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Abstract

Dust and sand storms are a persistent problem in the Kingdom of Saudi Arabia. We monitored dust
fallout samples from 15 sampling sites on a monthly basis for the entire year of 2012 and analyzed them
for the various chemical and physical characteristics. Results revealed that dust deposition rates across
the city were high, with sites located near construction activities and those located in northeastern
Riyadh being the worst. The annual average amount of dust fallout for all stations during this period was
454.1 tons km™. Compared to other cities, the total annual dust deposition observed in Riyadh was among
the highest in the world. The average monthly amounts of dust deposited at 15 sites across Riyadh were
highly variable, ranging from 14.5 tons km™? at Riyadh airport to 178.6 tons kmat the Al-Aqiq site. Dust
deposition rates varied significantly in April to August and ranged from 74.6 to 54.9 tons km?month™'. The
dry deposition during November to December 2012 was significantly lower, with an average of 30.1 tons
km month. Silt fraction was the dominant fraction in almost all of the dust fallout and it ranged from
49.5% in Al-Aqiq to 70% in Al-Olya. The sand fraction ranged from 48.4% at Al-Aqiq to 26.2% at Al-Olya.
All of the dust samples had a high CaCO, content, ranging from 16.9 to 48.5%. Appreciable amounts of

heavy metals such as Pb, Ni, Co, Cu, Mn, Zn, and V were detected in the dust samples.
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Introduction

Dust storms are a common phenomenon worldwide
— especially in arid and semi-arid regions. Dust storms
are natural events that occur frequently in the Arabian
Peninsula that have been reported on previously [1-
2]. Most of the present interest in dust storms is related
to their possible role in the earth system [3]. Directly
through altering the earth radiation budget, absorbing
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solar and thermal radiation and indirectly by acting as
cloud condensation nuclei, they change the microphysical
properties of clouds, thus affecting the hydrological cycle
[4]. Desert dust particles may also attenuate ultraviolet
(UV) and visible radiation [5], thus causing cooling at
the earth’s surface [6]. The rates of the falling dust in the
Arabian Gulf region were evaluated by [7], who found
that the average amount of dust falling on Kuwait was 191
tons km year!.

The Kingdom of Saudi Arabia is one of the major
sources of aerosols in the world, including natural and
anthropogenic components. Dust storms could also have
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a considerable impact on human society if highly
populated regions are on the transport pathway. Dust
transport can bring pollutants into residence areas [8].
Improving our understanding of dust fall properties and
characterization is imperative — especially over mega- and
highly populated cities where aerosols have major impacts
on human health. Yet it still lacks for better characterization
of its atmospheric aerosol properties with a significant
shortage of in-situ observations. Dust sources, transport,
and their impact on the global environment have received
considerable attention in recent years. In the Arabian
Peninsula, information on the spatial and temporal
variations of dust properties were recently investigated in
Kuwait city and in Al-Ahsa Osasis, Saudi Arabia [9-11].
The impact of dust events on local air quality and public
health are now becoming of great concern in the Kingdom

of Saudi Arabia after the frequent and severe dust storms
in recent years [12]. Despite the major efforts focused on
measurements of falling dust, the spatial and temporal
distribution of mineral dust remains uncertain. Therefore,
the current research is aimed at investigating the temporal
and spatial variation of the dust fall deposition rates, and
to systematically characterize chemical and physical
properties of falling dust in Riyadh city.

Material and Methods
Study Area and Climate

Riyadh, the capital of the Kingdom of Saudi Arabia,
is located in the central region (24°30'N, 46°34'E) with an
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Fig. 1. Map of Saudi Arabia with study locations
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average elevation of 600 m above the sea. It is located on
Wadi Hanifa in the central part of the country and east of
Tuwayq Mountain, a limestone outcrop dipping eastward
that creates a spectacular west-facing escarpment. Riyadh
city made its constructional renaissance to turn from a
small town surrounded with fences to a modern city with
an area of 1,800 km?. Riyadh and its continental climate
is hot and dry in the long summer months and moderate
during the day and cold at night in the short winter season.
According to the Holdridge life zones system of bioclimatic
classification, Riyadh is close to the subtropical desert
biome. The annual average temperature is around 25.7°C,
but they frequently exceed 45°C in the summer (June to
August). Total annual precipitation averages 101.3 mm,
unusually dust falling during the winter and spring months
(January to April).

