studies undertaken in several West African countries, it can be seen
that whichever indicator is used, the PM;q concentration values
recorded or estimated are systematically higher when close to source
areas. No standard has been defined in Africa (Fig. 3), but the values
cited in the studies done in Mali (Gillies et al., 1996; McTainsh et al.,
1997) and more recently in Niger (Ozer, 2005; Ozer et al., 2005) and
Mauritania (Ozer et al,, 2006b) reach levels that far exceed the standards
fixed in any other region of the world (Fig. 3).

A comparison with Fig. 5 raises questions and highlights more
glaring gaps in the scientific research. First, it is clear that only a very
limited number of publications have quantified the direct association
between desert dust and human health. Yet there have been many
studies on the effects of air pollution generally on health. Research can
be divided into studies focused on indoor air pollution and those
addressing outdoor air pollution. The first category is of less interest to
us, as it is not closely linked to the scope of this paper, although it
should be noted that there is plenty of literature on this issue (Bruce
et al, 2000; Ezzati, 2005). The studies generally concentrate on
developing countries, with Africa often as the main focus, in particular
due to the living conditions of the majority of the people there (Ezzati
and Kammen, 2001). Regarding the effects of outdoor pollution, one
can for example refer to Romieu et al. (2002), who counted some 20
studies exclusively addressing urban pollution sources (industrialisa-

tion, road traffic) in South America and, to a lesser extent, in Asia.
Several studies have also been done on outdoor air pollution's effects
on health in sub-Saharan Africa (Bousquet et al., 2003; Fourn and
Fayomi, 2006), although only one of them mentions the potential role
of natural mineral dust (Glew et al., 2004) among the contamination
factors. The second striking point is the complete absence of studies
done in West Africa. Yet, in Asia, previous studies reported a close
association between mineral dust outbreaks and deaths from
cardiovascular and respiratory causes in Seoul, Korea, suggesting
that persons with advanced cardiovascular and respiratory diseases
may be sensitive to dust storms (Kwon et al., 2002). Similar results
were obtained in Taipei, Taiwan, where increases in respiratory
diseases and of the total mortality were of 1.12% and 0.72% per
10ug m— increase in PMo, respectively, during Mongolian dust
outbreaks (Chen et al., 2004). In Central China, dust events have been
seen as a risk factor for daily hospitalisation for respiratory and
cardiovascular diseases (Meng and Lu, 2007). Other studies in Taiwan
and in Korea indicated a statistically significant association between
Asian dust events and daily pneumonia admissions one day after the
event (Cheng et al., 2008). In addition, dust storms are impacting on
the respiratory symptoms of patients with bronchial asthma (Park
et al., 2005; Yoo et al., 2008). Moreover, studies done in other regions
of the world have underlined two key points. Firstly, desert dust has
significant effects in regions close to secondary source areas, as shown
by Rutherford et al. (1999) in Brisbane, Australia. Although a general
association could not be established, the study's findings indicate that
some dust events are significantly linked with changes observed in
the severity of asthma. Secondly, significant effects have been noted in
regions far from the main sources. Here, Perez et al. (2008) mention
an increase in mortality of 8.4% in Barcelona, Spain, occurring at the
same time as an increase in the PM;q_,5 concentration values of
10 ug m 3. Middleton et al. (2008) noted a 10.4% increase in cases of
cardiovascular disease in Cyprus during dust storm days. Lastly, on the
Island of Trinidad in the Caribbean, Gyan et al. (2005) show an
increase in the daily hospital admission rates from 7.8 to 9.25 patients,
while assuming climatic variables such as pressure and humidity to be
constant. In the same area, Monteil (2008) notes a significant rise in
the number of paediatric admissions in the seven days following
major dust events.

Table 1
Comparison (West Africa/other regions) of air quality measures (PM;o indicators).

