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Abstract: Particulate matter studies have been conducted regularly in the capital city of Mongolia.
In contrast, studies related to the source and general estimation of levels of sulfur dioxide (SO)
over whole years are lacking. To explore the yearly trend in SO, whole-year data of air pollutants
were obtained from the Air Pollution Reducing Department. The results showed that the annual
average concentration of SO, was 32.43 pg/ m? at the Amgalan official monitoring station in 2017,
which changed from 53 pg/m? in 2016, representing a reduction of around 40%. The back-trajectory
model and the National Oceanic and Atmospheric Administration (NOAA)’s hybrid single particle
Lagrangian integrated trajectory model (HYPSLIT) were used to determine the source of SO,. A total
of 8760 backward trajectories were divided into eight groups. The results showed that 78.8% of
the total trajectories in Ulaanbaatar came from an area inside Mongolia. The results showed that
pollutants enter Ulaanbaatar mainly from the northwest and north during the winter season. There
are industrial cities, such as Darkhan and Sukhbaatar, in North Mongolia. Air pollutants created in
the industrial area traveled into Ulaanbaatar during the winter season.

Keywords: sulfur dioxide concentration; back-trajectory; NOAA HYPSLIT model

1. Introduction

The population of Mongolia was around 3 million in 2017, and nearly half of its citizens are
densely concentrated in the capital city, Ulaanbaatar. The reason for this crowding is the migration
from rural to urban areas that has occurred in recent years [1]. To provide electricity to Mongolia’s
citizens, there are three power plants in Ulaanbaatar, which consume about five million tons of coal
per year [2]. About half of the total inhabitants of Ulaanbaatar live in “gers”, traditional Mongolian
dwellings, which use wood and coal for cooking and heating without any pollution control devices.
Huang et al. found that ger areas are a strong predictor for sulfur dioxide (SO;) concentration in both
the cold and moderate season [3]. Furthermore, Zheng et al., reported that anthropogenic sources of
SO; include the burning of fossil fuels containing sulfur for domestic heating and power generation
of industrial activities [4]. Raw coal is regularly used in stoves for heating traditional ger houses.
Organic carbon and other pollutants are derived from coal combustion along with soot [5].

Accurate studies of particulate matter have been ongoing in Mongolia, as the country has been
facing air pollution and other related problems. The scientific literature presented the results of air
pollution source identification and air particulate mass apportionment based on measurement at two
locations in Ulaanbaatar during 2008 and 2009 [6]. Since then, the source apportionment of particulate
matter, especially fine particulate matter (PMj; 5), has been investigated repeatedly by Mongolian and
overseas researchers. In contrast, there is insufficient research linked to SO,. However, Allen et al. has

Environments 2018, 5, 136; d0i:10.3390/environments5120136 www.mdpi.com/journal/environments


http://www.mdpi.com/journal/environments
http://www.mdpi.com
https://orcid.org/0000-0002-7565-0409
http://www.mdpi.com/2076-3298/5/12/136?type=check_update&version=1
http://dx.doi.org/10.3390/environments5120136
http://www.mdpi.com/journal/environments

Environments 2018, 5, 136 2 0of 10

conducted some studies that described SO, as a major emission from coal and wood combustion [7].
Similarly, Huang et al. and Liu et al. studied the annual concentration patterns of SO, in Mongolia
and China [3,8].

Although a number of studies have reported the use of back-trajectory analyses in foreign territory
for determining the long-range transport of air pollution [9,10], another study used back-trajectory
analyses for haze periods in China [11]. Another study used the National Oceanic and Atmospheric
Administration (NOAA)’s hybrid single particle Lagrangian integrated trajectory model (HYPSLIT)
to group transport patterns of each sequential event into clusters [12]. To determine the origin of
prevailing air masses, Sateesh et al. used backward trajectories computed with the HYSPLIT model
in India [13]. Additionally, Franklin et al. used the Multi-Angle Imaging SpectroRadiometer (MISR)
instrument onboard the NASA Terra satellite to reliably estimate ground-level concentrations of PM; 5
and SO, in Ulaanbaatar, Mongolia [14]. Furthermore, Zheng et al. obtained measurement data from
Aura, a sun-synchronous orbit satellite, to describe the long-term spatiotemporal distribution of NO,,
SO;, and trace gases, such as HCHO, BrO, and OCIO, in Inner Mongolia [4]. Likewise, Qiao et al. used
a community multi-scale air quality model (CMAQ), which is a regional source-oriented chemical
transport model, to track emissions of NO, NO,, NH3, and SO; from different emission sectors or
source regions in China [15]. Moreover, Pu et al. used trajectory sector analysis (TSA) to identify
locations of sources and the relative contribution of air pollutants, such as SO,, CO, Oy, and PM; 5, in
the north of China [16].

