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Abstract

The particulate matter with a diameter of 2.5 um (PM,s) concentration seriously impacts the
environment, climate, and human health. PM, 5 emissions are caused by anthropogenic or natural
sources and are still a problem worldwide. In this study, monthly, seasonal, and annual spatial
distributions of PM, 5 concentrations were analyzed over Iraq for the period 2003 to 2020 by use of
the geographic information system technique. The results indicated that the PM,s concentration
was higher in summer than in winter and autumn. The monthly mean maximum values of PM, 5
occurred during June and July with 8.4 and 8.7 pug/m® over central and southern regions of Iraq,
respectively, while monthly means of minimum values were observed during November over
northern and western regions. These results conclude that the magnitude of outdoor PM,s
concentrations varies among seasons and regions. Also, the annual means of PM, 5 were less than
the standard maximum permissible limits, and their seasonal means were smaller than this limit at
all seasons.
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1. Introduction

Clean air is an essential prerequisite for
human well-being and health (World Health
Organization, 2006). Airborne particulate
matter pollution is a critical environmental
risk factor linked to their potential effects in
causing  health problems,  visibility
impairment, and increased mortality and
morbidity in humans (Thurston et al., 2016).
PM, s is particulate matter with an equivalent
diameter less than or equal to 2.5 um in
aerodynamics (Li et al., 2019). It is the most
common source of air pollution and the
primary cause of no communicable diseases
in the world (Gakidou et al., 2017).
Particulate matter in the atmosphere is made
up of liquid and solid particles. They are
emitted directly from various natural and
human processes, including forest fires,
agricultural practices, construction projects,
and fuel burning, or generated in the air by
gases resulting from fuel combustion. They
can contain heavy metals, acids, biological
and other organic and inorganic materials
(Wark & Warner, 1981). The impacts of
PM,s concentrations in the human health

sector can be divided into indirect and direct
effects. Indirect effects commonly affect a
much wider geographic area and are more
difficult to control. One of the most
dangerous effects is the acidification of
freshwater sources. Through oxidation
reactions, aerosols such as sulfur and
nitrogen oxides are converted into acidic
substances such as sulfuric and nitric acid,
negatively impacting the fish population and
forest ecosystem health (Welburn, 1988).
Direct effects such as premature death and
cardiovascular and lung disease are caused
mainly by exposure to particulate matter
(Pope Il et al., 2011). PMy, and PM;s,
respectively, are of special importance as
they can reach the upper and lower portions
of the respiratory tract of exposed individuals
and cause cardiovascular and respiratory
illness (Kampa & Castanas, 2008; Thurston
et al., 2016). The size of particles is also
directly linked to environmental effects like
environmental damage and materials damage
(Zubkova, 2003).

Several previous studies have analyzed
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temporally and spatially PM;s
concentrations. For example, Gorai et al.
(2018) analyzed the spatio-temporal variance
of PMjs in Delhi, India. Daily PMjs
concentrations were used from November
2016 to October 2017 in different locations
distributed in their study’s region. They
found maximum and minimum spatial
variances were observed March and
September, respectively (Gorai et al., 2018).
Also, Wang et al. (2019) studied the
characteristics of the temporal and spatial
distributions of particulate matter (PM,s) in
Changchun, China, by using hourly
particulate matter mass concentration
measured at 10 weather automatic
monitoring stations. Their results indicated
that the quarterly average PM,s mass
concentrations in Changchun were higher in
the first quarter, and the fourth quarter was
concentrated mainly in the central, northern,
and western areas of Changchun (Wang et
al., 2019). Finally, Kiai et al. (2021) studied
the spatial extent and distribution of PM, in
Nairobi, Kenya, for seven sites based on the
land use type. The highest 24-hour average
concentration of PM,s was observed in
Viwandani, an industrial area (111.87
ng/m®), and the lowest concentration was
found at Karura (21.25 pg/m®), a forested
area (Kiai et al., 2021).