Indicator Value Study area Study period Reference

Average annual PM;, concentration [pug m—>] 67 Niamey (Niger) 2003 Ozer (2005)
245 Gouré (Niger) 1984 Ozer et al. (2005)
108 Nouakchott (Mauritania) 2000 Ozer et al. (2006b)
18 Northern Spain 1996-1999 Rodriguez et al. (2001)
30 Southern Spain 1996-2000 Rodriguez et al. (2001)
49.8 Spain June 1999-June2000 Querol et al. (2001)

Average monthly PM;, concentration [ug m~3] 344 Nouakchott (Mauritania) 2000 Ozer et al. (2006b)
20-200 Taiwan 1994-1999 Yang (2002)
200 Middle East August 1990-August 1991 Draxler et al. (2001)
400 Uzbek Republic May 2000-April 2001 Wiggs et al. (2003)

Number of days year~' where 50 pg m—> 51 Nouakchott (Mauritania) 2000 Ozer et al. (2006b)

PM; threshold is exceeded 4-7 Northern Spain 1996-1999 Rodriguez et al. (2001)
10-23 Southern Spain 1996-2000 Querol et al. (2001)

Extreme daily mean PMj;, concentration [pg m 3] 1942 Nouakchott (Mauritania) January 2000 Ozer et al. (2006b)
3000-13735 Mali April-May 1990 Gillies et al. (1996)

McTainsh et al. (1997)

98 Sardinia March 1991 Molinaroli et al. (1993)
57 Spain 1996-2000 Rodriguez et al. (2001)
119 Spain June 1999-June2000 Querol et al. (2001)
121 Southeastern USA 1989-1996 Prospero (1999a)
149 Miami 1983 (23 years) Prospero (1999b)
1000 Beijing Early 2000 Fang et al. (2003)
1500 Beijing Early 2000 Xie et al. (2005)
1779 Korea 2002 Chung et al. (2003)
1800 Middle East August 1990-August 1991 Draxler et al. (2001)
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Taken together, these findings raise many questions, for a variety
of reasons. There is apparently a need to find out what is happening in
West Africa, where the air pollution levels reach values far higher than
elsewhere (Table 1), and especially because the mortality and
morbidity rates recorded there are much higher than those observed
elsewhere in the world. In spite of the estimated values, several
studies show that respiratory infections alone often make up more
than 20% of the causes of infant mortality (Morris et al., 2003; Bryce
et al.,, 2005). For the Sahelian populations, the following questions can
be raised: What are the recurrent diseases close to the main dust
source? Can a high concentration of respiratory infections be observed
in West Africa? What are the health consequences for populations
exposed to levels of pollution that are higher than those found
anywhere else? What are the effects of lasting exposure (several
consecutive days) to desert dust? How do the populations manage
extreme events? Are there differences in the vulnerability of
populations by age? How does distance from the source within the
continent and position in relation to the dominant winds influence
health effects? How to reduce the effects on the populations?

Several factors may help to explain the scarcity of studies on the
effects of dust on human health in general and in West Africa in
particular. Firstly, the lack of reliable data and the difficulty of
obtaining such data are major problems in West Africa. Data on air
quality are scarce and not systematic and those on health are often
incomplete and/or of poor quality. Secondly, the lack of interaction
between the scientific disciplines is surely a major factor. Early this
decade, Prospero (2001) recommended that earth science and
atmosphere researchers should work together closely with health
scientists to understand how dust affects human health. Almost ten
years later and the first steps in that direction are only now being
taken. Of the 41 studies listed from 1999 to 2009, 32 have been
published since 2005 and 20 were published in 2008-2009 alone. It is
planned to carry out further research in other literature databases and
print literature to search for relevant papers that may not be indexed
in the major literature databases. Anyway, the difficulties explained
previously can be overcome and the scientific community must now
begin to take an interest in the dust impacts close to the Sahara. Above
all, this should happen because of the growing evidence that the three
main factors affecting natural mineral dust activities — change in land
use through anthropogenic pressures, natural climatic variability,
and global warming (Goudie, 2009) - are all now helping to increase
dust formation (Ozer et al., 2006a). All evidence now suggests that
the effects will be amplified in coming years and that the African
population, which is the most vulnerable, will also be the most
exposed.

6. Conclusion

This systematic review of the available literature on the relation-
ship between desert dust, air quality and human health has
highlighted notable gaps. West Africa is clearly more affected by
desert dust than in any other parts of the world, due to its proximity to
the main emission source area and its location with regard to the
dominant winds. However, it is also a region where very little
scientific research has been done on the effects of this natural mineral
dust on air quality and where practically such research is absent on
human health. Nevertheless, whether looking at the effects on air
pollution or impacts on human health, studies elsewhere in the
world - close to other dust sources that are less important than the
Sahara (e.g. Asia) or far from the Saharan source (e.g. Europe and
America) - have revealed alarming findings. It is important then to
ask a number of questions about the real risks faced by West Africa's
populations. The research required to answer these questions is
increasingly urgent and vital, particularly in view of worrying changes
to the environment.

