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a b s t r a c t

Natural mineral dust storms (DS) from the Arabo-African region blow over the Mediterranean, reach
Israel, and add to the anthropogenic particulate pollution. The effects of mineral dust on air quality in
Israel were investigated using only PM10 and PM2.5 automatic measurements. The method does not
require any other inputs such as satellite observations, model back-trajectories, dust forecast models, or
mineralogical analyses. The method employs an automatic algorithm with three thresholds: the half-
hour PM10 average must be above 100, this level is maintained for at least 3 h, and the maximum
concentration recorded is above 180 mg m�3. The algorithm was designed for Israel, but can be adapted
for other locations.

The contribution of DS caused PM10 values to exceed the Israeli annual standard of 60 mg m�3 year�1

in 6 of the 12 years examined. The DS contribution to PM10 annual average ranged from 9.4% to 29.5%.
The level recommended by WHO, 20 mg m�3 year�1, was exceeded every year even without the DS
contribution. The number of days in which the daily Israeli standard (150 mg m�3) was exceeded during
the 12 years was 6–20 days per year. The number of days in which the daily standard was exceeded
shows an increasing trend of 7 days per decade.

PM2.5 in Israel is in the range 40–56% of PM10. PM2.5 values were over the recommended standard
with and without DS. The contribution of DS to annual average of PM2.5 ranged from 3.6% to 19.1%.

The automatic algorithm was calibrated with a list of Dust Storms identified by visual means supported
by mineralogical analysis. Mineralogical analyses of single particles were performed using Environ-
mental Scanning Electron Microscope (ESEM). Two representative samples are given. The main
difference is that the particles of the Saudi-Arabian storm had much more palygorskite, while the North-
African storm had more sea-salt and organic particles. The mineral composition differences indicate that
analysis can differentiate between sources.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Particulate air pollution has increased over the past decades in
many cities of the world. Particles with aerodynamic diameter less
than 10 mm (PM10) are considered inhalable particles, which can
reach the lungs. Particles above 2.5 mm and below 10 mm penetrate
to the bronchi, while particles below 2.5 mm (PM2.5) are respirable
particles and penetrate to the alveoli (Heyder, 1986). Inhalable
particles are considered a major health hazard (Dockery et al., 1993;
Schwartz, 1994; Prospero, 1999; Annesi-Maesano et al., 2007). The
health standard for airborne particles is given in weight in micro-
grams per cubic meter. The Israeli PM10 standard is 60 mg m�3

year�1 and 150 mg m�3/24-h. The Israeli recommended PM2.5
standard is 15 mg m�3 year�1 and 65 mg m�3/24-h. The European
Commission goal for 2010 (EC Directive, 1999) is PM10 of 20 mg m�3

annual mean with natural sources excluded. The level recom-
mended by WHO for PM10 is 20 mg m�3 year�1 (WHO, 2006).
Previous studies have shown annual PM10 concentrations of
44–53 mg m�3 for major Italian cities (Galassi et al., 2000), 18–
41 mg m�3 depending on station in Berlin (Lenschow et al., 2001),
51 mg m�3 at Heraklion, Crete and only 28 mg m�3 at Finokalia,
Crete (Gerasopoulos et al., 2006), and upto 75 mg m�3 at Athens
(Chaloulakou et al., 2003). In Beirut, Lebanon, monthly average of
76 mg m�3 was measured (Shaka and Saliba, 2004). In this study we
find PM10 annual averages of 47–68 mg m�3 for the years 1995–
2006 for Tel-Aviv, Israel, in the same range as that found for other
cities in the region.

Natural mineral dust storms (DS) from the Arabo-African region
blow over the Mediterranean and reach Israel, Lebanon, Syria,
Turkey, Cyprus, Greece, Italy, Malta, France, Spain, can reach England
and have even been reported in satellite images over Norway and
Odessa (Barkan, 2009). DS reach Israel mostly during the transition
and winter seasons (Mamane et al., 1980). The mineral dust adds
directly to the anthropogenic particulate pollution, and the mineral
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dust particles can also adsorb and become coated by anthropogenic
pollutants such as sulfates, nitrates, pesticides, PAH and heavy
metals (Levin et al., 1996; Falkovich et al., 2001, 2004).

