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Abstract

:

Many studies have been conducted on air pollution in Ulaanbaatar city. However, most have focused on the sources of pollutants and their characteristics and distribution. Although the location of the city subjects it to unavoidable natural conditions where air pollution accumulates during the cold season, nature-based solutions have not yet been considered in the projects implemented to mitigate air pollution levels. Therefore, this study aims to determine the combined influence of geography and atmospheric factors on cold season air pollution. The spatiotemporal variations in the variables were investigated using meteorological observation data from 1991 to 2020 in the different land-use areas. Then, atmospheric stagnation conditions and air pollution potential parameters were estimated from daily radiosonde data. Subsequently, the temporal variations in air pollutants were studied and correlated with estimates of the above parameters. In the Ulaanbaatar depression, the stable cold air lake (colder than −13.5 °C), windless (34–66% of all observations), and poor turbulent mixing conditions were formed under the near-surface temperature inversion layer in the cold season. Moreover, due to the mountain topography, the winds toward the city center from all sides cause polluted air to accumulate in the city center for long periods. Air pollution potential was categorized as very high and high (<4000 m2·s−1), in the city in winter, indicating the worst air quality. Thus, further urban planning policy should consider these nature factors.






Keywords:


urban climate; land use; air quality; boundary layer height; ventilation coefficient; wind; temperature inversion; air pollution potential












1. Introduction


In recent decades, Asian countries have experienced high industrial, economic, and population growth [1]. This socioeconomic process leads to environmental pollution issues due to urbanization and population agglomeration in developed and developing countries [2]. Mongolia, between Russia and China, is one example of a developing country facing such issues (Figure 1a). Significantly, since the 1990s, when the country transitioned from socialism to democracy, the challenges related to environmental problems in urban and rural areas of Mongolia have been continuously increasing [3,4,5]. Several studies have found that Ulaanbaatar, the capital of Mongolia, is one of the most air-polluted cities in the world in the cold season from October to March [3,6,7,8,9]. Socioeconomic precursors of the city’s air pollution are urban expansion and growth in population density, and these factors are showing an increasing trend in Ulaanbaatar city [10,11,12]. About 46% of the Mongolian population lives in Ulaanbaatar city, the coldest capital city in the world. Due to the growing population density of the city, environmental pollution has drastically increased and negatively affected the country’s economy, social development, and human habitats, and health [3,6,13,14,15,16]. Several studies on Ulaanbaatar have shown that the air pollutant concentrations exceed the national air quality standard values for total annual measurements by more than 50% [8,13,17]. Allen et al. [16] concluded that the fine particulates in the air of Ulaanbaatar have contributed to 28.8% of deaths due to cardiovascular disease and lung diseases, 39.9% to lung cancer, and 9.2% of the total mortality rate for the city’s population. Therefore, air pollution remains a challenging issue for Ulaanbaatar city.



Following the socioeconomic development of Mongolia, the number of households and vehicles in the capital city has increased year to year. This results in a rise in the combustion of solid and liquid fuels and increases the primary and secondary sources of air pollution in Ulaanbaatar [3,4,18,19]. Especially since 2007, several new air pollution monitoring stations have been established to create a research database due to the implementation of various projects and programs to support air pollution reduction under the Mongolian Government. Researchers have been intensively producing many academic works in this field. Soyol-Erdene et al. [3] classified air-pollution-related studies on Ulaanbaatar city into several main categories according to their direction or the types of air pollutants and their characteristics: (a) impact of climate and topographic conditions, (b) particulate matter (PM2.5 and PM10) and its concentrations, composition, and physical properties, and (c) gaseous pollutants including sulfur dioxide (SO2), nitrogen oxides (NO, NO2 and NOx), volatile organic compounds (VOCs) and surface ozone (O3). From the research method point of view, for Ulaanbaatar city, the distribution, chemical composition, and diurnal, seasonal and spatial variations of air pollutant sources [7,8,15,16,18,19,20], and their impact on human health [6,14], the statistical relationships between pollutants, and socioeconomic and climatic factors [4,21,22,23,24], the possibility of forecasting air pollution [25], and the mitigation of reduced air quality [13,26] have been studied. However, few studies, except that of Wang et al. [22], have focused on meteorological factors affecting winter air pollution in Ulaanbaatar for a shorter period of data.



During winter, 80% of air pollution in Ulaanbaatar is caused by furnaces/ stoves of households in the ger area and about 3200 heating furnaces of enterprises and organizations, 10% by the 400,000 vehicles on the road, 5–6% by thermal power plants, and 4% by ash ponds and roads and other sources, such as dust and open litter [17,27]. Furthermore, according to the “Master plan to reduce air pollution in Ulaanbaatar city” by Sumiya et al. [28], the city experiences unavoidable natural conditions where air pollution accumulates due to geographical factors and the effect of the near-surface temperature inversion under the Asian anticyclones during the cold season. In other words, Ulaanbaatar city is surrounded by high mountains, and in the residential ger areas, the primary sources of pollutants are located on the upwind side of the city, and the wind speeds in the city center are low because of overbuilding [22,28,29,30,31]. On the other hand, to reduce air pollution in larger cities, economically high-cost measures, such as reducing the sources of pollutants, decentralizing cities, and using liquid and solid eco-fuel and refined alternatives are still being implemented [13,32]. Therefore, the following measures were established in the Ulaanbaatar city development plan to reduce air pollution [33]: (1) technological innovation in thermal power plants, ban on low-pressure boiler/heating of homes and entities using raw coal, and reduction of toxic smoke emissions from other furnaces; (2) limiting the use of public transport diesel buses and cars that have a long service life and emit more emissions than appropriate; (3) intensification of land re-adjustment in slum/ger areas; (4) increasing the greenery of the capital and taking measures to reduce dust by harvesting rainwater and building a water reservoir; (5) providing low-income households with fuel that meets standard requirements to reduce raw coal burning areas, improving air quality control capacity, and increasing the number of hybrid and electric vehicles by supporting them through tax policies.



