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ABSTRACT

Air pollution is a severe problem in Almaty (Kazakhstan), especially during the cold half of the
year (October-March). Almaty is one of the most polluted cities in Kazakhstan and Central Asia,
with average winter PMzs (particulate matter with aerodynamic diameter < 2.5 pm) concentration
of 94.0 pg m=3. High pollution in the wintertime in Almaty could be caused by emissions from coal
combustion for power and heat generation (at power plants and small-scale heating), which
could also be worsened by poor dispersion of air pollutants due to certain atmospheric conditions.
Based on one-year radiosonde data, the characteristics of the planetary boundary layer height
(PBLH) and its effect on ground-level PM2s concentrations in Almaty were analyzed in this study
using the bulk Richardson number (Ri) and potential temperature increase (PT) methods. During
an annual cycle, the concentrations of PMas were highest in the winter months when the daily
concentrations were above 100 pg m™3 for 38 days during this period. The results show a clear
negative relationship between the daily average PM..s concentrations and PBLH at 12.00 UTC. For
instance, high PM.s concentrations in winter months (94.0 ug m=) corresponded to a lower PBLH
(393 m), and low PM.5 concentrations in summer months (9.9 ug m=) corresponded to a higher
PBLH (1970 m). During the cold half of the year, the top 20% of PM..s concentrations were
associated with a lower PBLH and calm wind conditions (lower average wind speeds within the
PBL and a lower ventilation coefficient). The results show that PBLH variations during the year
have a significant effect on PM2.s concentrations; however, further analysis is needed with a more
substantial amount of observational data to understand this interaction further and to investigate
the role of synoptic processes that lead to a shallow PBLH.

Keywords: Air quality, Pollution, Planetary boundary layer height, PMz.s, Kazakhstan

1 INTRODUCTION

Almaty, the former capital and largest city in Kazakhstan, has been experiencing a period of
rapid urbanization since the independence of the country in 1991. This growth has been a reason
for several environmental problems where the most serious one is atmospheric pollution during
the cold half of the year. Today, with a population of more than 2 million people (Committee of
Statistics of the Ministry of the National Economy of the Republic of Kazakhstan, 2021), Almaty
is considered as one of the most polluted cities in Kazakhstan (Russell et al., 2018), with
concentrations of particulate matter with aerodynamic diameter < 2.5 um (PMzs) in some days
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higher than 250 ug m= (Kerimray et al., 2020a). Nationally, air pollution in Kazakhstan leads to
10,064 premature deaths, and the economic damage due to air pollution in Kazakhstan (including
indoor air pollution) was estimated at US $29.2 billion per year, or 9.3% of GDP (as of 2010) (WHO
Regional Office for Europe, 2015). Aerosols have significant impact on precipitation, cloud, and
climate radiative forcing (Koren et al., 2014; Permadi et al., 2018a; Li et al., 2019a; Guo et al.,
2019). Thus, reducing air pollutant emissions will decrease air pollution, improve public health,
and benefit the economy. The major emission sources of PMzs in Almaty include coal-fired power
plants, domestic heating stoves using coal, and vehicle exhaust (Kerimray et al., 2020a). Annually,
two coal power plants in Almaty (CHP-2 and CHP-3) use approximately 3.4 million tons of coal,
and advanced emission control systems are not employed (electrostatic precipitators and flue
gas desulfurization are not used). The volumes of coal consumption at CHPs depend on the
ambient temperature because combined heat and power plants provide heat to district heating
systems. Almaty’s climatic conditions, where the long-term average temperatures in January and
July are —4.7 and 23.9°C, respectively (Pogoda | Climate, 2021), show that there is a considerable
need for heating during the cold half of the year. Because of this, the average daily coal
consumption is twice as high in January than in June at Almaty CHP-2. In addition, Almaty is
located in the foothills of the northern part of the Tian Shan mountain system at 600 m above
sea level. The city’s location restricts both the vertical and horizontal dispersion of air pollutants
emitted from the ground level. These meteorological and topographic conditions, combined with
local emission build-up that is similar to Ulaanbaatar (Wang et al., 2017), contribute to the high
concentration of PMzs.

