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Abstract
Background: The phenomenon of dust is a serious environmental problem in dry and semi dry regions. 
It has a destructive effect for the residents of such regions. Over two-thirds of Iran is in areas of dry and 
semi-dry climate conditions. 
Methods: In this research, dust fall measurements were taken in 41 stations across Yazd city using a marble 
dust collector (MDCO) located in different parts of the city. Next, the chemical characteristics of dust were 
determined using the XRF method. Finally, levels of dust fall across the 4 seasons of the year and status of 
the constituent elements of dust were determined through ArcGIS software and the Kriging technique. The 
Raster calculator function was used to make determinations of the effects of dust fall at each of the stations 
over the course of the year. Remote sensing system, along with maps taken from Landsat and the band 
combination technique were processed using ENVI software to extract vegetation density and building 
density maps of the studied region. 
Results: Results showed that spring had the highest level of dust fall with a value of 200 g/cm2. In total, 
in 109 km2 of the studied region had average dust fall of 110 g/m2 that contributed to 12 057 tons of dust 
over Yazd city in 2015. The constituent elements of the dust fall according to decreasing amounts were as 
follows: Si>Ca>Al>C>Mg>Fe>K>Na>S>Ti>Cl>P>Mn>Sr>Zn. 
Conclusion: These results indicate accuracy of the Kriging technique for application in dust zoning. The 
factors of vegetation and green space were determined as effective on adsorbing dust. Increased building 
density and height of buildings also contributed to development of dust fall. 
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Introduction
The detrimental effect of air pollution on human health 
was first identified in the 20th century. In 1930, sulfur 
dioxide emitted from a factory was mixed with a dense 
smog over the Meuse Valley in Belgium, where for three 
days, it caused acute pneumonic symptoms in thousands of 
people in the region. As a result of the incident, 60 people 
died from lung diseases (1). In December 1952, dense 
smog containing sulfur dioxide and smoke particulates 
spread throughout the entire city of London, causing 