Acknowledgement

The authors gratefully thank Prof. André Ozer for his contribution
to provide language help.

References

Afeti GM, Resch FJ. Physical characteristics of Saharan dust near the Gulf of Guinea.
Atmos Environ 2000;34:1273-9.

Anuforom AC. Spatial distribution and temporal variability of Harmattan dust haze in
sub-Sahel West Africa. Atmos Environ 2007;41:9079-90.

Anuforom AC, Akeh LE, Okeke PN, Opara FE. Inter-annual variability and long-term
trend of UV-absorbing aerosols during Harmattan season in sub-Saharan West
Africa. Atmos Environ 2007;41:1550-9.

Australian Government, Department of the Environment, Water, Heritage and the Arts.
National standards for criteria air pollutants in Australia; 2005. http://www.
environment.gov.au/atmosphere/airquality/publications/standards.html. Last
accessed: January 13, 2009.

Aziz JA. Towards establishing air quality guidelines for Pakistan. East Mediterr Health ]
2006;12:886-93.

Bae GN, Lim DY, Kim MC, Moon KC, Shim SG. Nd. Size distribution of Asian dust
observed at Seoul during the spring of 2002. Proceedings of the 3rd Asian Aerosol
Conference, Kowloon, Hong Kong; 2004. http://www.ust.hk/~3aachk/Index/Thu-
EO1.pdf. Last accessed: January 13, 20009.

Baldasano JM, Valera E, Jiménez P. Air quality data from large cities. Sci Total Environ
2003;307:141-65.

Bousquet ], Ndiaye M, Ait-Khaled N, Annesi-Maesano I, Vignola A-M. Management of
chronic respiratory and allergic diseases in developing countries. Focus on sub-
Saharan Africa. Allergy 2003;58:265-83.

Breuning-Madsen H, Awadzi TW. Harmattan dust position and particle size in Ghana.
Catena 2005;63:23-38.

Bruce N, Perez-Padilla R, Albalak R. Indoor air pollution in developing countries: a major
environmental and public health challenge. B World Health Organ 2000;78:
1078-92.

Bryce ], Boschi-Pinto C, Shibuya K, Black RE, the WHO Child Health Epidemiology
Reference Group. WHO estimates of the causes of death in children. Lancet
2005;365:1147-52.

CETESB. Relatdrio da qualidade do ar no Estado de Sao Paulo 2001. Sdo Paulo: CETESB;
2002. 117p. http://www.cetesb.sp.gov.br. Last accessed: January 13, 2009.

Chen YS, Sheen PC, Chen ER, Liu YK, Wu TN, Yang CY. Effects of Asian dust storm events
on daily mortality in Taipei, Taiwan. Environ Res 2004;95:151-5.

Cheng MF, Ho SC, Chiu HF, Wu TN, Chen PS, Yang CY. Consequences of exposure to
Asian dust storm events on daily pneumonia hospital admissions in Taipei, Taiwan.
] Toxicol Env Health 2008;71:1295-999.

Chiapello I, Bergametti G, Gomes L, Chatenet B, Dulac F, Pimenta ], et al. An additional
low layer transport of Sahelian and Saharan dust over the North-Eastern Tropical
Atlantic. Geophys Res Lett 1995;22:3191-4.

Chung Y-S, Kim H-S, Dulam J, Harris J. On heavy dustfall observed with explosive
sandstorms in Chongwon-Chongju, Korea in 2002. Atmos Environ 2003;37:
3425-33.

Cicero-Fernandez P, Torres V, Rosales A, Cesar H, Dorland K, Mufioz R, et al. Evaluation
of human exposure to ambient PM;g in the metropolitan area of Mexico City using a
GIS-based methodology. ] Air Waste Manag Assoc 2001;51:1586-93.

Craig M, Snow RW, Le Sueur D. A climate-based distribution model of malaria
transmission in sub-Saharan Africa. Parasitol Today 1999;15:105-11.

D'Almeida GA. A model for Saharan dust transport. ] Climatol App Meteorol 1986;25:
903-16.

Draxler RR, Gillette DA, Kirkpatrick JS, Heller J. Estimating PM;, air concentrations
from dust storms in Iraq, Kuwait and Saudi Arabia. Atmos Environ 2001;35:
4315-30.