Moreover, the parliament of Mongolia stated that air pollution will be reduced by systematically implementing the issue of reducing motor vehicle emissions in the capital and intensifying the re-planning of residential areas, and housing areas with high levels of air pollution [34]. However, this has been a long-term issue for economically less developed countries, such as Mongolia. Therefore, the policy measures to decrease air pollution levels in Ulaanbaatar should first aim to reduce the number of air-polluting sources. Nevertheless, researchers have suggested that mitigation actions for air pollution can be managed at a lower cost with a proper plan consisting of climate conditions and geographical factors [28], which are part of nature-based solutions. Therefore, this study aims to explore geography-influenced climate patterns affecting air pollution in Ulaanbaatar during the cold season from 1991 to 2020. Data used in this research were collected from three weather stations at different land use types, which could be considered to improve the quality of air and environment in cities and settlements by implementing optimal policies for urban planning, development, and land use planning. The objectives are listed as follows:




	
To define the distributions and seasonal regime of the main climate indicators of the city using the weather observation data of 1991–2020;



	
To present diurnal and seasonal variations in the main meteorological parameters affecting air pollution in the city center and suburbs;



	
To study geography and circulation-induced atmospheric factors in detail, including atmospheric stagnation conditions and air pollution potential during the cold season;



	
To correlate air pollutants and meteorological parameters.









2. Materials and Methods


2.1. Study Area


Ulaanbaatar city, extending from west to east, is located approximately 1350 m above the mean sea level in the Tuul river valley (lowest elevation ~1231 m) and is surrounded by mountains that are elevated from 1652 to 2258 m in the skirt of the Khentii mountain range. Ulaanbaatar city, with an area of 4704 km2, exists in a natural transition site from the boreal coniferous taiga to the dry steppe (Figure 1).



In addition to its geographical and climate characteristics, urban factors, directly and indirectly, affect air pollution in Ulaanbaatar. Since 2000, settlement areas in the capital have expanded 1.7 times, and, in addition to settlement areas, construction sites, factories, mining sites, and agricultural fields occupy large areas. The total number of urban parcels and the built area have increased 2–3 times in the 10 years between 2000 and 2010 and, the area for the most types of land uses, except for industrial land use, but especially of urban sprawl/ger areas, has increased [35]. Even though Mongolia has a small population (3.4 million) in a vast land territory (1.5 million square kilometers) representing the lowest density population in the world (2 people per square kilometer), the capital city of Ulaanbaatar has undergone rapid urbanization with a population density of 311 people per square kilometer. The city’s population and population density have grown 2.2 and 1.3 times in the last decade [36]. As of 2020, the built-up area of Ulaanbaatar city exceeds the suitable area of 337 km2 by 16.4% due to population growth [11] and showing a tendency to increase further [10]. Urban land use and human activities under the unique geographical conditions of Ulaanbaatar have produced entirely new factors, such as air pollution and microscale climate, over the last three decades. In other words, the physical geography environment of the city has changed to a human-induced socio-economic geography environment [28]. These increases in social factors are one reason for the issues of environmental pollution.



The main feature of Mongolia’s climate is that there are four distinct seasons with large temperature fluctuations, low precipitation, and apparent latitudinal and altitudinal differences [37]. In particular, Ulaanbaatar city has a harsh continental climate and long cold winters. The spring season lasts for 52 to 75 days from mid-March to mid-May, while summer lasts for 105 to 116 days from late May to early September. The fall or autumn season lasts for 52 to 70 days, from early September to late October, while the long winter lasts 140–150 days, from late October to mid-March [28]. Each season’s beginning and end time and duration are based on the average daily air temperature. For example, during the transition season, the start and end of the heating season are determined by the period during which the average daily air temperature drops below 8 °C for 5 or more days. Similarly, the criteria temperatures determining the cold season and winter durations are 0 °C and −10 °C, respectively, while daily average temperatures above 15 °C for the period are considered the criteria value for summer. However, the criteria temperature for spring and fall seasons ranges between the temperatures for winter and summer. Subsequently, the length of the seasons is estimated by the time corresponding to differences in the criteria temperatures for each season [38,39]. The cold season in Ulaanbaatar city starts in late October and ends in early April. It continues for 147–150 days in the city center and is 7–10 days longer in the suburbs [28]. Therefore, the heating duration is 8–11 days shorter in the city center (~233 days) than in the suburbs. Raw and refined coal are the primary sources of residential heating during the cold season, which lasts about 65% of the duration of the year, and the high consumption of solid fuels is the cause of air pollution in the city [40]. Therefore, Ulaanbaatar city was selected as the case area of this study.




2.2. Data and Methods


The Data Archive Division of the National Agency of Meteorology and Environmental Monitoring of Mongolia (NAMEM) provided surface meteorological and upper air data from 1991 to 2020 and air pollutants data from 2019 to 2020 for hourly and monthly timescales. To illustrate the temporal regimes of the meteorological parameters affecting air pollution, the hourly and monthly weather observation data were statistically processed. Because the weather parameters, especially temperature and wind, vary in the city center and surroundings according to geography, and urban patterns [41,42], three weather stations corresponding to different land use types were selected as the study locations: the University and Ulaanbaatar stations for the city center and the Buyant-Ukhaa station for the suburbs (Table 1, Figure 2). On the other hand, the stations are supposed to spatially represent differences in urban heat and cold islands as well as winds. For this reason, the average cold season air temperature map with a 0.0125° spatial resolution for Ulaanbaatar was plotted using the smoothing spline interpolation technique in ANUSPLIN statistical modeling developed by the Australian National University [43] of the Mongolia-wide climate data from 1991 to 2020.