the death of over 3000 people (2). At that time, the lethal 
potential of air pollution had been recognized but the 
relationship between air pollution and health was not well 
understood. Nowadays, due to the impact of air pollution 
on the incidence of disease in a specific population 
level, many physicians have properly understanding the 
relationship between air pollution and health (3).
In 1970, the Clean Air Act (CAA) was the first attempt to 
determine standard levels for emissions of air pollutants. 
Indeed, CAA defined the National Ambient Air Quality 
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Standards (NAAQS). This standard stated declared 
standard limits for levels of the main 6 air pollutants. 
These pollutants included carbon monoxide, lead, 
nitrogen dioxide, ozone, sulfur dioxide, and particulate 
matters (PM) (4). PM is a mixture of small particles and 
tiny drops of liquid composed of acids, organic chemicals, 
metals, and soil or dust particles (5). PM can be from 
natural or artificial sources. Natural sources include 
volcanoes, fires, sand storms, and aerosolized sea salt (3). 
The World Health Organization (WHO) estimated that 
500 000 people die prematurely each year as a result of 
exposure to air-borne particulate matter in free air. The 
WHO has also estimated annual costs for the health sector 
caused by air pollution in Austria, France, and Switzerland 
at around 30 billion pounds, and that it accounts for 6% of 
all deaths (6). Various studies have considered the effects 
of these particles on health. Research confirms adverse 
effects of particles on cardiovascular functions (7,8); 
the respiratory system (9-12) and even cerebrovascular 
problems (13,14).
Today, 2 methods are used to measure dust fall: theoretical 
calculations and experimental measurement. In the 
experimental method, dust collectors and samplers are 
used to collect dust vertically and horizontally (15). In a 
study by Goossens and Offer in 2000 on horizontal and 
vertical sampling, results determined that the marble dust 
collector (MDCO) was the most efficient for collecting 
dust fall particles (16). MDCO was designed in 1975 and 
is a common and standard method for collecting dust (15). 
The mentioned device consists of a plastic container plus 
1 or 2 rows of glass globes, which can be installed either 
on the ground or connected to a vertical pod. Various 
containing methods can be used, although circular 
containers are considered better than their rectangular 
counterparts, as they are more affected by wind direction. 
Standard glass globes have a diameter of 1.6 cm. Glass 
globes are advantageous because they prevent dust 
from scattering out of the container in certain weather 
conditions such as strong winds or rain showers. It can be 
attributed to the roughness of the glass globes (17). Use 
of polyethylene Petri dishes as a passive sampler has been 
used as a standard method in several studies (18).
Geostatistics is widely used to determine variation and 
spatial distribution of pollutants (19). ArcGIS is powerful 
software for environmental modeling and geostatistical 
studies (20). GIS has been used in modeling and evaluation 
of pollutants including water (21-23), soil (24), and air (25, 
26). In the majority of these studies, interpolation by the 
Kriging method has been introduced as the best and most 
accurate interpolation and preparation of curves to show 
levels of pollutants (27, 28). It is a geostatistical method 
that applies spatial variance, position, and distribution of 
samples (29). Kriging is an estimator that considers values 
of a variable in unsampled points as a linear combination 
of the values of that variable in relation to its surrounding 
points, as Relation 1, which gives a weight to every sample 
for estimating unknown points (30).
Relation 1: 
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In this relation, Z° is the estimated spatial variable, z(xi) 
is the value of the spatial variable observed that xi point, 
λi is the weight attributed to xi sample, representing the 
significance of point i in estimation.
Remote sensing is a method for gaining information 
about ground level from satellite images. Ground level 
latitude can often be determined using remote sensing 
and band combinations (31). Among the capabilities of 
remote sensing are determinations of vegetation (32) and 
building density (33). Vegetation and building density are 
specified using false color combination with selection of 
the bands intended for the development of RGB images 
in ENVI software (34). Urbanization has a great impact 
on the climate at micro and medium scale by converting 
vegetation into construction areas. It can be stated that the 
most apparent evidence of the human impact on climate 
at local and regional scale is that of the heat island method. 
Heat measurement can be used to reclaim ground level 
heat islands by recording the heat radiance levels emitted 
from the surface of a specified region (35).
The aim of this study was to investigate dust fall in 
terms of quantity and quality, zoning, and determination 
of influential factors. The first step in achieving this 
objective was to determine levels of dust fall and chemical 
characteristics. Then, using ArcGIS was used for zoning of 
the quality and quantity evaluations of dust fall. Eventually, 
by preparing vegetation and building maps using remote 
sensing, the effect of each of these issues was examined on 
quantity and quality evaluations of dust fall. 

Materials and methods
This was a descriptive-analytical type study determining 
the chemical characteristics of dust fall over Yazd city. 
Dust fall zoning was done in ArcGIS, together with 
consideration of the status of dust distribution across 
different seasons in 2015. Subsequent evaluation was 
made by the Overlay method. This study investigated the 
status of vegetation, urbanization density, and its effect on 
quantity and quality of dust fall. 

The studied region
The province of Yazd has a hot and dry desert climate. 
It is situated at the geographical location of 3"22'54˚ E 
and 50"53'31˚ N in the Yazd-Ardakan interior plain. The 
study area of Yazd city was located at 16'54˚ E to 26' E 
and 49'31˚ N until 57'31˚ N and covered an area of 110 
km2, as shown in Figure 1. In the studied region, the 
predominant wind direction in the first 6 months of the 
year (spring and summer) was northwestern, while in the 
4 months of November until February it was southeastern, 
and in March and October it was western. Within a 24-
hour period, there were 50 dusty days, and the greatest 
frequency occurred in the 60 days of summer, causing 
tangible and intangible damage for the people of Yazd 
province including Yazd city with a population of 526 276 
people. The average annual rainfall in Yazd was less than 
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60 mm/year.

The utilized MDCO sampler
The collector designed for this research consisted of a 
circular plastic container with a diameter of 22.5 cm. 
Furthermore, inside the container there were three rows 
of glass globe that had been poured with a diameter of 1.6 
cm to prevent dust from escaping (15-17).

Selection of sampling stations
For proper distribution of these above-mentioned 
collectors across the city, the major and most populated 
neighborhoods of the city were selected as sampling 
stations and collectors were installed at these locations. 
As can be observed in Figure 1, sampling stations were 
located at suitable distribution across different parts of the 
city.