The Israeli standard does not allow subtraction of the natural
contribution, as does the EU standard. However, it is important to
differentiate between the natural and anthropogenic contributions,
for health considerations, and in order to determine the reduction
needed in the anthropogenic emissions.

The usual way of determining the natural contribution is via
chemical analysis of the aerosols, where particles with large frac-
tions of Al, Ca and other crustal components are attributed to
natural mineral dust. This method requires collection of aerosols on
filters, frequent replacement of the filters, at best daily, and costly
analysis of tens or hundreds of filters. Other methods involve back-
trajectories and satellite images to track dust plumes from the
sources. Recently Escudero et al. (2007) and Mitsakou et al. (2008)
have quantified the contribution of mineral dust to air quality in
Spain and in Greece, using a methodology different from the one
presented here. Escudero’s method relies on back-trajectories and
other data (satellites, synoptic) to identify DS, and also chemical
analysis to verify this identification. Then the measured daily
average PM10 for the days without DS is used to estimate PM10
background, and from that the contribution of DS is calculated.
Mitsakou’s method is model based, using the SKIRON (DREAM)
model to estimate contribution of DS to daily average PM10
measurements.

We present a method for identification of DS using only PM10
measurements from automatic stations. Once calibrated, the
method does not require any other input, either data or analysis.
The method produces a list of DS with beginning and ending times
at a half-hourly temporal resolution.

The usefulness of the method is demonstrated through the
investigation of the period 1995–2006, with 384 DS identified in
Tel-Aviv, and the implications of DS to air quality in Israel analyzed.

2. Methodology and measurements

Table 1 shows a qualitative division of levels and sources of
particulate pollution in Tel-Aviv, Israel. The table is based on daily
observations of visibility and weather conditions, and on
measurements at the Tel-Aviv university Israel Ministry of Envi-
ronment station, including chemical and mineralogical analyses
(Ganor et al., 2000). The table shows that during DS pollution
increases to above 150 mg m�3 while the background is about
50 mg m�3, and therefore distinguishing between DS and other
sources of PM is possible.

DS were identified manually at Tel-Aviv, and a list of DS for the
years 1958–2006 was prepared (Ganor et al., 2007). Our decades-
long knowledge of DS in Israel and the region enabled us to identify
DS from visual indicators – visibility, sky color, sample color, and
dry and wet deposition. Our confidence in this ability relies on
electron microscope analyses and mineralogical analyses which
were performed over decades, and which showed that indeed the
majority of PM10 during such episodes is from natural dust.

An automatic algorithm was developed, which for the first time
makes it possible to distinguish the contribution to PM due to

natural mineral dust from other aerosol sources, using only auto-
matic PM10 concentration measurements and no other input.

The algorithm was designed based on our experience with DS in
Israel for over 50 years, leading to knowledge such as that a DS is
characterised by a minimal duration, large minimum concentration,
and large maximum concentration (Ganor et al., 2000, 1998; Ganor
and Foner, 2001; Falkovich et al., 2001, 2004; Ganor, 1999; Pardess
et al.,1992; Levin et al.,1990). The algorithm was calibrated using the
list of manually identified DS for one particular year. After calibration
the algorithm was used on a different year and the results were
compared with the manual identification for that year, with very
good agreement. All DS on the manual list appeared on the automatic
list, with some additional DS identified with the automatic algorithm.

The automatic algorithm uses three thresholds. An episode is
identified as DS only if: the half-hour PM10 average is above 100,
this level is maintained for at least 3 h, and the maximum
concentration recorded is above 180 mg m�3.

PM10 was measured from 1995 to 2006 by the TEOM series
1400 in the Tel-Aviv automatic stations of the Israel Electric
Company. The record of the measurements is of half-hourly aver-
ages. Using the algorithm on the record produces a list of DS with
a half-hour resolution of the beginning and end of each DS. The list
of DS produced by the algorithm makes it possible to analyze the
contribution of DS to air quality in Tel-Aviv over this period.

The contribution of DS to PM10 for any time period is calculated
as follows:

A time period is defined by the number of half-hour records
within it nT.