Evidence has shown that the inhalation of SO, through the nose can lead to the formation of
sulfate, which can be absorbed into the lining of the airways and initiate a cascade of inflammation [17].
The regression of levels of ambient pollutants against fetal death as a dose-response toxicity curve
revealed very strong dose-dependent response correlations for SO,, with » > 0.9 (p < 0.001), in
Ulaanbaatar, Mongolia [18]. Although the urinary levels of 1-hydroxypyrene (1-OHP) of Mongolian
children have been shown to be associated with polycyclic aromatic hydrocarbons (PAH) co-pollutants,
SO, and NO; were significantly elevated during the cold season and for those living in ger areas or
block brick houses in Ulaanbaatar [19]. Other evidence has shown that increased winter temperature,
increased summer drought, and acidic deposition in conjunction with SO, pose a serious threat to the
forest in the vicinity of Ulaanbaatar [20]. SO, is one of the primary pollutants that play an important
role in the aerosol process and influence the acidity of precipitation [21]. To avoid the environmental
ruin of Ulaanbaatar and to prevent the increasing trend in respiratory disease, regional sources of SO,
must be defined. However, no previous study has investigated such sources. This paper attempts to
show that the HYPSLIT model can be used to determine regional sources of SO5.

2. Materials and Methods

2.1. Sample Collection

The concentrations of ambient air pollutants at the Amgalan official station (47.9 N, 106.9 E),
as shown in Figure 1, were obtained from the Air Pollution Reducing Department of Ulaanbaatar.
The air pollutant data included species, such as NOx, NO, NO,, O3, and CO, as well as particulate
matter, such as PM;g, PM; 5, and PM;. These pollutants were observed hourly and calculated by
instruments manufactured in Japan and Germany: The APNA-360 (Horiba Corporation, Kyoto, Japan)
instrument was used to estimate concentrations of NO, NO,, and NOy; the APSA-360 instrument
(Horiba Corporation, Kyoto, Japan) was used to assess concentrations of SO,; and the GRIMM EDM
180 (Grimm Aerosol Technik, Ainring, Germany) instrument was used to estimate the concentrations
of particulate matter. The apparatuses employed recorded the hourly variation in the concentrations
of air pollutants throughout an entire year (2017).
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Figure 1. Location of the Amgalan (A) and Bayankhoshuu (B) official monitoring stations in
Ulaanbaatar, Mongolia.

2.2. Analytics ArcGIS

The illustration of the Amgalan official station on the Ulaanbaatar map was performed using
the ArcGIS 10.5 software (Esri, Redlands CA, USA). Some raw data were missing due to apparatus
malfunction and severe meteorological conditions, where the minus forty regularly occurred during
winter. The data interpolation was performed using the IBM SPSS 20 software (IBM corporate, Armonk
NY, USA). Missing data patterns were checked by multiple imputation commands in the program.
According to the missing data pattern, 6.35% of the monotone and arbitrary data was missing. To treat
the missing values, linear regression was automatically applied using multiple imputation commands
in IBM SPSS 20. By reducing the amount of missing values for ambient air pollutants, multiple
interpolation were performed using chained equations [22]. In order to exemplify or illustrate hourly
variation in SO, throughout the year, the Surfer 13 software (Golden Software LLC, Golden CO, USA)

was used. The yearly trend in SO, concentration is shown in Figure 2. This method was chosen
because it rapidly and clearly illustrates patterns of SO, concentration.
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Figure 2. Hourly variation in SO, concentrations in 2017.
2.3. Backward Trajectory Using NOAA HYPSLIT and Group Clustering

The HYPSLIT model is a complete system for computing simple air parcel trajectories, complex
transport, dispersion, chemical transformation, and deposition simulation. One application of
HYPSLIT is a backward-trajectory analysis used to define the origin of air masses. We conducted 48 h
backward-trajectories of air parcels arriving at the Amgalan site at a height of 300 m above ground
level (AGL) and computed 16 universal times of coordination (UTC). The time zone of Ulaanbaatar,
Mongolia is +8 UTC, and the city is located at 1350 m above sea level [1]. The backward trajectories for
2017 were generated by the NOAA HYPSLIT model using 8760 backward trajectory values.