Falling Dust Samples

Dust fallout samples were collected from 15 different
locations across Riyadh (Fig. 1), with detailed coordinates
in Table 1. Dust samples were collected on a monthly
basis for the entire year of 2012. Dust samples were
collected using a marble dust collector (MDCO). The
MDCO is based on an original concept by [13], who
used glass marbles to collect settling dust. The collector
consists of a rectangular plastic tray 52.5 cm long, 31.5 cm
wide, and 10.0 cm high with a marble filter at the top. The
filter is made of two layers of marbles 1.50 cm in diameter,
which are stored in a sieve container on top of the plastic
tray (diameter of the sieve opening: 0.50 cm). The great
advantage of the marble filter is that, due to the extremely
low micro roughness of the marbles, there is no out splash
of dust from the collector (for higher velocity winds the
marbles protect the settled particles from suspension).
The amount of dust collected by the dust sampler was
determined by weighing the dust residue after evaporating
the moisture in an oven.

Methodology

For total element analysis, 1.0 g of collected dust
sample was wet-digested by mixtures of concentrated
HNO,, HCl, and HF acids following the method described
by [14]. The mixture was left overnight and then heated
on a hot plate at 100°C. The residue was then dissolved

Table 1. The co-ordinates of the study locations.

into 20 ml deionized water. After that, the solution was
filtered and transferred into a 25 ml volumetric flask. Total
Cd, Ni, Pb, Cu, Zn, Fe, Cr, Mn, and V were determined
using induction-coupled plasma mass spectrometry
(ICP_MS, PerkinElmer, USA). The dust samples were
analyzed for particle size distribution using a Mastersizer
2000 (Malvern Instruments UK), and CaCO, content
was assayed using a Collin’s Calcimeter. Dust EC were
determined in 1:5 (soil:water) extract using an EC meter
as described by [14]. Dust pH was measured in 1:2.5 (soil:
water) suspension using a pH meter according to a method
by [14].

Results and Discussion

Dust Deposition in Selected Local, Regional,
and Global Cities

The annual amount of dust deposited at 15 sites
in Riyadh in tons km? during 2012 is given in Table 2.
The total annual deposition varied from 176.2 to 1,386.5
tons km?. The average annual amount of dust fallout
for all stations during this period was 454.1 tons km?.
We noticed that the Al-Azizyah site has the maximum
deposition rate throughout the year. The exceptional
abundance of the dust deposition may be attributed to
the acquisition of fine-grained particles originating from
anthropogenic activities in this site, which was signified
by a cement kiln, refinery marble, and stones [15]. Table
3 shows average annual fallout (tons km?) in regional
and global regions. In general, the average dust fallout
in the current study is significantly higher in comparison
to surrounding regional and worldwide areas [16-23].
Compared to other cities, the total annual dust depo-
sition observed in Riyadh is almost the highest
globally. For example, the annual deposition rates in
Kuwait, Libya, and Iraq (Baghdad) were 39.1, 155,
and 220 tons km™ year!, respectively. However, much
lower values of dust deposition rates were recorded in
Nevada and California, USA. The discrepancies of dust
fall rates among these areas showed variation in their
industrial activities, traffic composition, and different
geographic location. Recently, [24] showed that the
annual average rate of dust deposition for Kuwait city
reached 0.59 kg m™ year' with minimum and maximum

Location North East Location East Location North East
Ghirnatah 24 47 47.0 464511.0 Al-Azizah 2436 33.1 46 46 48.5 Al-Aqiq 24 47 34.7 46 3741.0
Al-Naseem 24 44 30.5 46 48 53.8 New. 2438 41.3 46 44 11.5 .K'S . 2443 27.1 46 37 05.8
Industrial University
Al-Nadhim | 2448 38.8 46 54 00.4 Al-Batha 24 38 08.0 4643 13.0 Al-Badiah 243711.0 | 4641 31.55
Al-Sullay 24 39 58.5 46 47247 | Al-Murslat | 24 4510.7 46 40 38.1 Al-Olya 24 4021.0 46 4132.5
Old . 2433 08.2 46 53 19.0 R%yadh 24 5529.9 46 43 18.0 Al-Waha 2444433 46 43 20.6
Industrial Airport
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Table 2. Total annual amounts of dust fallout in Riyadh.

Sample Location Annual Dust F_allout
(Tons km™)

Ghirnatah 400.2
Al-Naseem 685.1
Al-Nadhim 465.2
Al-Sullay 384.7
New Industrial 4229
Al-Azizah 1386.5
Old Industrial 249.7
Al-Badiah 456.8
Al-Murslat 231.2
Riyadh Airport 176.2
Al-Aqiq 2572
K.S. University 283.2
Al-Badiah 323.6
Al-Olya 486.3
Al-Waha 602.3
Average 454.1

deposition rates of 0.34 and 0.94 kg m? year!, respecti-
vely. They pointed out that this value ranked first among
57 dust deposition rates observed throughout the world,
with values ranging from 0.00005 (for remote areas)
to 0.45 (for desert) kg m? year! [25-26]. Based on this
study, Riyadh, with an average deposition rate of 454.1
tons km? year!, would rank first worldwide. Saudi Arabia

Table 3. Average annual amounts of fallout (Tons km?) in
regional and global cities.