Sampling, analysis, and zoning
By the end of September (within a 3-month period), the 
trapped dust was carefully collected from the collectors 
and weighed. For this purpose, a balance with an accuracy 
of 0.01 g was used. Then, XRF analysis was done on the 
collected dust. Following determination of the constituent 
elements of the dust samples, zoning was performed 
using the Kriging method by ArcGIS 10.2.2 software. 
Furthermore, amounts of dust fall across the four seasons; 
spring, summer, fall, and winter were determined by 
a similar method, zoned by ArcGIS. Using the Raster 
calculator function, an overlay map was prepared to 
identify regions that were most affected by dust across 
all seasons of the year (36,37). Remote sensing was used 
to determine the region’s vegetation. For this purpose, 
Image Landsat Archive (L4-5 TM sensor) available at 

http://earthexplorer.usgs.gov/ together with false color 
combination and development of RGB image with band 
combinations of 4 for R, e for G, and 2 for B were used. 
Then, NDVI function in ENVI 4.7 software and eventually 
IsoData function along with unsupervised classification 
were employed (38-40). To determine building density in 
Yazd, Landsat heat infrared data of TM (Landsat), ETM+, 
and ASTER with respect to spatial power of 90, 60, and 120 
to extract the ground level temperature and make a more 
accurate study of urban heat islands that develop in urban 
regions (41,42). Building density was determined by heat 
sensor using the Landsat archive (L8 OLI/TIRS) 8 sensor. 
To prepare maps, band combinations of 3 and 2 along with 
11 heat bands were used to develop RGB images in ENVI 
software, showing building density in yellow.

Results
Measurement and zoning of dust fall
Seasonal measurement of dust fall in Yazd city in 2015 
indicated that the mean dust fall in spring, summer, 
fall, and winter were 200, 119, 40.7, and 79.9 g/cm2, 
respectively. Zoning of the status of dust fall across the 
different regions of Yazd city is shown in Figure 2. Overall, 
in 2015 in 109 524 581 m2 of the studied region, 110 g/m2 
dust fall has subsided on average, whereby we had 12 047 
tons of dust fall in Yazd city in total. Figure 3 demonstrates 
overlay points related to the 4 seasons of 2015, showing 
regions that were the most affected by dust fall.

Determination of chemical characteristics and zoning
Following sampling of dust fall, its chemical characteristics 
were determined by the XRF method (Table 1). Values 
for the constituent elements Al, Ca, C, Fe, K, Cl, Na, Mn, 
Mg, Si, S, P, Zn, Ti, Sr elements were specified. Based on 
these measurements, elements were presented in order of 
presence in dust fall, in terms of high to low value Si>Ca
>Al>C>Mg>Fe>K>Na>S>Ti>Cl>P>Mn>Sr>Zn. Figure 4 
represents zoning of each of these elements in the studied 
region.

Determining building density in the studied region
Figure 5 illustrates building density of the studied region. 
This map was prepared to determine its effect on the 
quantity and quality of dust fall. In this image, regions 
with building construction are shown in yellow.

Determination of vegetation in the studied region
Figure 6 indicates a vegetation map extracted from 
Landsat satellite images using ENVI software. This image 
was prepared to investigate the effect of vegetation on 
quantity and quality of dust fall.

Discussion
Many studies have investigated dust fall in terms of 
quantity and quality as a pollutant. Tongqian and Bin 
used GIS to investigate dust fall as a pollutant (42). In 
the present study, dust fall was also measured across the 
four seasons of the year in 2015 in the city of Yazd. Results Figure 1. The characteristics of the studied region.

http://earthexplorer.usgs.gov/
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showed that spring and fall had higher and lower levels 
of dust fall with values of 200 and 40.7 g/m2, respectively. 
The region was affected by a predominantly northwestern 
wind in spring. A study by Li et al, in the Tarim area in 
China investigated seasonal distribution of dust. Results 
showed that the highest level of dust in spring (43). The 
amount of dust fall was more than 12 000 tons in 2015. 
Figure 3 shows a map overlay of dust fall covering the 
entire year of 2015. By corresponding this image with the 
image extracted for the buildings of Yazd from remote 
sensing, it was made clear that the highest level of dust 
fall had occurred in regions with higher building density. 
Reduced rainfall and increased wind erosion had also 
caused a high level of dust fall, and that factor should be 
further investigated.