In previous studies, most scientists analyzed
the spatio-temporal rates of PM, 5 particles in
certain areas. The present study aims to
analyze the spatial concentrations of PM2.5
in Irag from 2003 to 2020, including the
means of PM,s concentration (i.e., monthly,
seasonally, and annually) and determining
the maximum, minimum, median, average,
and standard deviation for concentration
PM,s. The data for PM,s obtained were
initially monthly measurements and then
analyzed as monthly, seasonal, and annual
means for 18 years over all provinces of Irag.
In this study, the spatial analysis for PM,s
concentrations was studied using a
geographic Information System (GIS).

2. Study area and data source

The research region is lIrag, which is
geographically located in the Northern
Hemisphere between latitudes of 29.5° and
37.5°N and longitudes of 38.45° and
48.45°E. Iraq is also located in the southwest

corner of the Asian continent, in the northern
portion of the Arab Homeland, with Turkey,
Syria, and Jordan to the west, Kuwait and
Saudi Arabia to the south, and Iran to the east
(see Figure 1, left side). The proximity or
distance of Irag from water bodies
significantly impacts Irag's climate and
thermal qualities, with the Mediterranean Sea
and the Persian Gulf being the most
influential water bodies in Iraq (Jassim &
Goff, 2006). The topography of Iraq’s
surface is divided into four main parts in
terms of terrain forms to the following areas:
the mountains region, which represents the
northern and the northeast areas of Iraq with
an estimated area of about 5% of the total
area of Iraq; plateaus and hills region, located
in the south of the mountains regions with an
estimated area of about 15%; the plain
sedimentary region, which extends from
central Iraq to the top of the Persian Gulf,
with an estimated area of about 20%; and the
western plateau, is the part of the Arabian
Peninsula plateau, which extends to broad
areas to the south and southeast of the
country, with an estimated area of about 60%
(Jassim & Goff, 2006).

One of the most significant features of Iraq is
the extremely high temperature change in one
day (i.e., day and night) and between the
summer and winter seasons. Winter is cold,
and the temperature ranges from about 2 °C
at night and increases to 16 °C in the
daytime. Summer is very dry and hot to
extremely hot, with the mean temperature in
shadow reaching more than 43 °C in July and
August, decreasing to 26 °C at night. More
feature of Iraq’s climate is drought, which
occurred because of the shortage of
precipitation and its water sources
limitations. In addition, the increase of
evaporation due to the high quantities of
solar radiation residence on the surface
causes the increase in the drought (Frenken,
2009). Iraq lies within the moderate northern
region, a system similar to the Mediterranean
where rainfall occurs almost in winter,
sometimes in spring, slightly in autumn, and
disappears in summer. The region is often
divided into three rainfall zones according to
the annual rainfall amounts: northern, middle
and southern regions. Rainfall in Iraq varies
during the year, approximately from 50 mm
in the southwest to 1000 mm in the northeast
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(AL-Timimi, 2014). The north and northeast
of Iraq usually receive higher amounts of rain
than the south.

The ubiquitous nature of atmospheric aerosol
shows an intense impact on the earth’s
atmospheric  system, climatic conditions,
atmospheric chemistry, influence of weather
conditions, ecosystem, air quality and public
health (Pdschl, 2005). Moreover, these
particles play a critical role in driving climate
change because they scatter and absorb solar
radiation (Ding et al., 2016; (Fu et al., 2017).
Aerosol particles are efficient in absorbing
and scattering solar radiation, changing the
intensity and direction of sunlight, resulting
in a reduction in the atmospheric horizontal
visibility (Barber, 1984; Husar et al., 2000).
Besides, there are also correlations between
PM, s and some meteorological variables like
temperature and wind with which there are a
positive correlation, and the wind speed is the
most closely associated factor with PM,s.
There is a negative correlation with
atmospheric pressure and rain, there are
positive correlations in some areas and
negative correlations in others, and the rain
played an important role in reducing

pollutant concentrations (Wid et al., 2022).
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The monthly data of PM, s has been acquired
from the Copernicus website
(https://ads.atmosphere.copernicus.eu/cdsapp
#!/search?type=dataset). Copernicus is the
European  Union's  Earth  observation
program. It offers information services taken
from satellite Earth Observation and in-situ
(non-space) data. The European Commission
manages the program for 2003-2020 PM,;
data with unit of ug/m®. The horizontal
coverage of the global resolution is
0.75°x0.75°, and the total grids are 210,
covering the study area and neighborhood as
shown on the right side of Figure 1. All grid
points in this figure are interpolated to get the
final maps of the concentration.