. Political | ‘vl Dust
Location Region Fallout_2 References
(Tons km?)
Baghdad Iraq 220 [16]
Libya Libya 155 [17]
Boujdour \g’z;tai? 219 [18]
Nevada USA 4.30-15.7 [19]
California USA 6.80-33.9 [19]
Nomoi Valley Australia 16.9-58.2 [20]
Shapotou China 372 [21]
Bina India 96.2 [22]
Open area Kuwait 61.3 [23]
Preserved Kuwait 16.8 [23]
areas
Present study | Saudi Arabia 454.1
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Fig. 2. Monthly variation in dust fallout, temperature, relative
humidity, and wind speed.

has many dust sources, some of which are geographically
large. Dust activity is visible over most of the Arabian
Peninsula throughout the year but is especially strong from
March to July and low in winter. Riyadh is surrounded by
the Ad-Dhna Desert, whose corridor of sandy terrain forms
a bow-like shape that connects the An-Nafud Desert in the
north to the Rub Al-Khali Desert in the south. Oriented
northwest to southeast, it favours a continuous supply of
dust south-east across the Arabian Peninsula [27]. Rub Al-
Khali is the largest sand desert in the world and one of the
most arid and hottest in Saudi Arabia.

Monthly Seasonal and Temporal
Variations

Monthly deposited dust fallout measured at 15 sites
in Riyadh from January 2011 to December 2012 are
shown in Fig. 2. The average dust deposition rates were
highly variable among months and ranged from 29 to
74.6 tons km? month'. We found that the monthly dust
deposition from April to August (spring and summer
months, ranging from 74.6 to 54.9 km? month'),
were significantly higher than other months, while
the monthly dust deposition from November 2011 to
December 2012 were significantly lower than other

¥ =10.019x - 51.009 5
R = 0.6526 ° 0.

Dust fallouts (Tonnes km2)

4 6 8 10 12

Wind speed (km hrt)

Fig. 3. Scatter plots of wind speed against fallout dust deposition
rate in Al-Waha station.
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Table 4. Annual average of some physical and chemical properties of the dust samples collected at different sampling stations.
Sample Dust Fallout Properties

Location pH EC (dS m™) Sand (%) Silt (%) Clay (%) CaCo, (%)
Ghirnatah 9.86 3.64 41.6 56.3 2.10 29.0
Al-Naseem 8.86 3.79 38.5 58.9 2.60 30.3
Al-Nadhim 8.71 2.01 36.9 60.4 2.70 30.8
Al-Sulay 10.6 3.01 33.1 63.9 3.00 359
New Industrial 11.6 8.26 43.8 53.6 2.60 33.0
Al-Azizyah 11.5 6.02 40.3 56.9 2.80 40.3
Old Industrial 10.5 3.73 32.0 63.4 4.60 30.4
Al-Batha 9.34 2.99 34.1 63.1 1.90 30.5
Al-Murslat 9.08 291 34.8 62.8 2.40 29.2
Riyadh Airport 8.09 2.67 324 63.3 4.30 28.2
Al-Aqiq 9.25 2.06 48.4 49.5 2.10 33.7
K.S. University 9.85 2.14 30.6 65.9 3.50 333
Al-Badiah 9.17 2.93 29.9 67.2 2.90 31.8
Al-Olya 8.71 29 26.2 70.0 3.80 30.5
Al-Waha 9.73 2.42 38.7 58.9 3.10 325
Average 9.66 3.43 36.1 60.1 2.96 31.9

months and ranged from 29 to 31.7 with an average of
30.1 6 km?month. The average rates in April to August
were 65.4 km? month', accounting for 56.4% of the
annual dust deposition. Dust deposition rates in summer
(June to August), fall (September to November), winter
(December to February) and spring (March to May)
were 189, 104, 101, and 163 tons km?, respectively,
accounting for 32.5, 18.0, 17.0, and 32.5% of the annual
total deposition rates. From this evidence it is clear that
Acolian deposition in Riyadh occurred typically in spring
and summer months, especially in April to August. The
seasonal variation of monthly average deposition rates
had a correlation (r = 0.65) with the monthly wind speed,
indicated that dust deposition in Riyadh mainly originated
from dust storms [27]. Saudi Arabia is one of the major
sources of aerosols in the world, including natural and
anthropogenic components [28-29]. Temporal variations
in dust fallout and meteorological parameters such as wind
speed, temperature, and relative humidity during the study
period are shown in Fig. 3. The dust loading at all stations
seems to have a dependence on monthly wind speeds. This
finding emphasizes the strong effect of wind speed on dust
erosion and transportation, as well as on dust loading (but
only for areas not in the vicinity of active construction or
human activities).