Engelstaedter S, Tegen I, Washington R. North African dust emissions and transport.
Earth Sci Rev 2006;79:73-100.

Engelstaedter S, Washington R. Atmospheric controls on the annual cycle of North
African dust. ] Geophys Res 2007;112:D03103. doi:10.1029/2006]D007195.

EU. Council directive 1999/30/EC relating to limit values for sulfur dioxide, nitrogen
dioxide and lead in ambient air. Off ] Eur Communities 1999:14-30 (O] L 163
29.6.1999).

Ezzati M. Indoor air pollution and health in developing countries. Lancet 2005;366:
104-6.

Ezzati M, Kammen DM. Quantifying the effects of exposure to indoor air pollution from
biomass combustion on acute respiratory infections in developing countries.
Environ Health Persp 2001;109:481-8.

Fang X, Xie Y, Li L. Effects of duststorms on the air pollution in Beijing. Water Air Soil Poll
2003;3:93-101.

Fourn L, Fayomi EB. Pollution atmosphérique en milieu urbain a Cotonou et a Lokossa,
Bénin = air pollution in urban area in Cotonou and Lokossa, Benin. Bull Soc Pathol
Exot 2006;99:264-8.

Gillies JA, Nickling WG, McTainsh GH. Dust concentrations and particle-size
characteristics of an intense dust haze event: inland delta region, Mali, West
Africa. Atmos Environ 1996;7:1081-90.

Ginoux P, Prospero JM, Torres O, Chin M. Long-term simulation of global dust
distribution with the GOCART model: correlation with North Atlantic oscillation.
Environ Modell Softw 2004;19:113-28.



8 F. De Longueville et al. / Science of the Total Environment 409 (2010) 1-8

Glew RH, Kassam H, Vander Voort J, Agaba PA, Harkins M, VanderJagt DJ. Comparison of
pulmonary function between children living in rural and urban areas in northern
Nigeria. ] Trop Pediatr 2004;50:209-16.

Goudie AS. Dust storms: recent developments. ] Environ Manage 2009;90:89-94.

Gozun E. Ambient air quality standards in Asia: is there a trend towards stricter
standards? Better Air Quality Workshop 2006, Yogyakarta, Indonesia; 2006. 13-15
December.

Gyan K, Henry W, Lacaille S, Laloo A, Lamsee-Ebanks C, McKay S, et al. African dust
clouds are associated with increased paediatric asthma accident and emergency
admissions on the Caribbean island of Trinidad. Int ] Biometeorol 2005;49:371-6.

Herman JR, Bhartia PK, Torres O, Hsu C, Seftor C, Celarier E. Global distribution of UV-
absorbing aerosols from Nimbus 7/TOMS data. ] Geophys Res 1997;102:16, 911-16,922.

Kalkstein LS, Smoyer KE. The impact of climate change on human health: some
international implications. Experientia 1993;49:969-79.

Kellogg CA, Griffin DW, Garrison VH, Peak KK, Royall N, Smith RR, et al. Characterization
of aerosolised bacteria and fungi from desert events in Mali, West Africa.
Aerobiologia 2004;20:99-110.

Kubilay N, Cokacar T, Oguz T. Optical properties of mineral dust outbreaks over
the northeastern Mediterranean. ] Geophys Res 2003;108(D21):4666. doi:
10.1029/2003)JD003798.

Kwon HJ, Cho SH, Chun Y, Lagarde F, Pershagen G. Effects of the Asian dust events on
daily mortality in Seoul, Korea. Environ Res 2002;90:1-5.

Legrand M, Bertrand ], Desbois M, Menenger L, Fouquart Y. The potential of infrared
satellite data for the retrieval of Saharan-dust optical depth over Africa. ] Appl
Meteor 1989;28:309-19.

Mahowald NM, Ballantine JA, Feddema ], Ramankutty N. Global trends in visibility:
implications for dust sources. Atmos Chem Phys 2007;7:3309-39.

McMichael AJ. Impact of climatic and other environmental changes on food production
and population health in the coming decades. P Nutr Soc 2001;60:195-201.

McTainsh GH. Harmattan dust deposition in northern Nigeria. Nature 1980;286:587-8.

McTainsh GH, Nickling WG, Lynch AW. Dust deposition and particle size in Mali, West
Africa. Catena 1997;29:307-22.