Numerous studies have focused on determining meteorological factors influencing the spatial
and temporal distributions of particulate matter (especially PMzs) in recent years worldwide
(Wangcetal., 2014; Wang et al., 2017; Li et al., 2019b). The growing interest in PM2.s is driven by
the damaging impact of pollutants on human health, which has been reported in many
epidemiological studies (Kampa and Castanas, 2008). PMzs was found to be the fifth-ranking
global mortality factor that caused 7.6% of total deaths worldwide in 2015 (Cohen et al., 2017).
Haze pollution leads to an increased risk of morbidity and hospital admissions; respiratory,
cardiovascular, and cerebrovascular diseases; lung cancer; and premature death (Gao et al., 2017,
Yin et al., 2020). To the authors’ knowledge, research on the spatial and temporal variations in
catmospheric pollutants in Kazakhstan cities (Kerimray et al., 2020b) and their effect on human
health (Vinnikov et al., 2020; Kenessary et al., 2019) is limited, and an assessment of PMas
relationships with meteorological parameters (e.g., planetary boundary layer height) in Almaty
has yet to be performed (Ormanova et al., 2020).

The planetary boundary layer height (PBLH) is one of the most critical meteorological factors
limiting the vertical mixing of air pollutants, including PM2s, near the surface. Since the PBLH
cannot be directly measured, several other methods have been introduced to obtain it, where the
most common method is using radiosondes. They can measure vertical profiles of meteorological
parameters on a sounding balloon and are usually launched twice daily (00 and 12 UTC) at most
stations around the world (Guo et al., 2021). After Holzworth’s pioneering research on early
radiosonde data over the US in 1964, research on PBLH assessment has constantly been
progressing further. In addition to the parcel method (Holzworth, 1964), several other algorithms,
such as the bulk Richardson number (Seidel et al., 2012), temperature inversions (Hu et al., 2014;
Nielsen-Gammon et al., 2008), and other methods, have been developed. New remote sensing
techniques (lidars, wind profilers, ceilometers, and radiometers) have also been introduced for
continuous PBLH measurements (Seibert et al., 2000). The climatology of the PBL height over
Europe and the continental United States was compiled by Seidel et al. (2012), over China by Guo
et al. (2016), and over the Korean Peninsula by Allabakash and Lim (2020), and the global PBLH
diurnal cycle was assessed by Gu et al. (2020) and Guo et al. (2021). A few pieces of research in
Central Asia have also been reported from mountainous areas of Ulaanbaatar (Wang et al., 2017)
and Nur-Sultan, the capital city of Kazakhstan (Ormanova et al., 2020). The results suggest the
important contribution of the PBLH to the accumulation of PM2 s during certain seasons. Several
modeling studies have indicated that the PBLH is one of the most sensitive meteorological
parameters for simulating PM concentration (Permadi et al., 2018a, 2018b). To date, no studies
have been reported on the influence of the PBLH on particulate matter concentrations in Almaty,
Kazakhstan.
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The particulate matter pollution problem in Almaty shows a worsening trend; therefore, it is
important to provide science-based evidence on the current status, as well as deriving a better
understanding of the major contributing factors. This study explores the relationship between
the PBLH and ground-level PM25 concentrations in Almaty, Kazakhstan. In addition, the impact
of wind speed is also discussed; therefore, the ventilation coefficient is characterized. Based on
one-year radiosonde data, the PBLH was determined by applying the bulk Richardson number (Ri)
and potential temperature increase (PT) methods. This analysis provides valuable information for
understanding the seasonality of PM2 s pollution in relation to meteorological factors in Almaty;
therefore, emission reduction measures can be formulated based on the key findings of this
research.