3. Methodology

The spatial distribution of the particle PM,s
is carried out using GIS, which is a
computer-based information system that
provides tools for the collection, integration,
management, analysis, modeling and
presentation of data referred to in the
accurate graphical representation of objects
in space (Hassan, 2018). Many GIS software
packages are available, from commercial
packages to free and open-source software.
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Figure 1. a) elevation map of Iraq and neighboring countries. b) grid points of the study area of Iraq.
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Currently, ArcGIS is probably the most
widely used program, developed by the
Environmental Systems Research Institute,
offering a user-friendly graphic interface, the
ability to handle different types of geographic
objects, and a set of powerful tools and
extensions (Séanka, 2015). Spatial
interpolation methods are the estimation of
property values in unknown points within a
region covered by existing observational
points. The spatial interpolation operations in
numerous situations are executed in GIS.
There are many different approaches to
classifying  the  spatial interpolation
procedures, like point interpolation and
region interpolation, global and local, and
exact and approximate interpolation.
Numerous  systems exist for  both
interpolations of local and global, the
examples for the global systems are the trend
surface analysis and Fourier series, and an
example for local technologies are proximal,
Kriging, B-splines technique (Huang et al.,
2011), and Inverse Distance Weighting
(IDW): the practice of using known data to
estimate unknown data values. In this
interpolation  technique, interpolational
estimates are based on values from nearby
locations that are only weighted by the
distance from the interpolation site. Except
for the basic assumption that the proximal
points in the interpolation site must be more
relevant than the far-off points, IDW makes
no assumptions about spatial relationships.
This method uses a linearly weighted set of
sample points to determine cell values. The
opposing distance determines the weight.
Based on their distance from the output point,
IDW allows the wuser to control the
importance of known points on the defined
values (Hessl et al., 2007). IDW relies
primarily on two assumptions: the first is that
the anonymous value of a point is affected by
the proximity control points more than the
remote points. The degree of impact (weight)
of the points corresponds to each other
directly, with the inverse distance between
the points raised to the force (Huang et al.,
2011). IDW needs to have some parameters
of the trigger, such as the parameters of the
search neighborhood, the exponential factor,
and the homogenization factor. It is
particularly suitable for limited data sets,

where other installation techniques may be
affected by errors. This technique is very
flexible and allows the evaluation of the data
set with the direction or contrast of
information in the research area (Garnero &
Godone, 2013). In general, the simplified
formula for IDW is:

)
Bl
where V, is the predictable value at point 0,
V; is the V value at control point i, D; is the
distance between control point i and 0, and n
is the number of known values used in the
evaluation (Bajjali, 2017). This weighting
relationship affects the giving of data points
close to the interpolation point with relatively
large weights, while the effect is negligible
on distant points (Robinson & Metternicht,
2003).

The arithmetic mean of PM, s was calculated
by Equation (2) (Reimann et al., 2011):

V0:

)

— 1
PM2.5:;2?=1(PM2.5)1' 2

The counter n indicates the total number of
points in the study area, and () denotes
mean. The median divides the data
distribution into two halves. The data are
sorted from the lowest to the highest value,
and the central value of the ordered data is
the median. In the case of n being an even
number, two central values exist, and the
average of these two values is taken as the
median (Reimann et al., 2011).

The standard deviation (SD) that describes
the average spread of the data around the
central value can be calculated by Equation
(3) (Reimann et al., 2011):

1 —_—
SD:\/EZanl(PMZ.Si — PM; 5)? ©)

4. Results and discussion

4-1. Monthly spatial distribution of PM,s
concentrations

The descriptive statistics of monthly PM,s
concentrations such as mean, SD, maximum
and minimum are displayed in Table 1. It can
be seen that the monthly ranges of means,
SD, maximum, and minimum for the study
area (4.6-8.7), (1.8-3.6), (8.5-1.6), and (1-
1.9) pg/m?®, respectively.
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Table 1. Statistics values of monthly PM, 5 concentration included mean, SD, Maximum and Minimum values.