Since spatiotemporal distributions of temperature, moisture, and wind are the combined result of topographic and atmospheric circulation conditions [29], atmospheric stagnation conditions and air pollution potential were studied using radiosonde data from 2012 to 2020 at the Ulaanbaatar station. The radiosonde provides air temperature, pressure, humidity, wind speed, and direction at different levels. Near-surface temperature inversion and atmospheric ventilation coefficient (VC) indicate a stagnation condition and air pollution potential, respectively [30,44]. Near-surface temperature inversion thickness, intensity and frequency were calculated from daily radiosonde data (00:00 UTC and 12:00 UTC) using a method based on hydrostatic and state equations, which were applied by Sumiya [30] and Wang et al. [22] and analyzed statistically.



The ability of the atmosphere to disperse air pollutants depends on the wind speed and mixing layer thickness on the air pollution potential or ventilation conditions [44]. Winds affect only the horizontal dispersion of air pollutants, whereas the ventilation coefficients involve horizontal and vertical pollutant distributions [45]. The air pollution potential zones are classified according to VC variability [44,46] (Table 2).



The VC is the product of mixing layer height (MLH) and average MLH wind speed (WS) [44,47] (Equation (1)):


  VC = MLH · WS ,  



(1)




where VC is in m2·s−1, MLH in m and WS is wind speed in m·s−1.



Daily MLHs were estimated using a method deriving the level with a maximum vertical gradient of potential temperature and a minimum vertical gradient of specific humidity from radiosonde data [48,49] (Equation (2)):


  MLH = h  (     [    ∂ θ   ∂ z    ]    max   ,    [    ∂ q   ∂ z    ]    min    )  ,  



(2)




where h or height is the MLH detection function depending on the maximum vertical gradient of potential temperature    (     [    ∂ θ   ∂ z    ]    max    )     and a minimum vertical gradient of specific humidity    (     [    ∂ q   ∂ z    ]    min    )   :


  WS =     ∑    z i  = 0    z i  = MLH    V   z i       ∑  i   ,  



(3)




where    z   i        is the level of the wind speed measured below MLH.  i  is the number of levels.    V   z i      is the wind speed measured at the levels.



After calculating daily MLH, wind speeds below the level were averaged using Equation (3) [44], and VCs were obtained for each radiosonde flight. Subsequently, monthly and cold seasonal average MLH and VCs were calculated and analyzed statistically.



Hourly data on sulfur dioxide (SO2), nitrogen dioxide (NO2), and particulate matter (PM10) were collected from four air quality monitoring sites, Urgakhnaran (suburb), West crossroad (downtown), 100 ail (commercial and mixed-use), and Television (slum/ger area district), in Ulaanbaatar from 2019 to 2020 (Figure 2). The diurnal variations of the pollutants were plotted and correlated with the meteorological variables, stagnation, and air pollution potential parameters.





3. Results and Discussions


3.1. Spatiotemporal Regime of Meteorological Variables around Ulaanbaatar


3.1.1. Climate Patterns of Ulaanbaatar City


Ulaanbaatar’s climate and seasonal circulations are influenced by the topographic conditions around the city in the northeast mountain range of Mongolia [29] (Figure 1). A climate diagram can indicate the place’s seasonal regime of thermal, moisture, and wind. Figure 3 shows the climate diagram of Ulaanbaatar city as an average of three weather stations from 1991 to 2020.



From Figure 3, it can be seen that the annual temperature regime in Ulaanbaatar is symmetric, and the annual average temperature is approximately 0.2 °C. The monthly average air temperature has a minimum of −21.3 °C in January and a maximum of 19.0 °C (absolute maximum temperature ~+38.3 °C) in July. In the cold season, the near-surface temperature inversion layer dominates under the Asian anticyclone [29,30]. The average cold season temperature was −12.2 °C, while the absolute low temperature ranged from −35.0 to −40.0 °C, one of the primary factors contributing to air pollution (Figure 2). Due to the long winter and geography-influenced temperature inversion, heavy and cold air masses settle around Ulaanbaatar. This leads to an increase in the duration of residential heating and exceeding of air quality standards (AQS) [23,28]. During stagnation conditions, wind speeds, which are a dynamic factor, are low and vary 1.1–2.2 m·s−1 in the cold season. Since the average air temperature and wind speeds (~2.8 m·s−1) increase after April (Figure 2), the frequency and intensity of the near-surface temperature inversion layer will weaken dramatically over Ulaanbaatar [30], leading to improved air quality. Because clear weather dominates the stationary air mass during the cold season, total precipitation in the months will be 27.8 mm and 10% of total annual precipitation (272.1 mm). Therefore, the wet deposition of air pollutants will also be scarce for Ulaanbaatar city during this period. Relative humidity presents how close the air is to water vapor saturation. Because the air is compressed and the water vapor content increases and approaches the saturated state due to winter cooling [37], the relative humidity reaches its highest level of 70–75% (50–61% in summer). After air warming, the minimum values of 43% to 58% are reached in the spring months (Figure 3).