This study also examined the chemical quality of the dust 
fall (Figure 4). Based on results of analysis by the XRF 
method, Si had the most important role in the mixture of 
the analyzed dust, whereas Zn had the lowest value. The 
results of zoning of Si, Ca, Al, K, Mg, and Na followed 
similar models, showing high values in regions with higher 
building density. In the study by Luo et al, the chemical 
characteristics of dust fall were examined in terms of 
presence of 40 trace elements. This study was performed in 
the Beijing region in 2013-2014. In this study, experiments 
were done on a total of 58 samples, followed by evaluation 
through multiple statistical methods and geographic 
information system (GIS). The results indicated that 
levels of pollutants increased according to increased 
urban traffic and density, such that the city center with the 
largest traffic load had higher levels of pollutants (44). A 
study on Hangzhou city in China by XU et al investigated 
the chemical characteristics of dust fall determined 
values for chromium, manganese, nickel, lead, zinc, 
cobalt, aluminum, iron, potassium, sodium, calcium and 
magnesium elements. Furthermore, the effect of human 
pollutants was examined on the elements quantified in the 
dust. Results showed a significant relationship between 
human-borne pollutants and elements present in the 
dust (45).
In Figure 5 less heat is observed in the region shown in the 
frame, in spite of it having high density. This region was 
located near sampling station 6, which had a quantitatively 
lower level of dust. Investigation showed that in the 
mentioned region, the buildings were mainly old and 
built with clay (mud buildings), not to mention that most 

Figure 2. The dust fall in the studied region in 2015 by individual season (g/m2).

Figure 3. The map overlay of dust fall in Yazd city for all of four 
seasons in 2015 (g/m2).
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buildings in the region were single floor. Therefore, it can 
be concluded that the material and height of buildings can 
influence development of the heat island phenomenon 
as well as the quantity of dust fall. Clay (mud) is suitable 
thermal insulation materials and produce low intensity of 
the heat island phenomenon. In buildings made of mud, 
dust falling value also declined. In a study by Alamdar 
et al, the amount of arsenic in dust fall over Pakistan, 
and its effect on health were evaluated. In this study, the 
effect of height on the amount of arsenic present in dust 

was also inspected. The results revealed that height had a 
direct and significant relationship with amount of arsenic 
present in dust, whereby an increase in height also showed 
an increase in the value of arsenic. Furthermore, tests for 
arsenic present in collected human nail samples showed 
a similar model for the degree of absorption of arsenic 
in these regions such that the source of arsenic can be 
attributed to arsenic in dust (46).
In this research, the status of vegetation was also explored; 
images were extracted by remote sensing. Vegetation 

Table 1. The chemical characteristics of dust fall in Yazd city determined by the XRF method