Statistical

parametgrs Jan | Feb. | Mar. | Apr. | May | Jun. | Jul. | Aug. | Sep. | Oct. | Nov. | Dec.
(g /m)

Mean 5.3 5.7 6 5.2 6.6 8.4 8.7 6.3 5.4 55 4.6 5.1

SD 2.1 2.3 2.3 2.4 2.2 3.3 3.6 2.4 2 1.9 1.8 2.1

Maximum 105 | 11.3 | 109 | 115 | 109 16 15 11.1 9.7 9.3 8.5 9.9

Minimum 1.3 17 1.8 1.9 1.8 1.6 1.6 1.3 1.1 15 1 1.1
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Table 1 shows that in the summer months,
PM,s means are higher than the rest of the
months, especially in June and July [8.4 +
3.3] and [8.7 £ 3.6]. The reason for this is
due to the arid condition in the summer, the
lack of rain, and high solar heating, which
leads to the fragmentation of the soil in
addition to the instability. We notice lower
means in the winter months.

Spatial maps of the monthly averages of
PM, s concentrations over Iraq are displayed
in Figure 2. The results show that all maps of
monthly distribution of PM,s concentrations
can be divided into fifteen classes of PM,5
concentrations ranging from 1 to 15 pg/m®.
In the southern side of Iraq, the results of all
monthly maps reveal that the PMys
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concentrations are higher than the other parts
of the country.

During the summer months, most areas of
Irag witness the presence of high
concentrations. The highest values are
concentrated in two regions: the southern
region and the country's central region. lraq's
highest values are observed during June and
July months is 15 pug/m®. As shown in Figure
2, the monthly average of PM,s in the
northern and western regions of Iraq does not
show severe changes in the values of PM,s

concentrations. Thus, these areas are
characterized by having the lowest
concentrations of pollutants. The lowest

values of PM,s in these regions is 1 pg/m®
during December.
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Figure 3 shows monthly variation in PM,s
concentrations over Iraq during the period of
study. The values in the graph present the

Figure 2. The spatial distributions of monthly PM, s concentrations over Iraq during 2003-2020.

average and the associated standard deviation
(by error bars) for the period 2003-2020. The
monthly changes in the standard deviation of



Spatial Analysis of PM2.5 Concentration over Iraq .../ Sadar et al. 179

PM,s are common during all months, except
for the highest values in June and July. The
most noticeable feature is that the PM,s
concentration reaches its maximum peak in
June (8.4 pg/m®) and July (8.7 pg/m®) in the
study area. This is expected because there is
no rain in summer (Al-Timimi, 2012). The
PM, s concentrations begin to increase during
January (5.3 pg/m®), February (5.7 pg/m®)
and March (6 ug/m®), then decrease during
April (5.4 pg/m®) because of frequent
thunderclouds in this month, and then
increase again during May (6.6 pg/m?), June
(8.4 pg/m* and July (8.7 ug/m?), reaching
their highest value in June. After that, the
concentration values begin to decrease from
August (6.3 pg/m®) to November (4.6
pg/m®), and finally, the values start to
increase during December (5.1 pg/m?).

4-2. Seasonal spatial distribution of PM;s
concentrations

Figure 4 shows the seasonal spatial averages
for PM,5s concentration for winter, spring,
summer and autumn for the period 2003-
2020. During the winter, it can be seen that
the maximum concentration, 10 pg/m® is
found in the south part of Irag (Basrah and
Muthana), while the minimum value of PM, 5
concentration is in the north and western
regions of Al-Anbar governorate in Irag. In
winter, the seasonal average PM,;
concentration across all regions of Iraq is
5pg/me. The behavior of PM, s concentrations
during the spring is similar to the behavior of
winter. The average PM, s concentrations for
the spring is 6 pg/m®. It can be seen that the
average of PM, s concentration started to be
higher than that of the winter season. A
significant rising in PM, s concentrations can
be observed 7.1pg/m® over the middle and
southern regions in Iragq during the summer.
Meanwhile, during the autumn, the average
value of PM, s concentrations over all regions
is decreased to 5pg/m®.