In order to group the trajectories, Euclidian distance and stepwise cluster analysis (SCA) were
used. Euclidean distance calculates the ‘as-the-crow-flies” distance between a point X (X1, X», etc.) and
apoint Y (Yq, Y», etc.) as:

)

where 7 is the number of variables and Xi and Y7 are the values of the ith variable at points X and Y,
respectively [23].

SCA includes several steps: (1) Screening out the major predictors; (2) generating cluster trees
through a series of cutting and merging actions; (3) validating the generated cluster trees and
selecting the most suitable one; and (4) comparing with other statistical techniques for illustrating the
applicability of SCA [24].

3. Results and Discussion

3.1. Missing Data Interpolation

The amount of missing values was reduced from 6.35 to 5.07%. A considerable amount of raw
data was missing for carbon dioxide; the values had not been input completely due to the frequency of
occurrence of missing-value monotone cases. Other pollutants, such as NO, O3, PM; 5, and PM;, had
a monotone trend of missing values almost five times less than that of CO. Having a clear illustration
of the SO, contour chart enabled us to interpolate the data. Only 5.6% of the raw data for SO, were
missing. The arbitrary missing values were interpolated using linear regression, whereas the missing
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monotone values of SO, were determined by predictive mean matching. Subsequently, the amount of
missing SO, values was reduced to 0%.

3.2. Mass Concentration of SO

The hourly variation of SO, at the Amgalan official station is depicted in Figure 2. The figure
shows that SO, concentration varied in the winter season. The highest concentration of 233.2 g /m3
was recorded on 2 January 2017 at 11:00 p.m. This figure highlights that very high concentrations of
SO; occurred in December, January, and the start of February. Conversely, the ambient air had low
concentrations of SO, during the summer. Our observation of increased winter SO, concentration
aligns with that of Allen et al., who illustrated monthly SO, concentrations in 2009 [7]. Our findings
are also similar to those of Gunchin et al., who concluded that the coal combustion source profile
is dominated by black carbon (BC) and sulfur (most likely present as sulfate species), which is
characteristic of high-temperature coal combustion. They also found that the contributions of coal
combustion during winter to PM; 5 levels appeared to be increasing annually [6]. We found that the
average annual concentration of SO, was 32.43 ug/m? at the Amgalan station in 2017; this represents
a reduction of around 40% from 2016, when the annual average SO, concentration at this station was
53 ug/m? in 2016 [25].

In 2014, there were a total of 31,755 stoves around the Amgalan station area, including 55% of
improved stoves and 45% of old stoves [26]. Recently, the Mongolian government has implemented
many projects to decrease the levels of toxic air pollutants in Ulaanbaatar. For instance, house stoves
have been improved to reduce the use of raw coal for heating, starting in 2013. During the initial
period of stove improvement, householders could not use the improved stoves and preferred to
use old stoves. To increase understanding about the toxic effect of air pollutants, the Air Pollution
Reducing Department of Ulaanbaatar Municipality placed advertisements and provided training for
citizens. Subsequently, citizens who were living in suburban areas started to use the improved stoves.
According to the Mongolian National Standard (MNS) stove standard MNS5216-1:2011, improved
stoves have to emit 3 kW-7 kW of power and a maximum of 285 mg/Net M] of particulates. Stack
stoves must be 0.5 m above the edge of the house roof. According to the maximum acceptable level of
toxic elements in the exhaust gas contents listed in the home stove standard MINS 5457:2005, stoves
that have heat (Q) less than 0.8 joule (J) should emit at most 800 ng/ m3 of SO, along with soot whereas
stoves that have 0.8 < Q < 3.15 should emit at most 600 ng/m3. These results led us to conclude that
the annual average SO, concentration has been slowly decreasing due to the activities undertaken by
the government. However, the diurnal average SO, concentration was not completely compliant with
the Mongolian Air Quality Standard; the diurnal concentration of SO,, at 32.27 ug/m3, was higher
than the allowable SO, concentration of 20 ng/m3 set by the MNS4585:2007.