Sampling site 
number

Type of chemical properties (w/w)
Si Ca Al C Mg Fe K Na S Ti Cl P Mn Sr Zn

1 44.80 21.72 10.20 9.50 4.34 2.21 2.00 1.99 1.78 0.61 0.57 0.16 0.04 0.03 0.02
2 43.70 21.57 10.40 8.80 4.36 0.34 2.08 2.23 2.91 0.56 0.82 0.17 0.05 0.02 0.00
3 43.80 22.55 10.40 8.40 4.56 2.29 1.96 2.26 2.27 0.62 0.67 0.16 0.04 0.02 0.00
4 44.50 22.30 10.20 9.30 4.21 2.22 2.04 1.97 1.82 0.55 0.57 0.17 0.05 0.03 0.01
5 45.20 21.47 10.50 8.40 4.36 2.80 2.03 2.14 1.69 0.63 0.62 0.15 0.05 0.02 0.00
6 43.20 21.38 10.40 8.30 4.36 2.23 2.02 2.32 4.19 0.57 0.83 0.17 0.04 0.01 0.00
7 34.50 19.21 7.88 0.60 3.13 2.86 1.71 1.52 1.55 0.47 0.58 0.14 0.05 0.03 0.00
8 32.80 18.49 7.40 8.70 2.99 1.97 1.62 1.47 1.90 0.47 0.61 0.12 0.04 0.01 0.00
9 42.70 21.18 10.30 9.30 4.23 4.75 2.01 1.94 2.13 0.51 0.73 0.19 0.07 0.02 0.01
10 45.70 22.16 10.20 8.20 4.14 2.21 1.99 2.17 1.80 0.58 0.66 0.16 0.05 0.05 0.00
11 35.20 18.23 8.07 7.00 3.24 2.05 1.73 1.86 2.68 0.49 0.84 0.14 0.04 0.02 0.00
12 41.30 22.79 10.80 9.60 4.55 3.36 2.31 2.07 1.67 0.51 0.87 0.18 0.05 0.03 0.00
13 35.40 19.39 8.09 6.20 3.29 2.17 1.72 1.68 2.49 0.52 0.68 0.12 0.05 0.02 0.00
14 43.40 22.42 10.10 9.10 4.39 2.23 2.01 2.47 2.20 0.56 1.03 0.21 0.04 0.02 0.00
15 42.60 19.63 10.40 12.0 4.30 2.35 2.01 2.48 2.94 0.56 0.94 0.20 0.05 0.02 0.00
16 34.00 19.00 8.07 6.00 3.27 2.15 1.70 1.67 2.50 0.52 0.68 0.13 0.04 0.02 0.00
17 38.80 20.11 8.80 9.10 3.67 2.09 1.81 1.73 1.84 0.55 0.59 0.14 0.04 0.02 0.00
18 43.85 21.84 10.30 8.80 4.29 2.23 2.03 2.15 3.01 0.56 0.70 0.17 0.05 0.03 0.01
19 44.35 21.43 10.45 8.35 4.36 2.52 2.03 2.23 2.94 0.60 0.73 0.16 0.05 0.02 0.00
20 43.05 21.80 10.20 9.20 4.31 3.49 2.01 2.21 2.17 0.54 0.65 0.20 0.05 0.02 0.01
21 43.95 21.33 10.40 8.85 4.30 3.78 2.02 2.04 1.91 0.57 0.67 0.17 0.06 0.02 0.01
22 34.00 18.36 9.24 7.85 3.12 2.01 1.68 1.67 2.29 0.48 0.72 0.13 0.04 0.01 0.00
23 38.90 18.93 9.24 9.50 3.77 2.20 1.87 2.17 2.81 0.53 0.89 0.17 0.05 0.02 0.00
24 39.65 20.47 9.04 9.05 3.74 2.54 1.86 1.76 1.67 0.54 0.58 0.15 0.05 0.03 0.00
25 44.65 22.01 8.80 9.40 4.28 2.22 2.02 1.98 1.80 0.58 0.57 0.17 0.05 0.03 0.02
26 44.10 21.94 10.30 9.05 4.29 2.28 2.06 2.10 2.37 0.56 0.69 0.17 0.05 0.02 0.01
27 45.10 22.23 10.20 8.75 4.18 2.22 2.15 2.07 1.81 0.57 0.62 0.17 0.05 0.04 0.01
28 43.75 22.06 10.40 8.60 4.46 2.32 2.02 2.25 2.59 0.59 0.69 0.17 0.05 0.02 0.00
29 39.60 20.97 9.25 7.30 3.93 2.23 1.84 1.97 2.38 0.57 0.68 0.14 0.04 0.02 0.00
30 43.50 22.49 10.50 8.90 3.75 2.79 2.03 2.12 1.74 0.54 0.77 0.17 0.05 0.04 0.00
31 38.90 20.78 13.27 10.20 5.55 3.30 2.68 2.80 3.64 0.83 1.01 0.21 0.07 0.02 0.00
32 39.10 20.39 9.14 8.70 3.75 2.60 1.90 1.88 2.23 0.51 0.70 0.16 0.05 0.04 0.00
33 43.25 19.11 12.01 6.30 4.84 3.58 2.56 2.43 3.28 0.75 0.97 0.20 0.07 0.03 0.00
34 33.65 18.85 9.04 8.65 3.06 2.42 1.67 1.50 1.73 0.47 0.60 0.13 0.04 0.02 0.00
35 37.70 19.06 8.90 10.35 3.65 2.16 1.82 1.58 2.42 0.52 0.78 0.16 0.05 0.01 0.00
36 37.75 19.84 8.85 9.00 3.61 3.36 1.82 1.71 2.02 0.49 0.67 0.16 0.05 0.02 0.01
37 39.00 19.98 8.95 8.55 3.68 2.39 1.83 1.81 1.80 0.55 0.61 0.13 0.04 0.02 0.00
38 38.55 19.42 9.14 10.30 3.72 2.61 1.86 2.00 2.25 0.51 0.76 0.17 0.05 0.02 0.00
39 39.30 20.33 9.09 0.05 3.82 2.14 1.87 2.58 2.44 0.52 0.70 0.18 0.04 0.02 0.00
40 44.25 21.65 10.30 9.15 4.36 2.28 2.04 2.11 2.35 0.59 0.70 0.17 0.04 0.02 0.01
41 38.35 21.09 9.45 7.90 3.92 2.77 2.02 1.88 2.09 0.52 0.78 0.15 0.05 0.02 0.00
Max 45.70 22.79 13.27 12.00 5.55 4.75 2.68 2.80 4.19 0.83 1.03 0.21 0.07 0.05 0.02
Min 32.80 18.23 7.40 0.05 2.99 0.34 1.62 1.47 1.55 0.47 0.57 0.12 0.04 0.01 0.00
Average 40.73 20.73 9.72 8.32 4.00 2.50 1.96 2.02 2.29 0.55 0.72 0.16 0.05 0.02 0.00
RMSEa 0.841 0.586 0.723 0.222 0.47 0.62 0.20 0.28 0.55 0.06 0.11 0.02 0.00 0.00 0.00