From the previous figures, it can be noted
that the spatial distribution of PM,s
concentration is almost identified in the south
regions where the average concentration is
higher compared to the northern regions.
This means a decline in concentration from
south to north. The reason may be due to the
human and natural causes that include some
climate parameters related to pollutants,

namely rainfall and temperature. The
northern regions of Iraq receive more
amounts of rain compared to the southern
regions, and the rain has an inverse
relationship  with pollutants. Also, the
temperatures differ between the north and the
south, as the temperatures in the southern
regions are higher than the northern regions.
The higher concentrations of pollutants are
directly proportional to higher temperatures
and human sources in the southern regions,
where there is a high population, meaning
more human activities and more pollution, as
the numbers of cars are large in various
capacities to emit toxic gases and in huge
guantities without the presence of a green
belt that can reduce the damages of these
toxic gases. The citizens daily burn waste to
get rid of it and in large quantities that
represents a problem requiring a serious
decision to establish waste recycling plants.
Which guarantee its transformation into
useful materials. In addition to the thousands
of scattered private generators, the toxic
gases that are emitted from power stations
and can be originated from internal sources
such as tobacco smoking, cooking and the
use of stoves. In addition, it can be from
natural sources, such as pollen, dust, etc.
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Figure 3. The means of PM, 5 concentrations for all
months of the year with error bars represent
the standard deviation.

In general view, the seasonal spatial
distribution of PM,5 has low concentration
values in the northern and western regions
of Irag, compared to the southern
and southeastern regions. Table 2 shows
some statistics for each season of the year
such as the total means and their SD,
maximum and minimum of PM,;s
concentrations, which shows that the
concentrations of pollutants rise in the
summer and reach [7.1 £3.1] and decrease in
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the rest of the seasons; the annual average of
concentrations is 6 pg/m?®.

In order to illustrate the level of ambient air
pollution with PM,s concentrations over

Irag, these means are compared to the
standard maximum permissible limits, which
are widely used as a reference tools by
policymakers in the world to set standards
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and goals for air quality management. This
limit states that annual  average
concentrations of PM, 5 should not exceed 10
pg/m?® (Al-Jiboori, 2015). From seasonal and

annual means reported in Table 2, all of them
less than the standard
experience low levels of outdoor air pollution

are

over the year in Irag.

limit, which

Table 2. Statistics of the values for seasonal PM, s concentrations including: mean, SD, maximum and minimum.

Statistical pagameters Winter Spring Summer | Autumn Annual
(Hg/m)

Mean 5 6 7.1 5 6

SD 2.2 2.3 3.1 1.8 2.3

Maximum 10.2 11 14.7 8.5 11

Minimum 1.3 1.7 1.1 1.1 1.5
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Figure 4. Spatial distribution of the seasonal PM, 5 concentrations over Iraq during 2003-2020.
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4-3. Annual spatial distribution of PM,s
concentrations

Figure 5 illustrates the annual mean
distribution of PM,s concentrations form
2003 to 2020. The maximum concentrations
of PM,5 11 pg/m? just south of Irag occur on
the Iragi-Kuwait border, characterized by the
presence of oil fields and exceed to the
maximum permissible limit (10 pg/m®) over
the year (Al-Jiboori, 2015).
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Figure 5. The annual mean of PM,s concentrations
over Iraq during 2003-2020.

5. Conclusions

In this study, the monthly, seasonal
and annual distribution of PMys
concentrations are determined using GIS for
18 years (2003-2020). The monthly PM,s
concentrations reach its highest value in July
over southern region, while the lowest value
of PM, 5 concentrations is in December over
the northern region of Irag. The result shows
that the trend of mean PM, 5 for annual series
has increased over the Iraq for the study
period.

The seasonal distribution for PM;s
concentrations shows the fluctuation of
highest concentration in the same region
during the summer, autumn and spring. The
result shows that the highest concentrations
of PM,; are in the south and the middle and
is gradually decreasing toward the north
region.
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