
  

 

Abstract—The current study aims to discover the 

chemical-morphological characteristics of PM10 through the 

analysis of Inductively Coupled Plasma Atomic Emission 

Spectroscopy (ICP-AES) and Scanning Electron Microscopy 

(SEM), respectively, in the Metropolitan Area of Lima (MEAL) 

in the period from January 04 to 18, 2019. The study also aims 

to analyze the aerosol optical depth (AOD) in the period from 

January 1, 2014 to October 15, 2020. The effect of the PM2.5 

concentrations on health in 2016 has also been quantified. The 

results indicate that the daily PM10 value of 50 µg/m
3
 

recommended by the World Health Organization was exceeded 

on 75% of the monitored days. The morphological analysis of 

PM10 demonstrated the presence of particles of anthropogenic 

and geogenic origin. Particles from building activities and 

secondary aerosol formation were found, as well as particles 

associated with the resuspension of soil and marine aerosols. In 

2016, 718, 1426, and 4295 cases of all-cause mortality, on 

average, could have been avoided in the MEAL if the annual 

average of PM2.5 would have decreased from 26.53 µg/m
3
 to 

23.88 µg/m
3
, 21.22 µg/m

3
, or 10 µg/m

3
, respectively. In 2016, 

1.58%, 3.14% and 9.47% of all causes are respectively 

attributed to fine aerosol (PM2.5) over 23.88 µg/m
3
, 21.22 µg/m

3
, 

and 10 µg/m
3
. Policy makers to legally reduce the PM2.5 

concentrations in the MEAL could use this result. 

 
Index Terms—ICP-AES, Lima, PM10, SEM, trace metals.  

 

I. INTRODUCTION 

Atmospheric pollutants kill seven million people every 

year on the planet, and 9 out of 10 people breathe air that 

exceeds the limits for pollutant concentrations according to 

the World Health Organization (WHO) [1]. The combined 

effects of outdoor and household air pollution lead to 

mortality from stroke [2]; heart diseases [3], [4]; lung cancer 

[4]; breathing infections [5]; asthma [6]; negatively affected 

pregnancies, and poor birth outcomes [4], [7]. A mixture of 

organic and inorganic materials of solid particles and liquid 
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droplets is named particulate matter (PM), [8]-[13]. PM in the 

receptor is called an aerosol [14]. Some particles are 

microscopic; therefore, they become visible through an 

electron microscope. PM is composed of chemicals such as 

sulfates, nitrates, carbon, or mineral powders [5], [15]-[18]. 

Natural processes affect air quality and anthropic activities; 

industrial and vehicle emissions [19]; cigarette smoke; and 

burning of organic matter can compose PM [5].  A "mega city 

is defined as a city with more than ten million people" [20], 

[21], where atmospheric pollutants are a significant public 

health problem [22]. PM with aerodynamic diameter smaller 

than 10 µm or 2.5 µm (PM10 and PM2.5) is harmful for 

people’s health [16], [23], [24] because of its capacity to 

move into the lungs and even the bloodstream [15], [16], [21]. 

The Metropolitan Area of Lima and Callao (MEAL) with a 

population of more than 10.6 million people [25] is one of the 

most polluted cities in South America [26]. MEAL has a 

network air quality of 17 stations in total that are operated by 

the Peruvian Government and which are distributed in North 

Lima, East Lima, Center Lima, and South Lima. The daily 

concentrations of particles in the MEAL often exceed the 

Peruvian National Ambient Air Quality Standards as well as 

the WHO air quality guideline [27]. The most polluted areas 

in the MEAL are found in North and East Lima [28]. These 

areas are influenced by the ―thermal inversion layer further 

increasing exposure level, which drops during the summer 

rather than during the winter to a base height of 

approximately 500 meters‖ [29].  Thus, for us, it is more 

important to research PM in the summer. The concentration 

of PM10 in South Lima is worrisome because South Lima has 

industry and poor greens areas. The MEAL’s population is 

breathing high concentrations of PM2.5 [30]. High PM 

concentrations compromise the health at risk of people in 

Lima [31]. WHO’s European Centre for Environmental 

Health developed the AirQ+ software that allows researchers 

to assess the effect on human health [32]-[34]. This model 

has been used to estimate the effect of PM2.5 on mortality 

[35]-[37] and the results can be used to help decision and 

policy-makers understand health benefits associated with 

decreased PM2.5 concentrations [32], [36]. On other hand, 

satellite data of Aerosol Optical Depth (AOD) are elemental 

for air quality monitoring [38], [39]. The ―Moderate 

Resolution Imaging Spectroradiometer‖ (MODIS) sensor 

allows for a special opportunity for obtaining AOD 

information [40]. The main objectives of this research were: 