The role of wind speed might have been found to
be more critical if measurements were taken at the
sampler cites instead of using the meteorological data
from one station. The average monthly wind speed was
relatively higher during the month of February to June,

which experienced higher dust deposition rates. Based
on National Climatic Data Center (NCDC) data for 13
Saudi Arabian stations, [30] computed the mean
seasonal cycles of dust storm activity. These results
demonstrated that Arabian dust storms are most frequent
during February-June. Their results also showed that
dust storm frequency peaks in early summer (June) over
eastern Saudi Arabia. The highest deposition rate in
this study was recorded in April, followed by June and
July. During certain seasons that account for appro-
ximately 30% of the year, Saudi Arabia is affected by
dust storms. The frequency of dust storm occurrence
peaks during March-May, when dust aerosols are
transported by a southwestern wind from arid and semiarid
regions adjacent to the Arabian Sea [31]. Drought and
severe land degradation acts as a major source of dust
fallout. Vegetation acts as a trap for dust particles and
can provide a protective cover of soil surface from wind
erosion [32]. Riyadh, surrounded by desert areas at an
altitude of 600 m, is exposed to dust storms several times
annually.

Dust Fallout Characterization

Results of the annual average particle size distri-
bution and other properties of dust fallout collected from
different sampling stations are presented in Table 4. On
average, silt and sand fraction contents accounted for
more than 96% of the total dust samples. In this study,
we followed a particle size classification scheme including
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Table 5. Annual average of some heavy metals content (mg kg™') in the dust fallout samples.

Heavy Metal Type (average+Stdev)

Sample Location
Cd Co Cr Cu Mn Ni Pb \Y% Zn
Ghirnatah 1.38 7.23 443 26.9 150 20.2 27.9 44.7 67.2
Al-Naseem 0.89 9.42 52.9 35.8 220 335 28.5 50.2 133
Al-Nazeer 1.25 7.46 53.1 27.8 211 29.6 28.7 46.1 120
Al-Sulay 1.20 9.68 106 96.0 509 69.8 37.6 103 259
New Industrial 1.21 8.69 52.5 61.3 233 323 77.1 42.1 754
Al-Azizah 1.29 8.94 46.3 39.9 226 26.2 38.5 42.4 106
Old Industrial 1.19 9.79 68.5 354 281 345 27.1 53.4 111
Al-Batha 0.79 11.8 62.9 41.0 265 36.6 27.3 55.1 126
Al-Murslat 1.36 11.7 63.8 163 236 40.8 29.7 51.8 144
Riyadh Airport 0.88 11.7 57.8 32.1 226 339 40.7 49.6 79.9
Al-Aqiq 0.99 10.1 573 29.2 252 324 23.6 51.5 75.7
K.S. University 1.72 11.9 89.7 37.7 336 47.9 25.8 64.2 84.2
Al-Badiah 1.36 114 77.1 51.2 273 433 26.2 55.4 157
Al-Olya 0.89 14.4 95.8 49.5 349 49.9 35.6 65.2 136
Al-Waha 1.28 11.3 70.3 383 270 39.9 22.7 53.4 87.6
Max. 1.72 14.4 106 163 509 69.8 77.1 103 754
Min. 0.79 7.23 443 26.9 150 20.2 22.7 42.1 67.2
Mean 1.18 104 66.6 51.0 269 38.0 33.2 55.3 163

clay <2 pm, fine silt 2-20 pm, coarse silt 20-50 um, fine
sand 50-125 pm, and medium sand 125-256 pm. From
the particle size distribution curves we found that most of
the particle clusters were 20-100 um. The results indicated
that the silt fraction was the dominant fraction in almost
all of the dust samples and ranged from 49.5 in the Al-
Aqiq site to 70 in Al-Olya (Table 4). The sand average
ranged from 26.2% at Al-Olya to 48.4 at Al-Aqiq. The
main bulk of the dust fallout was distributed within a size
fraction ranging from 0.20 to 0.02 mm (coarse silt, fine
silt, and fine sand). This indicated that the coarse silt and
the fine sand were the dominant components of the dust
fallout. According to [33] classification, the dust grain
size analysis indicated unimodal grain distribution with
two dominant size fractions (sand and silt). The grain size
distribution curves shift to larger particle size ranges, thus
supporting the idea that the coarse fraction dust materials
in Riyadh originated from local surface soils due to traffic.
The sand particles move in the form of saltation or short-
term suspension [34]. On the other hand, the finer grain
dust size is mostly obtained from regional sources.
Results indicate that all of the dust samples collected
at different sampling locations had a high CaCO, content
ranging from 16.9 to 48.5%, with an average of 31.9%
(Table 4). The high content of CaCO, was suggested to
have originated from soils rich in limestone and dolomite,
which are abundant in Saudi Arabia (Arabian shelf), as the