We observed that the SO, concentration at the Amgalan official station was less than that at
the other official station, Bayankhoshuu. The same trend in monthly SO, variation was recorded at
the Amgalan and Bayankhoshuu official stations, as shown in Figure 3. The SO, concentration at
both stations had a U-shaped trend, reaching the highest concentration in January and the lowest
concentration in July. The most striking observation was that the SO, concentration at Bayankhsohuu
was 50 pg/m? higher than at Amgalan in January whereas the SO, concentration at Amgalan was
three times lower than at Bayankhoshuu in August.
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Figure 3. Comparison of SO, concentration trends at the Amgalan and Bayankhoshuu official stations
in Ulaanbaatar, Mongolia.

The mean concentration of SO, was compared with those of other pollutants. The mean SO,
concentration (32 + 1.8 ug/m?) for the whole year was higher than that of NO (26 + 2.0 pg/m?) and
NOx (0.039 £+ 0.002 ng/ m?), whereas the concentration of SO, was many times less than that of CO
(1061 £ 66.2 ug/ m3). The mean NO concentration (35 + 1.3 ug/ m3) was the same as the average
SO, concentration. The correlation between other pollutants was evaluated, as shown in Table 1.
The Pearson correlation coefficient (SPSS; bivariate correlation) was used to investigate the relationship
between SO;, NOy, CO, O3, and particulate matter [27]. There was a significant positive correlation
between SO, and PM; (r = 0.876, n = 352), PMy 5 (r = 0.873, n = 352), NO, (r = 0.844, n = 352), and CO
(r=0.843, n = 318). This implies that the SO, and the other pollutants were generated by the same
source. SO; plays a key role in the formation of S042~, which is the main component of PM; 5 [2].
In contrast, SO, was inversely correlated with Os (r = —0.469, n = 350). This means that SO, and O3
likely had different sources. Additionally, there are indoor sources of O3 that are of significance in
certain indoor environments, such as printers, photocopies, and many other devices and appliances
designed for indoor use [28]. The O3 in indoor areas can penetrate into outdoor air. Moreover, O3 may
be formed from methane or volatile organic compounds.

Table 1. Pearson’s correlation coefficient between SO, and other pollutants.

NO NO, coO (07 PMy PM,;5 PM; NOx
50, 0.680** 0.844* 0.843* —0469* 0.519* 0.873* 0.876* 0.736 **
(Z-E;i%éd) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
N 351 352 318 350 352 352 352 365

Notes: ** Correlation is significant at the 0.01 level.

3.3. Meteorological Conditions

During the period of air pollutant data collection, meteorological factors, such as wind speed,
wind direction, temperature, humidity, and pressure, were also measured. In 2017, the annual average
temperature was 0.47 °C, wind speed was 1.47 m/s, air pressure was 864.35 hPa, and humidity
was 56.33%. The relationships between meteorological parameters and SO, concentration were
analyzed to diagnose whether temperature and pressure affected SO, concentration. The results
showed that humidity (r = 0.446, n = 350) and pressure (r = 0.392, n = 350) were positively correlated
with SO,, whereas temperature (—r = 0.774, n = 350) and wind speed (r = —0.152, n = 350) were
negatively correlated with SO;. If the ambient air pressure increased, the volume of SO, decreased
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and the concentration of SO, would increase. If wind speed was high, SO, would disperse and the
concentration of SO, would be low.

3.4. Backward Trajectory and Group Clustering Result

The NOAA HYPSLIT model was used to describe the location of the sources of high SO,
concentration. A total of 8760 backward trajectories were generated by the NOAA HYPLSIT model.
In this research, the number of clusters (k) was defined as eight using trajectory statistic value (TSV),
which is represented in Figure 4.