2 METHODS

2.1 Data Collection

The data used in this study include surface meteorological data, PM2smass concentration data,
and sounding data from March 1%, 2020, to February 28", 2021. The radiosonde data used in
this study were collected from the Almaty aerological station (University of Wyoming, 2020). The
Almaty aerological station (43.35°N and 77.00°E) started conducting temperature-wind soundings
in 1952. The station is located 15 km from the city center at 660 m above sea level. The aerological
station consists of a small-sized aerological locator MARL-A (functioning since January 2010),
radiosondes (PAZA-22, Aspan-15), and a hydrogen-generating system. The radiosonde data
include vertical profiles of pressure, height, temperature, dew point temperature, humidity, and
wind speed and direction twice a day at 00:00 and 12:00 UTC (06:00 and 18:00 Almaty time,
respectively (UTC +6)). In total, 719 sounding profiles were used in this study, of which 355
sounding profiles were at 00:00 UTC and 364 sounding profiles were at 12:00 UTC. PM2.s data were
obtained from the United States Embassy station in Almaty (AirNow, 2021) that started collecting
PMa.s data on February 4™, 2020, with a temporal resolution of 1 h. The Embassy uses BAM (beta
attenuation monitor) 1020, which is the U.S. EPA equivalent method (Met One Instruments, 2021),
to measure and record PM concentration levels in a continuous mode in Almaty. The sensor is
installed at Kazakh National Medical University (43.25°N and 76.93°E), located in the city center.
Surface meteorological data, including surface air temperature, humidity, wind speed and direction,
and precipitation, were obtained from www.rp5.kz for a station located close to the aerological
station in Almaty (43.35°N and 77.03°E). The website rp5.kz archives meteorological information
from the international exchange data server at the National Oceanic and Atmospheric Administration,
USA, since 2004 (Weather Schedule, 2021). The locations of the stations (aerological, meteorological,
and PMz;s) within Almaty districts are shown in Fig. 1. Descriptive statistics with the pollutant
concentrations and meteorological data for the considered period are presented in Table S1.

2.2 Methods to Determine PBLH

This study used two PBLH detection methods: bulk Richardson number (Ri) and potential
temperature increase (PT) methods. Both methods have been widely used in other studies for
PBLH detection (Seidel et al., 2012; Guo et al., 2016; Miao et al., 2018; Gu et al., 2020). The Ri
method is suitable for stable and convective conditions, which is defined as follows (Eq. (1)):

" (2 Jou-t.)e-2) N

(u, —u, ) +(v, —v,) +bu?

z

where g is gravity acceleration, 6y is virtual potential temperature, z is height, u and v are wind
components, b is a constant and ux is surface friction velocity. The subscripts s and z denote the
surface and height, respectively. Since u+ is not known from the radiosonde data, and its effect is
much smaller than the bulk shear term in the denominator (Seidel et al., 2012), b was set to 0,
and the surface friction term was ignored. Then, PBLH was determined as the lowest level where
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Fig. 1. Districts of AlImaty with the elevation and location of PM and aerological and meteorological stations.

the Ri(z) value exceeded 0.25. This method has been used in several papers (Seidel et al., 2012;
Guo et al., 2016; Miao et al., 2018). All PBLHs in this study are presented in meters above ground
level (m AGL).

PBLH was also estimated using the PT method (Nielsen-Gammon et al., 2008; Su et al., 2020;
Miao et al., 2018). Assuming that the potential temperature at the PBL top is higher than at the
surface, the PBLH was determined as the level where the potential temperature first exceeds the
surface potential temperature by more than 2 K (Fig. S1).

To learn the relationship between PBLH and PMz s concentrations, after data normalization
(using log-transformation), Pearson’s linear correlation (R) coefficient was applied, and p values
were calculated.

There were several terms used in this paper to describe time periods for (1) seasons: spring
(March, April, and May), summer (June, July, and August), autumn (September, October, and
November), and winter (December, January, and February) and (2) two halves of the year: cold
half of the year (from October to March) and warm half of the year (from April to September).