3.1.2. Thermal Regime


The atmospheric thermal regime supplied by solar radiation is a primary factor affecting the climate patterns around Ulaanbaatar city (Figure S1). Figure 4 presents the average monthly air temperature variations in the city center and suburbs. The annual average temperature is 0.1 and 0.2 °C at the University and Ulaanbaatar stations in the city center, respectively, and −1.5 °C at the Buyant-Ukhaa suburb station. At the Buyant-Ukhaa station, located in a relatively low elevation valley and 14 km from the city center (Table 1), the monthly average temperatures are 0.1 to 4.2 °C colder than at other stations in the city, except for July. Furthermore, compared with the city center, the temperature at Buyan-Ukhaa station is by 0.0 to 1.0 °C in the warm season and 1.5 to 4.2 °C in the cold season. These represent favorable conditions for urban heat islands due to the combined impact of geography and urban patterns [42].



The average temperature of the cold season is −12.1 to −12.2 °C in the city center and −15.1 °C in the suburbs, where the intensity of the near-surface temperature inversion is high (Figure 4). Currently, residential heating in all parts of Ulaanbaatar city starts on 15 September (office heating on 15 October) and stops on 15 May (heating duration: 273 days). However, the heating lengths are 235, 229, and 231 days for Buyant-Ukhaa, Ulaanbaatar and University stations, respectively. If the above temperature difference is considered for planning the heating period in different parts of the city, it will be the basis for reducing solid and liquid fuel consumption, contributing to air pollution and greenhouse gas emissions, as well as the economy.



Figure 5 shows the spatial distribution of the average cold season air temperature around Ulaanbaatar using the ANUSPLIN model from 1991 to 2020. Byamba-Ochir et al. [50] stated that for modeling the air temperature distribution of Mongolia using ANUSPLIN based on 140 weather station data for the above period, the spatial correlation coefficient is 0.97–1.00, while the mean squared error is 0.24 to 1.03 °C. Data from four weather stations in Ulaanbaatar were used for this study, and the modeling gave a good estimation. Therefore, the modeled data were used for illustrating the spatial distributions of the cold season temperature in the settlement areas of Ulaanbaatar. From this, the average cold season temperature decreases from the city center to the west and east. In particular, the Buyant-Ukhaa station in the river valley exists in the colder belt of −13.5 to −13.0 °C compared with the other stations (Figure 4). Huang et al. [15] stated that the seasonal temperature distributions for different land use areas lead to variations in air pollutant concentrations. The temperature distributions can help in planning the heating temperature and duration and in spatially forecasting air pollution.



Although the air temperature is the lowest before sunset and the highest between 2 and 3 PM in any place and season for continental climate [37], the influence of the metropolitan city is also reflected—for example, artificial surface or urban materials affects the air temperature regime and lead to urban heat islands [41,42]. The biorhythm of city life is adapted to the diurnal and seasonal temperature regimes [51], and the heat distribution load increases during the heating season, affecting the city’s thermal regime and air pollution conditions [40].



Figure 6 presents diurnal variations in the air temperature in different areas of the city in summer and winter. The air temperatures are similar throughout the city in the summer, while there is warming from the suburbs to the city center in the winter from 1991 to 2020. The result is the same as the conclusion of Ganbat et al. [42]. The average daily temperature during the winter is −19.4 to −23.1 °C from the city center to the suburbs, and it increases during the morning and nighttime heating of the house, which contributes to increasing air pollution in the outer zone (slum/ger area) of the city. Because an increase in temperature and wind speed weakens the near-surface temperature inversion layer during the daytime, air pollution level gradually decreases. However, air pollutants accumulate from day to day in the cold season due to the high number of days with a temperature inversion in Ulaanbaatar [22,31].




3.1.3. Surface Wind Regime


The surface wind regime depends on local topographic conditions and atmospheric circulation. Air particles and pollutants are carried by the wind from place to place [49]. In the vicinity of Ulaanbaatar, high pressures (the sea level pressure is 1022.1 hPa in Ulaanbaatar and 1042.2 hPa in Buyant-Ukhaa) are observed in the cold season under the influence of the Asian anticyclone, and they create relatively stable and windless conditions due to the near-surface temperature inversion layer in the river valley [30].



Figure 7 shows diurnal variations in the wind speed in three different land use zones of the city in the summer and winter. During winter, the average hourly wind speed does not exceed 2.1 m·s−1 throughout the city, and the windless conditions are high for the University station in high-rise residential areas with skyscraper buildings in the city center relative to the distant districts from the center. The windless cases are 66% of monthly observations at the University station while 33–34% for Ulaanbaatar and Buyant-Ukhaa stations. During the residential heating period (night), the wind speed is less than 1.5 m·s−1, which contributes to elevating air pollution. The wind patterns under the near-surface temperature inversion layer are conditions that favor the accumulation of air pollutants over Ulaanbaatar city. Wind speeds are higher (maximum hourly value ~2.5–5.0 m·s−1) in summer than in winter (maximum hourly value ~1.5–2.1 m·s−1). However, conditions favoring the accumulation of particulate matter and gaseous pollutants dominate during winter, while the photochemical production of gaseous pollutants, such as ozone, is intensified due to abundant solar radiation in the summer (Figure S1) [23].