1) To determine the chemical-morphological characteristics 

of PM10 using Inductively Coupled Plasma Atomic Emission 

Spectroscopy (ICP-AES), and the Scanning Electron 

Microscope coupled with Energy Dispersive X-ray 

Spectrometry (SEM- EDS) in the Villa El Salvador district, 

Lima, Peru, from January 04 to 18, 2019. 2) To analyze the 
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daily AOD from January 01, 2014 to October 15, 2020 in the 

MEAL. Moreover, 3) To estimate health effects of long-term 

exposure to PM2.5 concentrations on residents in the MEAL 

megacity by applying the AirQ+ model to study all 

cause-mortality rates in 2016. For the first time, the PM10 

concentration measurements, PM10 metal analysis with 

ICP-AES, and PM10 aerosol morphology analysis with 

SEM-EDS were performed at the National Technological 

University of South Lima (UNTELS) located in the Villa El 

Salvador district at Southern MEAL. Furthermore, the study 

consists of a different analysis where three types of scenarios 

of decreasing PM2.5 concentrations have been considered to 

quantify the health impact of long-term exposure to PM2.5 

concentration using WHO ś AirQ+ model, which is not 

available in other research in the MEAL. Finally, to the 

authors' knowledge, this is probably the first study to analyze 

the daily AOD, the AOD annual cycle, and the AOD annual 

variation. AOD values are spatial resolution of 1° * 1° level 

three from 2014 to 2020 in the MEAL. 

 

II.  METHODOLOGY 

A.  PM10 Sampling Site and Chemical-Morphological 

Analysis  

 The sampling was performed on the UNTELS campus 

(12°12'51.03ʺ South, 76°55'58.31ʺ West) located at the 

intersection of the Central and Bolívar Avenues, main routes 

for public transportation displacement (see Fig. 1). UNTELS 

is 3.7 km from the sea, and located in the Villa El Salvador 

district (Lima 42), in the southern part of the MEAL. This 

district has a population of 423,887 inhabitants [25]. The land 

use is predominantly residential, followed by industrial use. 

The PM10 samples were collected with a High Volume Air 

Sampler (Hi-Vol, TISCH brand, USA) from January 04 to 18, 

2019, in sample periods of 24 hours and 12 hours according 

to the IO-3.4 US EPA Norm [41]. The Hi-Vol equipment was 

calibrated beforehand according to the IO-2.1 US EPA Norm 

[42]. The Hi-Vol instrument was operated on the terrace of 

Building E at UNTELS at a height of approximately 15-20 

meters above ground in a location with no obstructions. All 

daily sample flow rates were identified at 1.13 m3/min during 

the sampling period from January 04 to January 18, 2019. 

Samples were collected on pre-weighed 8'' x 10'' Whatman 

quartz microfiber filters (GE Healthcare Life Sciences 

WhatmanTM, China) filters. 

The analysis with ICP-AES provided us with quantitative 

information on the trace elements concentration of the daily 

samples (24 hours) from January 08 to 11, 2019. The 

concentrations of PM10 were calculated by dividing the mass 

of the collected PM10 by the total volume [43]. Using the 

SEM-EDS, the chemical-morphological analysis was 

performed on the PM10 samples from January 15 to 18, 2019 

in 12-hour sample periods. For scanning electron microscopy 

(SEM) analyses, the PM10 filters were coated with carbon. 

Backscattered electron figures were taken to visualize areas 

of dissimilar chemical compositions. The PM10 

photomicrographs (SEM) provided valuable information 

regarding characteristics of the particulate material, such as 

shape (irregular, smooth, angular, etc.), size – characterized 

by its aerodynamic diameter – and, the porosity of the particle. 