a For Kriging interpolation in ArcGIS software.
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Figure 4. The zoning of the chemical characteristics of dust fall for Yazd in 2015.

and green space were determined as effective factors in 
adsorbing dust. Overall, decreased vegetation resulted in 
increased soil erosion, which was in turn one of the factors 
that increased dust fall. In a similar study done in China 
using GIS, on the effect of devastation of rangelands on 
dust development, it was found that the major reason for 
increased dust were human factors including rangeland 
devastation, over-cultivation, and abuse of water resources 
(47).
Information on dust zoning can be used for positioning 
studies, such as for health-sensitive centers that should be 
located with consideration of dust fall in the area. It should 

be noted that places such as kindergartens, nursing homes 
and schools, wherever possible, should not be exposed to 
high levels of dust fall. Research has shown that amounts 
of manganese and lead in dust fall were examined in a 
number of schools in Brazil over a 30-day period. Results 
of that study showed manganese and lead values at 1582 
μgMn/m2/30 days and 43.2 μgPb/m2/30 days, respectively. 
Maps revealed that the factors of wind direction and 
construction site of schools influenced people’s contact 
with dust containing manganese and lead (18).
In this study, the Kriging technique was used for 
interpolation. The last row in Table 1 shows the root 
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mean square error (RMSE) value in zoning of each of 
the chemical parameters of dust fall. Low value of RMSE 
showed accuracy of the calculated interpolation. Based on 
the calculated RMSE, Kriging was determined as a suitable 
technique for interpolation of pollution related to dust fall 
in this study. So far, spatial interpolation techniques have 
been used in various studies considering environmental 
pollutants for zoning of pollutants and predicting their 
behavior across different sites. For example, Robinson et 
al studied the potential of different spatial interpolation 
techniques. Results showed that the Kriging method was 
the most accurate compared with other interpolation 
methods (48). Yasrebi et al also studied chemical 
parameters of soil with the aim of comparing IDW and 
Kriging techniques in predictions of spatial variability. The 
results of that study showed that the Kriging technique 

Figure 5. Building density map in Yazd in 2015.

Figure 6. The vegetation map of the studied region.

was more successful in predicting variability than IDW 
(49). Wong et al also proposed the Kriging technique to 
study air pollution (50).

Conclusion
Yazd province, with an ultra cold climate, is one of the 
provinces exposed to dust fall every year, such that in 
2015, 12 057 tons of dust fall encompassed Yazd city. 
The elements Si, Ca, and Al were determined as major 
constituents of the dust fall in Yazd, and the manner of 
their combination was different from region to region. 
The method of zoning is used for analyzing and evaluating 
dust fall across different points. The Kriging technique is 
a powerful interpolation technique for zoning dust fall 
and determination of the composition of its constituent 
elements. Remote sensing is also an effective and practical 
method to determine environmental complications 
affecting dust fall such as vegetation and building density. 
Examination of the density and height of buildings using 
remote sensing showed that these issues were involved in 
level of dust fall. 
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