3 RESULTS AND DISCUSSION

3.1 Meteorological Parameters

The location of Almaty in an area with a severe continental climate dictates the large differences
between summer and winter temperature values. During the study period, the average monthly
temperature values were lowest in December (-7.8°C) and January (—4.7°C) and highest in July
(23.9°C) and August (23.5°C). The lowest average monthly wind speeds were observed from
October to February, with the minimum in December (1.7 m s7). In addition, this period (from
October to February) was characterized by the highest number of no-wind conditions, which may
complicate the dispersion of pollutants during this period. In contrast, the relative humidity
increased during the winter months (e.g., the maximum was in January [88%]), and the lowest
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values were from June to September (e.g., the minimum was in June [42%)]). Precipitation during
this period had seasonal fluctuations, with two peaks in April (237 mm) and February (130 mm).
Thus, the winter months, December and January, when the PM_ s pollution is the heaviest, were
characterized by the lowest temperature and wind speed values, and highest humidity values.
Meteorological conditions for Almaty are summarized from March 1%, 2020, to February 28,
2021 in Fig. 2.

The wind direction varied greatly from winter to summer (Fig. 3) during the study period. In
winter, there was no prevailing wind direction, and the average wind speed was 1.9 m s, while
in summer and autumn, winds were mostly in a southern direction with average wind speeds of
2.6 m s7! (summer) and 1.9 m s (autumn). In spring, winds were in southern and western
directions with average speeds of 2.6 m s
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Fig. 2. Monthly average values of temperature, relative humidity, wind speed, and precipitation during 2020-2021.
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Fig. 3. Direction of wind for spring, summer, autumn and winter for the 2020-2021 period.
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3.2 Variations of PM..5s Concentrations

The annual mean concentration of PMa s for the selected period was 39.2 ug m=3. There is no
established national standard for annual PM2s concentrations in Kazakhstan (only for daily and
maximum one-time concentrations). However, the annual mean concentration is almost eight
times higher than the annual standard established by WHO guidelines (5.0 pg m™3) (WHO, 2021).
The value of the annual concentration in Almaty (39.2 ug m™) was close to the annual concentration
of PMz.s in Beijing in 2020 (38.8 pg m~) (Statista, 2021). In this work, the annual concentrations
of PM2s (39.2 ug m™3) were lower than those in a study by Kerimray et al. (2020a) (53 pg m3).
The reason for this could be that the PM2s sensor used in this study was located in the higher
part of the city (Almaly district), while in the study by Kerimray et al. (2020a), PMa.s data from
several sensors in different parts of the city included sensors located in lower parts that were
characterized by higher concentrations of PMas.

Daily average concentrations did not meet the 24-hour concentration standards established
by the WHO on most days from October to March. In addition, most days from the second half
of October to the first half of March did not meet the national daily PM> s standards of 35 ug m™
(Adilet, 2021). Thus, during this period, citizens experienced exposure to high PMzs concentrations
that may induce a series of different adverse effects on public health (Feng et al., 2016). Daily
average concentrations of PMys are presented in Fig. 4.

The concentrations of PM2s in Almaty showed significant variations during the year. During
the cold half of the year (from October to March), the percentile analysis showed a long-tailed
distribution: 92.8% of the days were characterized by average daily PMz.s concentrations higher
than 15 pg m=, 65.3% were higher than 35 ug m=, 46.4% were higher than 50 pg m=, 23.2% were
higher than 100 ug m™3, and 8.3% were higher than 150 pg m=. In December and January, the
average monthly concentrations were about 110 ug m=. In total, 24% of the days in those two
months were characterized by daily average PM..s concentrations of more than 150 ug m= with
a maximum of 237 pg m= on December 24™, 2020. High PM. s concentrations in Almaty could be
related to increased coal combustion for heat generation and disadvantageous meteorological
conditions during this period. On the other hand, lower PM2sconcentrations were observed from
April to September. During this period, the daily average concentration exceeded the WHO daily
standards in 19.3% of the days.

For the diurnal cycle, the PM2s concentrations were the highest in the late evening and midnight
throughout the year (Fig. 5). The lowest concentrations were found from 6 a.m. to 12 p.m. (Almaty
time) from October to February and from 3 a.m. to 6 a.m. (Almaty time) from March to September
(Table S2). Interestingly, during noon, a second peak was observed from April to September. It was
not statistically reliable (1) to study the diurnal variation in the PBLH since sounding observations
were performed only twice a day (at 00 and 12 UTC), which also did not represent the peak times;
consequently, (2) there was uncertainty in the relationship between the PBLH and PM;s
concentrations during the day. More sounding observations are needed to understand this
interaction further, especially during the cold half of the year when PM pollution is the heaviest.
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Fig. 4. 24-hour average PM2s concentrations during March 2020-February 2021.
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Fig. 5. Average PM2s concentrations at synoptic hours for spring, summer, autumn and winter in
2020-2021.