These analyses provided an elemental chemical analysis, and 

could reveal characteristics about the type of PM10 source or 

origin.  
 

 
Fig. 1. Location of the sampling point. 

 

B.  Daily Aerosol Optical Depth (AOD)  

The daily AOD data was measured with the MODIS sensor, 

which is on-board of the Aqua MODIS at 550 nm (AOD550). 

The AOD values were obtained from the Giovanni website 

(https://giovanni.sci.gsfc.nasa.gov/giovanni/) in the period 

from January 01, 2014 to October 15, 2020 with spatial 

resolution of 1° * 1° level 3 (grid points). The daily average 

value of AOD550 for the MEAL was obtained from the 

following coordinate: latitude between 11.3 South and 12.7 

South, longitude between 77.7 West and 76.1 West. The 

(MOD08_M3_v6.1) MODIS sensor is on-board the NASA’s 

―Earth Observing System Aqua and Terra space crafts‖ polar 

orbit. The Terra satellite passes by around 10:30 LST, while 

the Aqua satellite crosses the equator northward around 

13:30 LST [40], [44], [45]. 

The annual cycle of AOD values was developed from the 

daily AOD550 values. For the average AOD for January 

from 2014 to January 2020, all the daily values of AOD550 

for the months of January's 2014, 2015, 2016, 2017, 2018, 

2019 and 2020 have respectively been used. To calculate the 

average AOD for February, March, April up to December 

from 2014 to 2020 the same methodology developed for the 

average AOD for January from 2014 to 2020 as described 

above was used. In addition, to calculate annual AOD 

averages from 2014 to 2020, the following methodology 

described as follows was used. To calculate the average of 

AOD for 2014, the daily AOD550 data for 2014 was used. To 

calculate the average AOD for 2015, the daily AOD550 data 

for 2015 was used, and so forth, until calculating the average 

AOD for the year 2020. 

C. The PM2.5 Effect on Human Health  

In this study, WHO’s AirQ+ model [46] was used to 

quantify the health impact from long-term exposure to PM2.5 

concentrations. Three types of data were used for this air 

quality model: i) Choosing the research place (in this study it 

ended up being the MEAL); ii) Population and mortality data 

in 2016 (total population was 10,030,510 residents; 

population over 30 years-old was 5,179,557; total mortality 

regarding people over 30 years old was 45,373); and, iii) The 

annual average PM2.5 concentrations in 2016 was 26.53 

µg/m3. These data were provided by the Peruvian Ministry of 

the Environment and processed into the AirQ+ version V2.0 

model. In this study, premature deaths due to long-term PM2.5 

exposures was estimated considering three scenarios: i) 

Reducing the annual average PM2.5 concentrations by 10%, 
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from 26.53 µg/m3 to 23.88 µg/m3; ii) Reducing the annual 

average PM2,5 concentrations by 20%, from 26.53 µg/m3 to 

21.22 µg/m3; and, iii) Reducing the annual average PM2.5 

concentrations to the WHO’s recommended value, 10 µg/m3. 

The variables required for applying the AirQ+ (version V2.0) 

model are shown in Table I. The AirQ+ model is established 

in the attributable ratio, which is the health effect fraction 

attributed to exposure to air pollution such as annual PM2.5 

concentrations by residents in the MEAL [37], [47] (Equation 

1): 

 

             )   )        )            (1) 

 

where RR is the relative risk for a specific health endpoint 

when exposed to PM2.5 concentrations and RI is the 

population selected (in the MEAL) that was exposed to PM2.5 

concentrations. The number of health effect inferable to the 

exposure (HEE) and the amount of cases attributable to the 

exposure (AE) could be calculated by respectively 2 and 3 

equations techniques [36], [47]:  

 

                                                (2) 

 

                                                  (3) 

where BI is the baseline incidence of health effect on the 

inhabitants (see Table I) and SP is the magnitude of 

population under study.  
 