Meng ZQ, Lu B. Dust events as a risk factor for daily hospitalization for respiratory and
cardiovascular diseases in Minqin, China. Atmos Environ 2007;41:7048-58.

Middleton NJ, Goudie AS. Saharan dust: sources and trajectories. Trans Inst Br Geogr
2001;26:165-81.

Middleton NJ, Yiallouros P, Kleanhous S, Kolokotroni O, Schwartz ], Dockery DW, et al.
10-year time-series analysis of respiratory and cardiovascular morbidity in Nicosia,
Cyprus: the effects of short-term changes in air pollution and dust storms. Environ
Health 2008;7:39.

Miller RL, Perlwitz J, Tegen I. Feedback upon dust emission by dust radiative forcing
through the planetary boundary layer. ] Geophys Res 2004;109:D24209. doi:
10.1029/2004JD004912.

Ministry of Environment. Government of British Columbia. Nd. Environmental Quality
Branch. CODES, CRITERIA AND MORE. Air Quality Objectives for PM;o; 2006. http://
www.env.gov.bc.ca/air/codes/aqopm.html. Last accessed: January 13, 2009.

Ministry of Social Development (New Zealand). The social report. Air quality; 2008.
http://www.socialreport.msd.govt.nz/physical-environment/air-quality.html. Last
accessed: January 13, 2009.

Molinaroli E, Gerzoni S, Giacarlo R. Contribution of Sahara dust to the Central
Mediterranean Basin. Geol Soc Am Spec Pap 1993;284:303-12.

Monteil MA. Saharan dust clouds and human health in the English-speaking Caribbean:
what we know and don't know. Environ Geochem Hlth 2008;30:339-43.

Morris SS, Black RE, Tomaskovic L. Predicting the distribution of under-five deaths by
cause in countries without adequate vital registration systems. Int ] Epidemiol
2003;32:1041-51.

N'Tchayi Mbourou G, Bertrand JJ, Nicholson SE. The diurnal and seasonal cycles of wind-
borne dust over Africa north of the equator. ] Applied Meteor 1997;39:868-82.

O'Hara SL, Wiggs GFS, Mamedov B, Davidson G, Hubbard RB. Exposure to airborne dust
contaminated with pesticide in the Aral Sea region. Lancet 2000;355:627-8.

Olcese LE, Toselli BM. Statistical analysis of PM;, measurements in Cordoba City,
Argentina. Meteorol Atmos Phys 1998;66:123-30.

Ozer P. Les lithométéores en région sahélienne. Int ] TropEcol Geogr 2001;24:1-317.

Ozer P. Estimation de la pollution particulaire naturelle de l'air en 2003 a Niamey
(Niger) a partir de données de visibilité horizontale. Environ Risques Santé 2005;4:
43-9.

Ozer P, Bodart C, Tychon B. Analyse climatique de la région de Gouré, Niger oriental:
récentes modifications et impacts environnementaux. CyberGeo: Eur ] Geogr
2005;308:1-24.

Ozer P, Courel MF, Goudie AS. International year of deserts, desertification and dust. Afr
Health 2006a;28:3.

Ozer P, Laghdaf MBOM, Lemines SOM, Gassani ]. Estimation of air quality degradation
due to Saharan dust at Nouakchott, Mauritania, from horizontal visibility data.
Water Air Soil Poll 2006b;1-4:79-87. doi:10.1007/s11270-006-9152-8.

Park JW, Lim YH, Kyung SY, An CH, Lee SP, Jeong SH, et al. Effects of ambient particulate
matter on peak expiratory flow rates and respiratory symptoms of asthmatics
during Asian dust periods in Korea. Respirology 2005;10:470-6.

Perez L, Tobias A, Querol X, Kiinzli N, Pey ], Alastuey A, et al. Coarse particles from
Saharan dust and daily mortality. Epidemiology 2008;19:800-7.

Perry KD, Cahill TA, Edlred RA, Dutcher DD, Gill TE. Long-range transport of North
African dust to the eastern United States. ] Geophys Res 1997;102(D10):11,225-38.

Prospero JM. Assessing the impact of advected african dust on air quality and health in
the Eastern United States. Hum Ecolog Risk Assess 1999a;5:471-9.

Prospero JM. Long-term measurements of the transport of African mineral dust to the
southeastern United States: implication for regional air quality. ] Geophys Res
1999b;104:15917-27.

Prospero JM. African dust in America. Geotimes 2001;46:24-7.