For every half-hour i there is a PM10 concentration
PM10i

The total PM10 during a time period is therefore

T ¼
XnT

i¼1

PM10i

The average PM10 for a time period is

avg ¼ T=nT

During a time period one or more DS might be identified. The
number of records during the DS or DS-s in a time period is nDS.

The total PM10 during DS which occurred during a time period
is therefore

TDS ¼
XnDS

i¼1

PM10i

The average PM10 without DS is

avgWithoutDS ¼ T � TDS
nT � nDS

Therefore the contribution of DS to the average PM10 during this
time period is

DS contribution ¼ avg � avgWithoutDS

The automatic method makes it possible to analyze a large
number of DS over a long measurement period, but the method also

Table 1
Daily average concentration (mg m�3), annual frequency, weather conditions, and composition of inhalable particles, PM10, in Tel-Aviv (Ganor et al., 2000).

Pollution level Concentration [mg m�3] Frequency Weather condition Composition

Low pollution 5–40 28% During and after Rain, and on Yom-Kipur Black carbon, Minerals
Medium pollution 35–65 45% Summer smog, high inversion Sulphates, Black Carbon, Sea Spray, Nitrates, Minerals
High pollution 65–150 24% Winter smog, low inversion Black Carbon, Salts of Sulphates and Nitrates, Heavy Metals, Minerals
Very high pollution 100–3000 3% Dust Storms Pollen, Minerals, Sea Spray
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has limitations. In the above derivation the contribution of non-DS
pollution during DS to the average over the period analyzed is
assumed to be negligible. This is reasonable since the PM10 during
a DS typically increases to more than 3 times the background. Fig. 1
shows that the annual DS contribution is at least 5 mg m�3. Since DS
take about 3% of the year, on average the PM10 level during DS
would be at least 150 mg m�3, while the average background is
about 50 mg m�3 (Fig. 1). In fact, since DS are concentrated in certain
months, the average PM10 during DS for all 12 years is 310 mg m�3,
six times the background. In particular, if the time period analyzed
is an entire year, the contribution of the background during 3% of
the records is certainly negligible. Therefore the calculation of
avgWithoutDS above gives a very good approximation to the true
non-DS contribution. From this it follows that the derivation of DS
contribution is also very good.

For the contribution of mineral dust to PM2.5 levels, the Dust
Storms identified from the PM10 records were used. The same
derivation described above was then used on the PM2.5 records.
Therefore, again it was assumed that all PM2.5 during a DS came
from mineral dust. For PM2.5 it is not as clear that the background
can be neglected. If it cannot this would decrease the contribution
of DS to PM2.5 even below the results shown. However, mineral-
ogical analysis shows that most mass during DS in the PM2.5
fraction is also mineral dust. Also, as for the PM10, for the annual

averages avgWithoutDS is a very good estimate and therefore also
the DS Contribution is correct.

3. Results

Table 1 shows that during DS pollution increases to above
150 mg m�3 while the background is about 50 mg m�3. The table
shows that distinguishing between DS and other sources of PM is
possible based on PM10 alone.

Two mineralogical and chemical analyses are given below as
examples of DS from the eastern and the southern sectors. Back-
trajectories show the DS on 23 April 2001 originated from Saudi-
Arabia and the 21 April 2001 DS originated from North Africa. The
analyses were performed using Environmental Scanning Electron
Microscope (ESEM) as described by Jeong (2008), Falkovich et al.
(2001), Levin et al. (1996), Ganor (1999), Ganor et al. (1998, 1993).
One thousand (1000) single aerosol particles smaller than 2.1 mm
were analyzed. The particles were collected with an Andersen
sampler, and 500 particles were chosen from each DS.

By percent of number of particles the particles for the Saudi-
Arabian DS were illite–smectite (montmorillonite) 33%, calcite 30%,
gypsum 10%, palygorskite 6.8%, quartz 3.7%, dolomite 3.4%, feldspar
3.3%, nitrate 2.1%, clay 1.3%, halite 1.2%, illite 0.6%, organic 0.5%,
kaolinite 0.3%. And for the North-African DS the particles were
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Fig. 1. Annual contribution of mineral dust to Tel-Aviv ambient air (PM10) 1995–2006. Continuous line – dust and air pollution, dashed – pollution only, dotted – Dust.
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Fig. 2. Number of days in which PM10 was above the daily (00 h–24 h) standard 1995–2006.
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composed of illite–smectite 22%, calcite 21%, gypsum 10%, halite
9%, hematite and magnetite 8.6%, nitrate 5%, quartz 4.9%, organic
4.9%, dolomite 3.3%, kaolinite 2.9%, illite 2.9%, clay 2%, feldspar 1.2%,
palygorskite 0.8% (Fig. 3).