TABLE I: LONG-TERM HEALTH ENDPOINT AND BASELINE INCIDENCE (BI) 

RATE OF DISEASE 

Health 

Endpoint 

Baseline 

Incidence1 

Age Pollutant RR2 (95% 

CI) per 

10 µg/m3 

Mortality – all 

(natural 

causes) 

876 Adults ≥ 

30 

PM2.5 1.062 (1.04- 

1.083) 

1Crude rate per 100, 1000 inhabitants. 
2RR reference is [48]. 

 

III. RESULTS AND DISCUSSION 

A.  Daily PM10 Concentrations 

Fig. 2 shows the daily variation of the PM10 concentrations 

from January 04 to 18, 2019. The minimum and maximum 

concentrations were 40.5 µg/m3 and 76 µg/m3, recorded on 

January 07 and 18, respectively. Furthermore, on 75% of the 

days the value recommended by the WHO (50 µg/m3) was 

exceeded; but none exceeded the established Peruvian 

National Ambient Air Quality Standard (PNAAQS) 

concentration of 100 µg/m3 for PM10. In the period from 

January 04 to 07, 2019, there was a strong synoptic condition 

(the South Pacific Subtropical High (SPSH)) with a high 

atmospheric pressure center of 1030 hPa located at 36°S, 

100°W latitude and longitude, respectively. The SPSH 

condition generated a SE wind direction. This SE wind 

direction brings moisture to UNTELS, which contributes to 

lower PM10 concentrations at UNTELS. By contrast, for the 

period from January 08 to 18, 2019, there was a weak SPSH 

with a high pressure of 1023 hPa causing a warm period, 

without drizzle, and weak wind velocity. This NW wind may 

be associated with high PM10 values at UNTELS (Fig. 2). 

Thus, for these meteorological conditions the PM10 

concentrations were increasing from the very start of the 

sampling on January 04, 2019 until the research was finished 

on January 18, 2019 (Fig. 2). 
 

 
Fig. 2. Daily average of the PM10 concentrations from 04 to 18 January 2019. 

The red line indicates the corresponding PM10 limit values recognized by 

WHO. 

 

B. PM10 Chemical Analysis with ICP-AES 

The average concentration and standard deviation of trace 

elements Al (403.3 ng/m3 ± 80.8 ng/m3), Cu (24.6 ng/m3 ± 

3.3 ng/m3), Fe (705.9 ng/m3 ± 151.7 ng/m3), Mg (499.2 ng/m3 

± 51.2 ng/m3), Na (1919.6 ng/m3 ± 253.6 ng/m3), P (87.2 

ng/m3 ± 12.6 ng/m3), Si (615.6 ng/m3 ± 92.8 ng/m3), and Sr 

(7.8 ng/m3 ± 1.0 ng/m3), in the period from January 08 to 11, 

2019 are shown in Fig. 3. According to these results, the ratio 

between the concentration of Fe and Cu was 28.7. This can be 

explained by remains of building constructions of 

approximately 12 years ago near the chosen sampling site due 

to a High Volume Air Sampler (Hi-Vol) safety at UNTELS. 

Moreover, the Hi-Vol instrument was operated on a terrace 

building at UNTELS approximately 15-20 meters above the 

surface. At this altitude, the wind velocity was higher than the 

wind velocity at the surface in the sampling period when the 

high wind velocity at 15-20 m altitude could generate soil 

resuspension. Therefore, for these reasons the 

Fe-concentrations contained a higher Fe-value (Fig. 3). In a 

study conducted by [49], this ratio was 171.42 in Dhaka, 

Bangladesh, indicating a high concentration of iron. High 

Fe-concentrations come from soil dust, building construction, 

etc., so it is natural and anthropogenic. High values of 

Na-concentrations were noted. Most likely due to the 

sampling place as it is located close to sea and there are 

construction activities near the sampling site (see Fig. 3). In 

urban areas, construction activities contribute to high 

Na-concentrations in the atmosphere [50], [51]. The 

combustion of coal, tires rubber abrasion, and brakes are the 

main contributors of Cu and other elements such as Pb [49], 

[52]. Assuming the presence of Si as silica (SiO2), it is known 

that silica is toxic because of prolonged exposure to fine 

particles causing a disease called silicosis that affects the 

respiratory tract and generates lung cancer [53]-[55]. In a 

study in India, the Si-concentration in PM10 was 15900 ng/m3  

[52]. Sea salt particles contribute significantly to PM10 

observed in coastal areas [56]. In this study, the average 

concentrations of trace elements are demonstrative due to the 

very limited number of samples that was used. Therefore, it is 

worth mentioning that this study has had limited day samples 
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of the PM10 concentrations as there was not enough money to 