3.3 Impact of the PBLH on PM, ;s Concentrations

Based on sounding data, the average daily PBLH at 00:00 and 12:00 UTC (or 06:00 and 18:00
Almaty time) for the study period was calculated using both the Ri and PT methods. Although the
results of the two methods were significantly correlated (P = 0.91 for 00:00 UTC and P = 0.71 for
12:00 UTC), the correlation between PM2s and PBLH derived from the PT method was higher.
The correlation coefficients derived from the two methods during cold (October—-March) and
warm (April-September) halves of the year are shown in Table 1. All correlation coefficients were
negative. PM2s concentrations had stronger anti-correlations with daily PBLH at 18:00 than at
06:00 (Almaty time). Since the PBLH at 00:00 UTC (06:00 Almaty time) did not significantly affect
the concentrations, the PBLH derived with the PT method at 12:00 UTC (18:00 Almaty time) was
used in further analyses.

Fig. 6illustrates the average heights of the PBL at 00:00 and 12:00 UTC (06:00 and 18:00 Almaty
time) and PM2s concentrations from March 1%, 2020, to February 28", 2021. The average PBLHs
at 12:00 UTC had clear seasonal patterns, with the maximum height during summer (average
1969 m) followed by spring (average 1748 m) and autumn (average 1137 m). The minimal PBLHs
were observed during the winter months (average 392 m). The average PBLHs at 00:00 UTC did not
show a clear seasonal pattern as those at 12:00 UTC, and they varied from 134 to 265 m. PM2s
concentrations reached their maximum during winter (average 94.0 pg m=3), followed by autumn
(average 30.5 pg m™3). Lower concentrations were observed during summer (average 9.9 ug m=3)
and spring (average 16.9 ug m=3). The comparison between the PBLH at 12:00 UTC and PMzs
concentrations indicated obvious anti-correlation, suggesting that a higher PBLH corresponded
to lower PMz.s concentrations.

The seasonal variations in the PBLH, average wind speed within the PBL, and ventilation coefficient

Table 1. Correlation between PM2s and PBLHs derived from both the Ri and PT methods during
cold (October—March) and warm (April-September) halves of the year. Numbers in bold show
statistically significant correlations at a 95% confidence level.

Period Method 00:00 UTC 12:00 UTC
October—March Ri -0.04 -0.38

PT -0.14 -0.54
April-September Ri 0.07 -0.03

PT -0.01 —-0.07
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Fig. 6. Seasonal variations in PBLH and PM2.s concentrations in Almaty for the 2020-2021 period.

Table 2. Seasonal variation in PBLH, average wind speed within the PBL, and ventilation coefficient.

Average PBLH  Average PM.s Average windspeed Ventilation coefficient
Seasons

(m AGL) (ug m™) (ms™) (m?s™)
Spring 1747.7 16.9 3.8 6892
Summer  1969.4 9.9 4.3 8952
Autumn  1137.4 30.5 3.7 5252
Winter  392.5 94.0 2.8 1274

Note: The ventilation coefficient was calculated by multiplying the PBLH by the wind speed
within the PBL.

or air outflow are presented in Table 2. The ventilation coefficient was calculated as the product of
the PBLH and average wind speed within the PBL. The results revealed that the average wind speed
and ventilation coefficient were minimal in wintertime when the PBLH was lowest. Thus, the average
wind speed and ventilation coefficient in winter were 2.8 m s and 1274 m?s7?, respectively.