Wind direction is an essential variable determining the sources of air pollution [4], and it varies in different parts of the city and by month, season, and day. Figure 8 indicates the dominant frequency of the wind direction under the topographic influence around Ulaanbaatar city. In winter, around Buyant-Ukhaa station, a suburb of the city, 29.4% of the winds blow dominantly from the south (S), and 15.4% of the winds from the southeast (SE), Bogdkhan Mountain, and the wind speed from these directions is about 2.0 m·s−1 (Figure 8c). Although the wind directions at the “University” station in the city center are overly variable, the wind frequency from the west (W) is the highest at 23.6%, and the secondary prevailing wind frequency is 15.6% from the northwest (NW), and when blowing from these directions, the wind speed reaches 2.5 to 2.7 m·s−1. However, almost 66% of the wind measurements at the station, which is blocked by tall buildings, indicate a windless state (Figure 8b). At Ulaanbaatar station, the district of the western slum/ger area with low-height houses, the frequency of winds blowing from the east (E), west (W) and northwest (NW) is the highest at 17.4%, 12.1% and 9.6%, respectively. The wind speed reaches 2.0 to 2.9 m·s−1 when blowing from the west and northwest and 2.3 m·s−1 from the east (Figure 8a). Figure 8 shows that Ulaanbaatar city’s primary sources of air pollution are in the directions upwind of the city in winter. From the previous studies, it is known that weak winds are observed outward from the city in the daytime, while mountain and valley winds directed from all sides to the city center prevail at night, and together with the downward movement under the near-surface temperature inversion layer, air pollutants accumulate in the city center for long periods [8,29,30].





3.2. Atmospheric Stagnation Conditions in Ulaanbaatar City


Figure 9 presents seasonal variations in the vertical distribution of air temperature in the lower troposphere over Ulaanbaatar city using radiosonde data from 1991 to 2020. The temperature decreases vertically in the troposphere, and an abnormal (rising) temperature distribution due to atmospheric stagnation conditions is referred to as a temperature inversion layer [22,49]. The layer is mainly observed over Ulaanbaatar city due to radiation cooling of the land surface during the cold season (Figure 9). Under near-surface temperature inversion, the air becomes very stable or windless. The layer inhibits vertical air movement, such as convection and turbulence, and various air mixtures, such as dust, fumes, condensation cores, and air pollutants, accumulate due to the lack of transport. Thus, the layer is also called an inhibition layer or stagnation [30].



Sumiya [30] investigated the climatology of the frequency, intensity, and thickness of the near-surface temperature inversion layer of Mongolia using data from eight radiosondes (Russian sonde) stations, including Ulaanbaatar city, from 1957 to 2004. The results have not yet been updated, except in the study by Wang et al. [22], where cold season data from 2008 to 2016 were used. Moreover, the radiosonde system at the Ulaanbaatar station was replaced by the Vaisala DigiCORA sounding system [52], which has been accurately measuring since 2012. Radiosonde launches twice per day from Ulaanbaatar station. Therefore, daily radiosonde data from 2012 to 2020 were used in the present study to study atmospheric stagnation conditions, and the results of the recent year were compared with those of Sumiya [30] (Table 3, Table 4 and Table 5).



Table 3 presents the number of days with the near-surface temperature inversion layer over Ulaanbaatar using radiosonde data.



Table 3 shows that the number of days with a temperature inversion layer has decreased from 1 to 11 days for morning and evening flights for each month. In the winter months, days with temperature inversion ranged from 23 to 27 per month by morning measurement and 16 to 23 by evening measurement from 1957 to 2004 [30]. These were 16 to 23 days and 8 to 15 days in the morning and evening measurements, respectively, in winter from 2012 to 2020. In the cold season, days with temperature inversion were 16 ± 4 per month on morning flights and 8 ± 5 on evening flights from 2012 to 2020. However, in the warm season, 3 ± 2 days per month and 1 ± 1 days per month have a near-surface temperature inversion in the morning and evening, respectively (Table 3). We believe that the decrease in days with a near-surface temperature inversion is due to global warming and the heat island effect caused by population growth and concentration in Ulaanbaatar.



The temperature difference in the lower and upper bounds of the inversion layer is called its intensity, which is highly correlated with air pollutant concentrations [22]. The monthly intensities of the near-surface temperature inversion layer are shown in Table 4.



From 1957 to 2004, the annual average of the temperature inversion intensity reaches 4.5 and 3.1 °C in the morning and evening, respectively. In winter, inversion intensities of 7.4–8.8 °C in the morning and 4.3–6.6 °C in the evening are observed [30]. In turn, the annual average intensity was 4.1 °C in the morning and 3.5 °C in the evening from 2012 to 2020. In winter in recent years, the inversion intensity decreased to 6.5–8.2 °C in the morning and 3.4–5.1 °C in the evening. Similarly, Wang et al. [22] showed that winter inversion intensity was 6.1–8.0 °C in the morning from 2008 to 2016. Although the inversion intensity in the morning has weakened due to global warming, an increase in the inversion intensity in the evening may be related to the intensification of dryness and extreme conditions in the transition seasons (Table 4).



Diurnal variations in near-surface temperature inversion intensity for the Buyant-Ukhaa and Ulaanbaatar weather stations in winter are shown in Figure 10. The maximum temperature inversion intensity near the Ulaanbaatar station was 9.5 °C at 07:00 (LST), the minimum value was 2.1 °C at 15:00 (LST), and the average daily temperature inversion intensity was 6.7 °C. The maximum value of winter inversion intensity at the Buyant-Ukhaa station, which is observed between 07:00 and 08:00 (LST) in the morning, is equivalent to the conclusion of previous researchers that the maximum value of the inversion intensity at surface temperature is observed before sunrise [30]. At 07:00 (LST), the inversion intensity was 10.1 °C, while the minimum inversion intensity recorded was 2.5 °C at 15:00 (LST). Figure 10 presents a stronger near-surface temperature inversion around Buyant-Ukhaa due to its relatively low altitude in a river valley. The diurnal variations in the near-surface temperature inversion intensity correspond to the residential heating time and the peak hours of traffic and contribute to elevated air pollution.



The thickness of the temperature inversion depends on many factors, such as the relative height of the surrounding mountains, average altitude above sea level, geographical terrain, landscape and general atmospheric circulation, and absorption of solar radiation [37]. Table 5 shows the near-surface temperature inversion thickness in Ulaanbaatar city.