perform samples for a longer period of time, for example, for 

two months at UNTELS. In spite of having trace elements 

information for only four days, the results give us a glimpse 

of the situation in South Lima. 

 

 
Fig. 3. Metal concentrations in PM10 in Lima (January 8-11, 2019). 

 

The correlations between the trace elements were 

evaluated using the Pearson coefficient as shown in Table II. 

The soil source elements (for instance Al, Fe, Mg, and Si) 

have a high positive Pearson ś correlation.  High correlations 

were found between Al and Fe (0.998; p ˂ 0.01); between Al 

and Sr (0.977; p ˂ 0.05); and between Fe and Sr (0.962 p ˂ 

0.05).  
 

TABLE II: PEARSON CORRELATION OF THE TRACE ELEMENTS IDENTIFIED 

IN PM10 

  Al Cu Fe Mg Na P Si Sr 

Al 1 0.944 0.998** 0.928 -0.066 0.822 0.940 0.977* 

Cu  1 0.947 0.997 -0.014 0.967 0.775 0.971 

Fe   1 0.931 -0.021 0.851 0.936 0.962* 

Mg    1 0.260 0.922 0.746 0.934 

Na     1 0.503 -0.338 -0.101 

P      1 0.640 0.759 

Si       1 0.886 

Sr       
 

1 

** At p ˂ 0.01 The correlation is significant. 

* At p ˂  0.05  The correlation is significant. 

 

C. PM10  Chemical — Morphological Analysis with 

SEM-EDS 

Eleven trace elements as well as oxygen were identified. 

All together, they added up to 100%. These trace elements 

are Na (0.82%), Al (0.66%), Ca (0.53%), S (0.31%), Mg 

(0.26%), Cl (0.25%), Fe (0.12%), K (0.10%), Cu (0.05%), Ti 

(0.05%), and Cu (0.04%).  Oxygen is mainly present in oxide 

and white filter silicon. The predominant trace elements were 

classified in six categories: 1) Chlorine particles, presence of 

sodium chlorides. This is due to the fact that the MEAL 

megacity is close to sea, in addition to calcium chlorides (see 

Fig. 4). The chemical analysis of water soluble ions carried 

out in cities near the sea reveal the presence of sodium 

chloride, and the ratio of its ions is mainly equimolecular [57]; 

2) Silica particles, due to the presence of conglomerates of 

iron, calcium, aluminum, sodium, titanium, calcium, and 

magnesium particles, in the form of goethite and pyrite, 

which is associated with soil resuspension (see Fig. 5). 

Goethite is the most common of the iron oxyhydroxides [58]. 

Goethite is present in Fe-oxide mineral in soils [59]; 3) Sulfur 

particles, presence of calcium sulfates (gypsum), barium 

sulfate (barite), calcium sulfate, copper sulfide, associated 

with secondary aerosol formation (see Fig. 6). The ratio of 

the sulfate concentration in aerosol during daytime and 

during nighttime is greater than one. Due to the 

photochemical effect [57]. Gypsum (CaSO4·2H2O), it is the 

most common of the sulphate minerals [60], 4) Oxides, 

presence of iron oxide, typical of soil resuspension, but also 

the presence of tin oxide and copper oxide due to fossil fuel 

combustion (see Fig. 7). About 50 elements are present in 

coal [61], [62]; 35 in crude oil [63]; 5) Calcium particles, 

presence of calcium carbonate usually used by cement 

companies (see Fig. 8a); and, 6) Metals, due to the presence 

of lead, molybdenum and zircon (see Fig. 8b).  The results 

indicate that the identified particles mostly belong to 

geogenic and anthropogenic sources.  The presence of marine 

aerosol has also been found in other coastal cities such as 

Peshawar, Pakistan [64]. In addition, calcite (NaCl) particles 

were found in Sao Paulo, Brazil, which is 60 km away from 

the Atlantic Ocean [65]. The presence of silicates in general 

is associated with the resuspension of soil by wind or by the 

passing of vehicles [66]. Silicon concentrations are 

predominant in PM10 particles [67]. 
  