rainfall is not enough to leach out the CaCO, [35-36].
Analysis of dust fallout reveled that most samples were
alkaline in reaction, with pH values ranging from 8.09 to
11.6 with an average of 9.66 (Table 4). The higher pH
range could be attributed to high Na and CaCO, contentin
the dust fallout samples. The EC value in the dust samples
ranged from 2.01 to 8.26 with an average of 3.43 dS m!
(Table 4). This high value of salts is attributed to the saline
soils from which the dust originated from coastal Sabkha
in northern and eastern parts of Saudi Arabia, where the
soils are saline and have a salt crust on the surface [37].

Heavy Metals Concentration

Table 5 lists the total concentrations of the heavy
metals in the dust fallout. Appreciable amounts of heavy
metals such as Cr, Mn, Ni, V, Zn, and Pb were detected
in all dust samples. The average content of Mn in dust
samples collected ranged from 150 to 509 mg kg
(average+Stdev) with the Al-Sulay site having the higher
content where Ghirnatah showed the lowest. The overall
average concentration of Mn was 269 mg kg!, which was
the second highest among all the observed heavy metals
(Table 5). Zn showed its presence in all samples with a
range of 67.2 to 754 mg kg' (average+Stdev) — the highest
value recorded at a new industrial site, while the Ghirnata
site showed the lowest. Toxic metal Pb ranged from 22.7 to
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Table 6. Comparison of heavy metals content in different urban dust fallout (mg kg™).
Heavy Metal (]2?:; i;)%g H(Ocnlirﬁ());;g ( ngzg;)m Oslo (Norway)"! Ii%ﬁi:;tc)iy Current study
Pb 213 120 39.1 180 32.1 33.2
Ni 55.4 28.6 152 41.0 193 38.0
Co 15.9 9.50 8.40 19.0 24.0 10.4
Cu 141 110 65.8 123 97.0 51.0
Mn ND 594 431 833 341 269
Zn 576 384 112 412 213 163
\% 116 36.6 34 ND 56.3 55.3

ND: not determined

77.1 mg kg (average+Stdev) in all the dust samples. The
highest contents of Pb were recorded at a new industrial
site, while the minimum was found at the Al-Waha site.
The Ni concentration was found to be between 20.2 and
69.8 mg kg (average+Stdev) in all dust samples.

The average heavy metals contents in the dust fallout in
the present study were compared with other cities around
the world (Table 6). Differences in concentration of the
heavy metals may be attributed to the sampling location
and contribution from anthropogenic sources. In the
current study, the concentrations of Pb, Cu, Zn, and Mn in
the collected dust fallout were lower than those reported
in Nanjing, Hong Kong, Ottawa, Oslo, and Kuwait cities
[38-42]. However, the concentrations of Pb, Ni, Cu, and
Zn in dust samples were higher than their soil background
values reported in Saudi Arabia [43]. The distribution
of the heavy metals in dust falling samples seems to be
controlled mainly by the land uses and the volume of traffic
emissions. Riyadh is a large city and has dense traffic, and
the elevated levels of the heavy metals could arise from
automobile emissions. With such high deposition rates of
dust that contain elevated levels of toxic elements, actions
should be taken to reduce emissions and more studies are
needed to assess the potential impacts of falling dust on
human health in Riyadh.

Conclusion

In this study, the rate of dust fall and its chemical and
physical composition were thoroughly investigated during
the entire year of 2012 in Riyadh, Saudi Arabia. The
results provide a valuable and complementary baseline
data on falling dust in the city. Dust fallout rates have been
shown to be spatially and temporary variable with diverse
sources ranging from local to distant. With high deposition
rates of dust particles that contain elevated levels of toxic
heavy metals, actions should be taken to reduce emissions,
and more studies are needed to assess the role of local and
regional sources on long-term trace element enrichment
of soils and its environmental impacts. Vehicle emission
controls extending the green belt around the city and

leaving a protective plant cover on the soil surface of
Riyadh by restricting grazing could be vital management
practices for reducing the input of trace elements from
anthropogenic and natural sources.
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