In the morning and evening, the annual average near-surface temperature inversion thicknesses were 617 and 411 m, respectively, over Ulaanbaatar city from 1957 to 2004. In winter, the morning inversion thickness was 719–796 m, while the evening inversion thickness was 553–732 m for the period [30]. Wang et al. [22] stated that winter inversion thickness was 479–593 m from 2008 to 2016. However, the annual average inversion thickness was 427 m in the morning and 247 m in the evening from 2012 to 2020. In winter, the inversion intensity decreased to 449–549 m in the morning and 419–518 m in the evening for the period. The results illustrate that the thickness of the inversion has decreased significantly because of surface warming around the city. On the other hand, the inversion layer parameters have been measured more accurately due to the reform of the measurement system.




3.3. Air Pollution Potential in Ulaanbaatar City


Winds disperse air pollutants horizontally, while the turbulent mixing process of the boundary layer exchanges them vertically with an upper air mixture. The air exchange process is expressed by MLH, wind speed, and VC estimated from the vertical measurement data of the atmosphere [49]. Because these atmospheric parameters are essential indicators for planning in air-polluted cities [44], the specific categories of VC are called the air pollution potential.



The monthly MLH, the average wind speed below MLH, and the VC over Ulaanbaatar city were calculated using daily radiosonde data from 2012 to 2020 (Figure 11).



The average annual, warm, and cold season MLHs were 613.2, 859.7, and 366.3 m, respectively. Monthly MLH varied from 194.7 to 364.9 m due to air sinking under the near-surface temperature inversion layer in the winter, while it was approximately 899.2–1103.7 m due to surface heating in the summer months (Figure 11a and Figure 12). The locations of the MLH and the top of the temperature inversion layer in the winter are shown in Figure 12a, while its seasonal locations appear in Figure 12b.



When the MLH is below the near-surface temperature inversion layer in the cold season, air pollutant accumulation will increase, and in the opposite case in the warm season, the lower level air can be mixed by turbulent motion; the air pollutants can then be dispersed horizontally and vertically [30].



The mean annual, warm, and cold season mean wind speeds below MLH were 4.2, 5.0 and 3.4 m·s−1, respectively. The mean monthly wind speeds ranged from 0.8 to 4.5 m·s−1 in winter and 3.6 to 5.5 m·s−1 in the summer months (Figure 11b).



VC is the multiplication of the above two variables. The average annual, warm, and cold season VCs were 3072.9, 4507.9 and 1637.8 m2·s−1, respectively. The monthly VCs fluctuated from 256.8 to 1730.7 m2·s−1 in winter and were 3213.3 to 5307.7 m2·s−1 in summer (Figure 11c). Higher values of VC correspond to lower air pollution potential categories indicating cleaner air. According to Table 2 and Figure 11c, the monthly average air pollution potential over Ulaanbaatar is “very high” from mid-November to early April in the cold season. The “high” air pollution potential conditions dominate during June, September, and October, which are dry months. In April to May and July to August, “medium” air pollution potential conditions occur over Ulaanbaatar. However, the “low” and “very low” air pollution potential cases can be observed for a short timescale during the warm season.




3.4. Air Pollutants and Their Correlation with Atmospheric Factors in Ulaanbaatar City


In the warm and cold seasons, the diurnal variations in the concentrations of PM10, NO2, SO2, and carbon monoxide (CO) in the different land use areas of Ulaanbaatar city are shown in Figure 13. From a health perspective, PM2.5 is more critical than PM10. Because PM2.5 concentrations are not measured at 100 ail and Urgakhnaran stations, PM10 concentrations have been used as the particulate matter pollutant. Due to site location or land use type, the diurnal variations in PM10, NO2, CO, and SO2 concentrations differ. For example, because the Urgakhnaran site is located near the road in the eastern suburb of Ulaanbaatar and is distant from the air pollution sources, diurnal NO2 variation shows two maximums during the peak hours of traffic in the morning and evening, and the second maximum corresponds to the photochemistry effect in the afternoon. The same variation of NO2 is observed at the West crossroad station. However, no diurnal variation is apparent for the remaining pollutants due to the remote location from the sources.



Nevertheless, the other three air quality stations, such as Television, 100 ail, and West crossroad, are in the primary air-polluting source belts near the city center. Together, these areas are considered the air pollution accumulation zone. For these three stations in the city center, the diurnal variations of PM10, CO, NO2 and SO2 show two maximums due to peak hours of traffic and residential heating under the atmospheric stagnation conditions and a minimum during the weakening periods of temperature inversion and anthropogenic activity. The diurnal variations in the pollutants are especially evident in Television and 100-ail stations near the slum/ger area districts. However, they are unclear except for NO2 at the West crossroad station in the traffic zone (Figure 13).



In the cold season, the concentrations of air pollutants are markedly higher than in the warm season due to the increase in solid and liquid fuel consumption, and for more than 50% of the annual observations, the concentrations exceed the Mongolian AQS. Furthermore, in the cold season, air pollutant concentrations are increased from the suburb place (Urgakhnaran) to the city center (Television and 100-ail stations), which is the wind convergence or pollutant accumulation zone, due to topography-influenced meteorological processes under atmospheric stagnation conditions (Figure 13).



Figure 14 shows the correlations between monthly average meteorological variables, such as wind speed, relative humidity, the intensity of near-surface temperature inversion, and concentrations of air pollutants, such as PM10, NO2, SO2, and CO. Although meteorological variables and air pollutants were synchronically measured at each air quality monitoring station, the effects of atmospheric stagnation and ventilation conditions were studied by plotting data from the West crossroad air quality monitoring (AQM) and Ulaanbaatar radiosonde stations (Figure 14). The data quality of the West crossroad AQM station was better than of the other stations near the radiosonde station. All pollutants demonstrated a moderate to high positive correlation with relative humidity (R = 0.55–0.77, p < 0.05) and temperature inversion intensity (R = 0.59–0.89, p < 0.01) and a moderate to high negative correlation with wind speed (R = 0.51–0.81, p < 0.05).