Prospero JM, Ginoux P, Torres O, Nicholson SE, Gill TE. Environmental characterization
of global sources of atmospheric soil dust identified with the nimbus 7 total ozone
mapping spectrometer (TOMS) absorbing aerosol product. Rev Geophys 2002;40
(1):1002. doi:10.1029/2000RG000095.

Qian Z, Zhang J, Wei F, Wilson WE, Chapman RS. Long-term ambient air pollution levels
in four Chinese cities: inter-city and intra-city concentration gradients for
epidemiological studies. ] Expo Anal Environ Epidemiol 2001;11:341-51.

Querol X, Alastuey A, Rodriguez S, Plana F, Ruiz CR, Cots N, et al. PM; and PM, 5 source
apportionment in the Barcelona Metropolitan area, Catalonia, Spain. Atmos Environ
2001;35:6407-19.

Resch F, Sunnu A, Afeti G. Saharan dust flux and deposition rate near the Gulf of Guinea.
Tellus 2007;60:98-105.

Rodriguez S, Querol X, Alastuey A, Kallos G, Kakaliagou O. Saharan dust contributions to
PM;( and TSP levels in Southern and Eastern Spain. Atmos Environ 2001;35:2433-47.

Romieu I, Samet JM, Smith KR, Bruce N. Outdoor air pollution and acute respiratory
infections among children in developing countries. ] Occup Environ Med 2002;44:
640-9.

Rutherford S, Clark E, McTainsh G, Simpson R, Mitchell C. Characteristics of rural dust
events shown to impact on asthma severity in Brisbane, Australia. Int ] Biometeorol
1999;42:217-25.

Sandstrom T, Forsberg B. Desert dust. An unrecognized source of dangerous air
pollution? Epidemiology 2008;19:808-9.

Sassen KP, DeMott PJ, Prospero JM, Poellot MR. Saharan dust storms and indirect
aerosol effects on clouds: CRYSTAL-FACE results. Geophys Ress Lett 2003;30(12):
1633. doi:10.1029/2003GL017371.

Smith KR, Corvaldn CF, Kjellstrom T. How much global ill health is attributable to
environmental factors? Epidemiology 1999;10:574-84.

Sunnu A, Afeti G, Resch F. A long-term experimental study of the Saharan dust presence
in West Africa. Atmos Res 2008;87:13-26.

Tanaka TY, Chiba M. A numerical study of the contribution of dust source regions to the
global dust budget. Glob Planet Change 2006;52:88-104.

Tegen [, Fung I. Modeling of mineral dust in the atmosphere: sources, transport, and
optical-thickness. ] Geophys Res 1994;99:22897-914.

US EPA. Guideline for reporting of daily air quality — air quality index (AQI). US.
Environmental Protection Agency Research Triangle Park, North Carolina; 2006. http://
www.epa.gov/ttncaaal/tl/memoranda/rg701.pdf. Last accessed: January 13, 2009.

Washington R, Todd M, Middleton NJ, Goudie AS. Duststorm source areas determined
by the total ozone monitoring spectrometer and surface observations. Ann Assoc
Am Geogr 2003;93:297-313.

Wiggs GFS, O'Hara SL, Wegerdt ], Van Der Meers J, Small I, Hubbard R. The dynamics and
characteristics of aeolian dust in dryland Central Asia: possible impacts on human
exposure and respiratory health in the Aral Sea basin. Geogr ] 2003;169:142-57.

Xie SD, Yu T, Zhang YH, Zeng LM, Qi L, Tang XY. Characteristics of PM;, SO,, NOx, and O3
in ambient air during the dust storm period in Beijing. Sci Total Environ 2005;345:
153-64.

Yang KL. Spatial and seasonal variation of PM;o mass concentrations in Taiwan. Atmos
Environ 2002;36:3403-11.

Yoo Y, Choung JT, Yu JH, Kim DK, Koh YY. Acute effects of Asian dust events on
respiratory symptoms and peak expiratory flow in children with mild asthma.
] Korean Med Sci 2008;23:66-71.

Zender CS, Bian H, Newman D. Mineral dust entrainment and deposition (DEAD)
model: description and 1990s dust climatology. ] Geophys Res 2003;108(D14):
4416. doi:10.1029/2002]D002775.

Zender CS, Miller RL, Tegen I. Quantifying mineral dust mass budgets: terminology,
constraints, and current estimates. Eos 2004;85:509-12.