 
Fig. 4. PM10 Photomicrographs, a) Sodium chloride; and b) Calcium 

chloride. 

 

 
Fig. 5. PM10 Photomicrographs, a) Silicates; and, b) Si, Fe, Cl, Na, Ca 

agglomerate. 

 

D. Daily OAD 

In the MEAL, the daily AOD often ranges from 0.02 to 

0.45 (see Fig. 9), but sometimes the AOD value reaches 0.6. 
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While on some days, they reached the peak values of 0.9 

(June 4, 2018); 0.76 (April 28, 2015); and, 0.73 (August 7, 

2020). The plot represents the AOD mean (black square) and 

the median (red horizontal line). The plot also shows the 

extreme observations as diamonds.  These values correspond 

with the meteorology conditions in the MEAL because Lima 

is under the influence of persistent atmospheric stability 

whereby its sky is always covered by clouds [29]. 

 

 
Fig. 6. PM10 Photomicrographs. a) Barite; and, b) Copper sulfide. 

 

 
Fig. 7. PM10 Photomicrographs. a) Iron oxide; and, b) Tin oxide. 

 

 
Fig. 8. PM10 Photomicrographs. a) Calcium carbonate; and b) Lead. 

 

 
Fig. 9. AOD variability measured with the MODIS sensor on-board the Aqua 

satellite from January 01, 2014 to October 15, 2020.  

 
Fig. 10. Annual MODIS-AOD cycle over Lima from 2014 to 2020. The 

vertical bars indicate standard deviations. 

 

Fig. 10 shows the annual AOD cycle obtained from 

MODIS-Aqua over the MEAL from 2014 to 2020. The 

lowest monthly AOD values in the period from 2014 to 2020 

take place in June, July, and August (Fig. 10). In June, the 

average AOD is 0.10, and the AOD value varies from 0.001 

to 0.20. In July, the AOD value varies from 0.019 to 0.14 

with an average AOD of 0.1. The AOD value in the month of 

August varies from 0.019 to 0.2, with an average AOD value 

of 0.11. The lowest AOD values are observed in the months 

of June to August (the winter season in Lima). This may be 

due to the drizzle in Lima, which in the winter season is 1 

mm/year. 

While, high monthly-AOD values in the period from 2014 

to 2020 are observed in the months of January, February, 

March, April, November, and December (Fig. 10). In January, 

the AOD values vary from 0.11 to 0.32 with an average AOD 

of 0.21 in January. In February, the AOD values vary from 

0.14 to 0.35 with an average AOD value of 0.24 in February. 

In the month of March, the AOD values vary from 0.11 to 

0.31 with a mean value of 0.21. In April, the AOD values 

vary from 0.08 to 0.29 with a mean value of 0.18 (Fig. 10). In 

November, the AOD values vary from 0.07 to 0.28 with a 

mean value of 0.17. In December, the AOD values vary from 

0.1 to 0.33 with a mean of 0.21 (Fig. 10). High AOD values 

are observed in the months of January to April and the 

months of November and December, which may be due to the 

absence of drizzle and higher temperatures with an average 

temperature in summer season of 22.5°C in the MEAL. The 

summer months (January, February and March) have 

elevated AOD values. That is similar to what has been found 

in Pakistan where in the summer season there are higher 

AOD values due to higher temperatures during the summer 

season in Pakistan [68]. The temporal annual average of 

AOD values have been very similar each year from 2014 to 

2020 (0.15 ± 0.12), (0.15 ± 0.11), (0.14 ± 0.1), (0.17 ± 0.09), 

(0.17 ± 0.12), (0.16 ± 0.11), (0.17 ± 0.11), respectively. 