PM10 and PM2.5 are toxic particles that cause infection of the lower and upper respiratory tracts in humans [53]. Figure 15 illustrates the relationship between air pollution potential parameters, such as VC and MLH, and particulate pollutants PM2.5 and PM10.



The concentrations of PM10 and PM2.5 highly depend on the MLH and VC and are inversely correlated by the exponential law (R2 = 0.49–0.85, p < 0.001) for time. For example, in the morning (08:00 LST), PM10 and PM2.5 concentrations are high due to intensified temperature inversion and shallow MLH, while these are low because of opposite conditions in the evening (20:00 LST). Therefore, correlations between particulate pollutants and air pollution potential parameters are inversely high at R2 = 0.77–0.85, p < 0.001 in the morning, while inversely medium at R2 = 0.49–0.74, p < 0.001 in the evening. Significantly, compared with PM10, the PM2.5 concentrations are highly correlated with MLH and VC. Very high and high air pollution potential categories are associated with the high PM10 and PM2.5 concentrations (Table 2, Figure 15).





4. Conclusions


	
In Ulaanbaatar, during winter, temperature inversion is stabilized and maintained by surface cooling under the influence of a high air pressure region, which is the primary weather condition favoring the long-term accumulation of pollutants released into the air. Thus, decision makers must consider these climate patterns when planning measures to reduce air pollution.



	
Under the near-surface temperature inversion layer with 6.5–8.2 °C of intensity and 449–549 m of thickness, the average temperatures of the cold season were colder than −13.5 °C, and the residential heating and traffic peak hours matched with the high-intensity hours of the temperature inversion, which contribute to elevated air pollution.



	
In the cold season, around Ulaanbaatar, wind speeds are low, and windless days represented 34–66% of all observations. Due to mountain topography, south (29.4%), west (23.6%), east (17.4%) and northwest (15.6%) winds prevail from all sides of the city, polluting slum areas to the city center. Therefore, the prevailing wind directions should first be considered when selecting the areas for reducing the number of air-polluting sources.



	
In winter, day-to-day winds turn east and southeast at night due to the influence of mountains and valleys, which can lead to the accumulation of pollution from sources in the city’s eastern part, which in turn affects the city center.



	
High-rise buildings in the city center directly impact the city’s microclimate, such as through urban heat islands and windless conditions.



	
In the winter months, MLH ranges from 194.7 to 364.9 m due to air sinking under the near-surface temperature inversion layer. The mean wind speeds of the MLH ranges from 0.8 to 4.5 m·s−1. Monthly VCs range from 256.8 to 1730.7 m2·s−1 in winter. Due to the variability in VC, the city’s air pollution potential is “very high” from mid-November to early April in the cold season. The “high” air pollution potential conditions dominate during June, September, and October, which are dry months. The “high” and “very high” air pollution potential categories mostly correspond to pollutant concentrations exceeding the AQSs.



	
The concentrations of PM10, NO2, SO2, and CO show a moderate to high positive correlation with the relative humidity (R = 0.55–0.77) and temperature inversion intensity (R = 0.59–0.89) and a moderate to high negative correlation with wind speed (R = 0.51–0.81). PM10 and PM2.5 concentrations depend highly on the MLH and VC and are inversely correlated by the exponential law (R2 = 0.49–0.85, p < 0.001) for a time of day. Significantly, compared with PM10, the PM2.5 concentrations are highly correlated with MLH and VC. Moreover, the correlation coefficients are lower in the evening than in the morning. Therefore, the forecasting model of air pollution can be developed using these atmospheric parameters and temporal variation patterns.
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Figure 1. Maps showing location (a) and elevation (b) of Ulaanbaatar city. 
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Figure 2. Locations of weather and air quality monitoring stations in Ulaanbaatar city. 
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Figure 3. Climate diagram of Ulaanbaatar city (1991–2020). 
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Figure 4. Seasonal variations in air temperature of Ulaanbaatar city. 
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Figure 5. Spatial distribution of the average air temperature of the cold season (October to March) around Ulaanbaatar city (1991 to 2020). 
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Figure 6. Diurnal variations in average air temperature in winter and summer. 
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Figure 7. Diurnal variations in average wind speed in winter and summer. 
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Figure 8. Windrose diagrams at Ulaanbaatar city’s weather stations in the winter: (a) Ulaanbaatar station, (b) University station, and (c) Buyant-Ukhaa station. 
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Figure 9. Monthly air temperature patterns of the lower troposphere over Ulaanbaatar city (1991–2020). 
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Figure 10. Diurnal variations in the near-surface temperature inversion intensity for Buyant-Ukhaa and Ulaanbaatar weather stations in winter. 
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Figure 11. Monthly variations in boundary layer height (a), the mean wind speed within the boundary layer (b), and the ventilation coefficient (c). The colored pattern is air pollution potential categories: a shift from darker to lighter colors corresponds to a decrease in air pollution potential, indicating cleaner air. 
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Figure 12. Winter (a) and seasonal (b) variations in MLH and temperature inversion layer thickness according to morning radiosonde data. 
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Figure 13. Diurnal variations in air pollutants in the different land use areas of Ulaanbaatar city in the warm and cold seasons from 2019 to 2020. The blue and green lines correspond to the cold and warm seasons; the red line is the Mongolian AQS for pollutants. 
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Figure 14. Correlations between monthly average air pollutants and meteorological parameters (West crossroad station) at 00:00 (UTC+08). The black line is the regression line, while the blue lines are the 95% confidence band. 
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Figure 15. Dependence of monthly average mixing layer height (a,b,e,f) and ventilation coefficient (c,d,g,h) on PM10 and PM2.5 particles in the western part of the city center (West crossroad station) in the morning and evening from 2019 to 2020. The solid line is the regression line, while the dotted green lines are the 95% confidence band. The colored patterns in panels (c,d,g,h) are air pollution potential categories: a shift from darker to lighter colors corresponds to a decrease in air pollution potential, indicating cleaner air. 
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Table 1. Location of the weather stations in Ulaanbaatar city.