The automatic algorithm and DS contribution analysis show
that the contribution of DS caused PM10 values to exceed the Israeli
annual standard of 60 mg m�3 year�1 in 6 of the 12 years (Fig. 1).
The level recommended by WHO for PM10, 20 mg m�3 year�1
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Fig. 3. Mineralogical composition of Saudi-Arabian and North-African Dust Storms.
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(WHO, 2006), was exceeded every year even without the DS
contribution.

The standard deviation of daily average of PM10 is between half
and 2.5 times the annual mean (Table 2). This shows the enormous
variability introduced by DS, which can increase the daily average
by a factor of ten compared to the background.

PM2.5 values (Table 2) were over the recommended standard
(15 mg m�3 year�1) with and without DS. The standard deviation of
daily averages for PM2.5 is much lower than for PM10 since the
contribution of mineral dust to PM2.5 is much lower than for PM10.
PM2.5 is in the range 40–56% of PM10. This is in line with previous
work finding PM2.5 to be about half of PM10, and PM10 being about
half of TSP (Wanger and Ganor, 1999).

The number of days in which the daily standard (daily average
150 mg m�3 day�1) was exceeded during the 12 years was 6–20 days
per year (Fig. 2). A least-squares linear fit gives a slope of 0.6958,
showing an increasing trend of 7 days per decade. This is in agree-
ment with work showing an increase in days with DS during a year
since 1958 (Ganor et al., 2007). The R-squared value of the fit is 0.36,
which is formally significant for 12 data points. In addition, days
with average daily PM10 above 150 mg m�3 day�1 are days with
severe DS in Israel, and therefore we consider this trend important.

4. Conclusions

A method for identifying dust storms (DS) using only automatic
half-hour average PM10 measurements has allowed us to construct
a list of DS. For each DS in the list we have beginning time and end
time, at a temporal resolution of half-hour, and average concen-
tration every half-hour.

Using this list we could calculate the contribution of DS to PM10
and PM2.5.

In 6 of the 12 years the DS contribution raised the annual
concentration above the annual Israeli standard. The contribution
of DS to PM10 annual average ranged from 9.4% to 29.5%. The level
recommended by WHO, 20 mg m�3 year�1, was exceeded every year
even without the DS contribution.

The number of days in which the daily Israeli standard
(150 mg m�3 day�1) was exceeded during these 12 years was 6–20
days per year. This number shows an increasing trend of 7 days per
decade.

The contribution of mineral dust to PM2.5 is much lower than
for PM10. However, the PM2.5 values were over the recommended
standard with and without DS. The contribution of DS to annual
average of PM2.5 ranged from 3.6% to 19.1%.

The excesses of PM10 and PM2.5 over the standards lead us to
conclude that since mineral dust storms are beyond our control the
anthropogenic emissions must be reduced. These reductions

should be close to 20% for PM10 – as seen in Table 2 for year 2003,
where the annual average should be reduced by 8.2 mg m�3 which
are 16% of the 49.6 mg m�3 we attribute to anthropogenic pollution,
and close to 60% for PM2.5 (e.g. 14.1 mg m�3 out of 23.6 mg m�3

anthropogenic for 2006). Such reductions would also decrease the
interaction of mineral dust with the anthropogenic pollutants with
which it is often found to be coated.

For use in other regions than Israel the algorithm needs to be
calibrated for the particular region. It could also be that for some
regions, with low relative Saharan Dust contribution, this method
will not be workable.

The mineral analysis shows that mineral dust composition
differs by sources. Dust from Saudi-Arabia has more palygorskite,
illite–smectite, calcite and dolomite. While the North-African storm
has more salt, and organic particles. The increase in salt and organic
particles in the dust from North Africa is probably particles added
to the dust in its path which takes it over the Nile, the Mediterra-
nean sea or the Red sea, and over urban areas in Egypt and Israel.
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