E. AirQ+ Model Analysis 

The number of premature deaths related to long-term 

exposure to annual PM2.5 concentrations and the uncertainty 

for three scenarios of PM2.5 concentrations in the MEAL in 

2016 were evaluated (Table III). The following hypothetical 

scenarios were considered: i) Reducing the annual 

concentration of PM2.5 in the MEAL by 10%.  The same said 

in other words, if the annual PM2.5 concentrations do not 

exceed 23.88 µg/m3; ii) Reducing the annual PM2.5 

concentrations in the MEAL by 20%, or if the annual PM2.5 
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concentrations do not exceed 21.22 µg/m3; and, iii) Reducing 

the PM2.5 annual concentrations to 10 µg/m3 recommended 

by WHO. 

Approximately 718 [95% confidence interval (95% CI): 

469, 949] non-accidental deaths could have been avoided by 

decreasing PM2.5 exposures by 10% in 2016, resulting in a 

1.58% decrease in total mortality in the MEAL. In the second 

scenario, we estimated that 1426 [(95% CI): 935, 1881] 

non-accidental deaths due to PM2.5 exposures could have 

been avoided. In the third scenario, if the annual PM2.5 

concentrations would not have exceeded 10 µg/m3, 4,295 (95% 

CI: 2848, 5603) non-accidental deaths could have been 

avoided (Table III). Reference [32] showed that the number 

of all-cause deaths in adults (older than 30 years) were 

approximately 600 (95 %CI: 400-800) due to long-term 

exposure to PM2.5 in the city of Tabriz, Iran in 2016. This 

represented a 7.3% mortality rate.  
 

TABLE III: ASSESSMENT OF THE NUMBER OF EXCESS CASES FROM 3 PM2.5 

CONCENTRATIONS SCENARIOS AND 95% CI IN THE MEAL IN 2016 

Health 

Endpoint 

Three PM2.5 

Scenarios 

Relative 

Risk 

Evaluate 

APRO (%) 

Calculated 

number of 

excess 

deaths 

All-cause 

Mortality  

Reduce PM2.5 by 

10%  

(23.88 µg/m3) 

Lower 1.03 469 

Central 1.58 718 

Upper 2.09 949 

Reduce PM2.5 by 

20% 

 (21.22 µg/m3) 

Lower 2.06 935 

Central 3.14 1426 

Upper 4.15 1881 

Reduce to what 

is recommended 

by WHO  

(10 µg/m3) 

annually 

Lower 6.28 2848 

Central 9.47 4295 

Upper 12.35 5603 

 

IV. CONCLUSION 

In summary, in seventy-five percent of the monitored days 

in the MEAL daily values of PM10 concentrations exceeded 

the threshold of 50 µg/m3 suggested by the WHO guidelines. 

The PM10 chemical analysis with the ICP-AES technique 

determined that the main sources of contamination originated 

from the soil (Al, Fe, Mg, Si), vehicles (Cu), and the marine 

environment (Na). The PM10 morphological analysis 

demonstrated the presence of particles of anthropogenic 

origin due to the presence of particles associated with the 

combustion of fossil fuel as well as construction activities 

and secondary aerosol formation and of geogenic origin due 

to the presence of particles associated with the resuspension 

of soil and marine aerosols. 

Moreover, long-term health effects were estimated using 

WHO’s AirQ+ model in the MEAL megacity in 2016 for 

all-cause mortality. The result indicated that reducing 

long-term exposure to ambient air pollution can decrease 

mortality by 1.58% (1.03 to 2.09) when PM2.5 is reduced by 

10%; 3.14% (2.06 to 4.15) if PM2.5 is reduced by 20%; and 

9.47% (6.28 to 12.35) if PM2.5 is reduced to the annual WHO 

guideline of PM2.5. These results can provide evidence for 

recommendations for policy-makers to reduce fine 

particulate matter in the MEAL megacity [69]. The 

present-day PM2.5 concentrations in the MEAL are an 

important human health threat that, if reduced, could prevent 

hundreds to thousands of deaths [69]. A deeper insight in 

order to identify the main sources of atmospheric aerosol 

using the receptor model is needed in the MEAL in the future. 
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