Table 1. Location of the weather stations in Ulaanbaatar city.





	#
	Station Name
	Location within the City
	Distance from the City Center
	Urban Pattern

(Impact)
	Geographical Feature
	North Latitude
	East Longitude
	Elevation





	1.
	University
	The central station in the city center
	0 km
	Apartment area with high-rise buildings

(Windless)
	In the river valley between high mountains on the south and north sides
	47°55′22″
	106°55′12″
	1302 m



	2.
	Ulaanbaatar
	West side of the city
	7 km
	Slum/ger area district with low-rise small dwellings (Warmer)
	In the river valley and closed by low mountains from the north to the northwest sides
	47°55′07″
	106°50′53″
	1306 m



	3.
	Buyant-Ukhaa
	Southwest suburb of the city
	14 km
	Suburb and open area with all the sides (Coldest)
	In the river valley and surrounded by high mountains from the southeast to the west sides
	47°50′33″
	106°46′01″
	1286 m
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Table 2. Categories of air pollution potential.






Table 2. Categories of air pollution potential.











	#
	Ventilation Coefficient (m2s−1)
	Air Pollution Potential Zone
	Color Band





	1.
	0–2000
	Very high
	



	2.
	2000–4000
	High
	



	3.
	4000–6000
	Medium
	



	4.
	6000–8000
	Below medium
	



	5.
	8000–10,000
	Low
	



	6.
	>10,000
	Very low
	







Remark: The colored pattern is air pollution potential categories: a shift from darker to lighter colors corresponds to a decrease in air pollution potential, indicating cleaner air.
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Table 3. Recent changes in the number of days with a near-surface temperature inversion over Ulaanbaatar city.






Table 3. Recent changes in the number of days with a near-surface temperature inversion over Ulaanbaatar city.





	Time
	Period
	Jan
	Feb
	Mar
	Apr
	May
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov
	Dec





	00:00 (UTC+08)
	1957–2004
	27
	23
	19
	10
	6
	5
	4
	6
	12
	17
	21
	25



	Morning
	2012–2020
	21
	18
	12
	4
	2
	1
	1
	2
	5
	12
	12
	18



	12:00 (UTC+08)
	1957–2004
	23
	16
	8
	3
	2
	2
	1
	2
	7
	12
	17
	23



	Evening
	2012–2020
	13
	8
	2
	1
	0
	0
	0
	0
	2
	5
	8
	15







Remark: The number of days with a temperature inversion is the total observed inversion cases per month. For each radiosonde flight time, the data in the first line correspond to the results of Sumiya [30], while the data in the second line are our estimates for comparison with those of previous studies.
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Table 4. Recent changes in the average monthly intensity (°C) of the near-surface temperature inversion over Ulaanbaatar city.
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	Time
	Period
	Jan
	Feb
	Mar
	Apr
	May
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov
	Dec
	Ann





	00:00 (UTC+08)
	1957–2004
	8.8
	7.4
	4.6
	2.9
	2.3
	1.5
	1.5
	2.2
	3.3
	4.5
	6.5
	8.4
	4.5



	Morning
	2012–2020
	8.2
	6.5
	4.8
	3.5
	1.3
	1.9
	0.6
	1.5
	3.7
	4.4
	5.5
	7.1
	4.1



	12:00 (UTC+08)
	1957–2004
	6.4
	4.3
	2.4
	1.6
	2.4
	1.7
	1.3
	1.8
	2.1
	2.6
	4.3
	6.6
	3.1



	Evening
	2012–2020
	5.1
	3.4
	4.0
	2.2
	0
	0
	0
	0
	2.5
	2.5
	3.3
	4.7
	3.5







Remark: The temperature inversion intensity is the difference between temperatures at the bottom and top of the layer. For each radiosonde flight time, the data in the first line correspond to the results of Sumiya [30], while the data in the second line are our estimates for comparison with those of previous studies.
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Table 5. Recent changes in the monthly average thickness (m) of the near-surface temperature inversion over Ulaanbaatar city.
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	Time
	Period
	Jan
	Feb
	Mar
	Apr
	May
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov
	Dec
	Ann





	00:00 (UTC+08)
	1957–2004
	796
	719
	615
	548
	535
	489
	488
	484
	558
	648
	737
	791
	617



	Morning
	2012–2020
	549
	449
	427
	354
	295
	290
	353
	356
	403
	428
	459
	509
	427



	12:00 (UTC+08)
	1957–2004
	705
	553
	314
	266
	273
	298
	286
	315
	294
	340
	556
	732
	411



	Evening
	2012–2020
	518
	419
	395
	375
	0
	0
	0
	0
	191
	202
	375
	493
	247







Remark: The temperature inversion thickness is the difference between the bottom and top levels of the layer. For each radiosonde flight time, the data in the first line correspond to the results of Sumiya [30], while the data in the second line are our estimates for comparison with those of previous studies.
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