1000000 ¢
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500000 -
400000 -
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200000 - ~

100000 - \
0 |

1 10 100 1000
The number of the group cluster

Figure 4. Change in trajectory statistic value (TSV) based on number of clusters.

The results showed that 21.2% of total back-trajectories were sourced from foreign territories, whereas
78.8% of total back-trajectories were created inside Mongolia. As shown in Figure 5, the 8760 trajectories
were divided into eight groups: The first trajectory group (20.5%), second trajectory group (7.4%), third
trajectory group (10.9%), fourth trajectory group (19.1%), fifth trajectory group (24.3%), sixth trajectory
group (9.4%), seventh trajectory group (5.4%), and eighth trajectory group (2.9%).

- First trajectory group

- Second trajectory group
- Third trajectory group

- Fourth trajectory group

- Fifth trajectory group

- Sixth trajectory group

- Seventh trajectory group
- Eighth trajectory group

- Ulaanbaatar
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Figure 5. The eight most common backward-trajectory clusters.
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A total of 5088 trajectories were found between October and April, 48.6% of which were
sourced from Northwest and Western Mongolia and 21% of which came from the north. This means
that pollutants enter Ulaanbaatar mainly from the northwest and north during the winter season.
In Mongolia, industrial cities, such as Darkhan and Sukhbaatar, and agricultural areas, such as
Khowsgol and Bulgan, are located in the north. Luvsan et al. observed that the steel industry in
North Mongolia was emitting a large amount of SO,. The daily SO, concentration at the second
site, which is located near a steel industry company located in nearly Sukhbaatar province, was
37.33 ug/m3. The authors reported a daily SO, concentration in Ulaanbaatar of 27.3 pg/m?, and
concluded that the SO, level in Ulaanbaatar was high when the wind direction was N and NNW [29].
Air pollutants created in industrial areas traveled to Ulaanbaatar during the heating season. In contrast,
few trajectories were generated from Southwest Mongolia and half of them entered Ulaanbaatar during
the non-heating season. It is possible that soil particles in the southwestern arid area could affect the
particulate matter in the air.

Few studies related to the trajectories of air pollutants in Mongolia have been published.
We proved that the SO; level in Ulaanbaatar is high when wind was coming from the N and NNW [29].
Additionally, Batmunkh et al. investigated the effects of air mass pathway on the characteristics of
PM; 5 and mentioned that stagnant air masses originated from Russia and Kazakhstan [2]. Our current
results confirmed these previous results. Table 2 shows the names of the source locations determined
via back trajectories.

Table 2. Results of back-trajectory clustering with eight clusters.

Group Trajectory Number of Longitude of Latitude of Name of Source Percentage of Total
Cluster No. Members Source Source Trajectory (%)
1 1344 99.12 50.29 Altraga sum, Khowsgol 205
Province, Mongolia

2 427 94.75 55.18 Krasnoyarsk Krai, Russia 7.4

3 468 103.08 53.94 Irkutsk Oblast, Russia 109

4 1129 103.97 48.11 Burenkhangai, Bulgan 19.1
Province, Mongolia

5 1008 107.33 49.26 Yeruu, Sukhbaatar 243
Province, Mongolia

6 272 109.61 47.68 Jargaltkhaan, Khenti 9.4
Province, Mongolia

7 269 94.715 46.70 Darvi sum, Govi-Altai 5.4
Province, Mongolia

8 171 84.53 57.41 Tomsk Oblast, Russia 2.9

4. Conclusions

In order to assess yearly trends in SO, concentration and identify the sources of this pollutant,
HYPSLIT back-trajectory was used in this study. SO, concentration was found to be higher during the
heating season and was strongly positively correlated with particulate matter, nitrogen dioxide, and
CO. Additionally, SO, concentration reached a peak in January and December of 2017. To describe
the sources of SO, and other pollutants, a total of 8760 back-trajectories in 2017 were generated by
HYPSLIT and divided into eight groups. Of the total trajectories, 78.2% originated within Mongolia, of
which 44.8% originated in Western and Northwestern Mongolia, where large industrial and mining
sites are located. Western and Northwestern Mongolia contribute considerably to the air pollution
in Ulaanbaatar.
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