In contrast, the highest values of wind speed (4.3 m s™) and ventilation coefficient (8951.9 m?s™)
were observed during summer. The average wind speed and ventilation coefficient values in
spring and autumn were in between but still considerably higher than those in winter. A lower
ventilation coefficient is associated with weaker turbulence and stronger stability, which constrains
the diffusion process of pollutants and contributes to higher concentrations of PMa.s. The highest
value of the ventilation coefficient during summer showed the best dispersion condition, which
led to a normally lower concentration of PMas. A higher PM2.s concentration during winter was
somehow well correlated with a low ventilation coefficient value (1,274 m? s71), which represented
a period of poor air mass dispersion.

3.4 PBL Structure in the Cold Half of the Year

To further understand the relationship between the PBLH and PM2 s concentrations, especially
during the cold half of the year, PBLH characteristics were analyzed for the top and bottom 20%
PM2 s daily concentrations. Initially, only the highest and lowest 20% of winter PM2s
concentrations were selected. However, the lowest 20% PM,.s concentrations ranging from 13
to 51 ug m~3 during the winter of 2020-2021 were caused mainly by heavy precipitation rather
than changes in the PBLH (Fig. S2). When precipitation days were excluded, PM:s concentrations
for the bottom 20% started from approximately 50 pg m= (Figs. S2(b) and S2(c)). Since winter
concentrations on no precipitation days were all above 50 pg m=3, it was decided to extend the
period from the winter to the cold half of the year (from October to March). Then, the top 20%
of PMzs concentrations ranged from 127 to 237 ug m=3, while the bottom 20% ranged from 11 to
28 ug m= (Fig. 7). When the top 20% occurred, the PBLHs were lower than 500 m AGL with lower
wind speeds and ventilation coefficients within the PBL. In some cases, low PBLH levels were
accompanied by low concentrations and vice versa. This suggests that although PBLH plays a critical
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Fig. 7. The lowest (bottom 20%) and highest (top 20%) concentrations of PM2.s were associated with
their different characteristics, such as PBLH, ventilation coefficient, wind speed within the PBL,
and surface temperature and humidity.

role in the dispersion of air pollutants, PMz s levels also depend on other factors (emission sources,
meteorology, etc.). A shallow PBLH, lower wind speeds, and ventilation coefficient contributed to
poorer conditions for the dispersion of air pollutants at ground level and resulted in days with the
top 20% of PM2s concentrations. In contrast, the bottom 20% corresponded to a higher PBLH,
wind speed, and ventilation coefficient.

The relationship of the PBLH with temperature and humidity was also examined for the bottom
and top 20% of PMa.s concentrations. The PBLHs at 12.00 UTC were positively correlated with
surface temperature and inversely proportional to humidity. Thus, when the temperature was
low, coal combustion for heating increased, and a shallow PBLH did not allow pollutants to be
diluted, which resulted in pollutants accumulating in a very thin layer above the ground. The
relative humidity during this period was approximately 70% to 95% in the top 20%, which was
much higher than that in the bottom 20% (25% to 80%).

4 CONCLUSIONS

This paper used multiple datasets from a surface meteorological station, PM2s monitoring
station, and a sounding station to investigate the relationship between the PBLH and PMys
concentrations in Almaty, one of the most populated and polluted cities in Kazakhstan.

There is severe air quality degradation in Almaty. The annual mean PMz.s concentration for
March 2020-February 2021 was 39.2 pg m=3, almost eight times higher than the annual limits for
PM2s established by the WHO.
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During an annual cycle, the concentrations of PMa.s were highest in the winter months. On
most days, 24-hour concentrations from October to March also did not meet the daily limits
established by the WHO (92.8% of the days) and national limits of Kazakhstan (65.3% of the days).
A total of 23.2% of the days during this period were characterized with concentrations higher
than 100 ug m™. During the other months, the daily average concentration exceeded the WHO
daily standards on 19.3% of the days. The average monthly concentrations were 110.7 ug m~3in
December, 110.8 ug m~3inJanuary, and 61.3 pg m= in February. The decrease in PM2 s concentrations
in February could have been associated with an increase in the height of the PBLH, intense
precipitation, increasing ambient temperature and a reduction in coal use for heating. The lowest
concentrations were observed in summer (9.9 ug m™). The average concentrations in spring and
autumn were 16.9 and 30.5 ug m3, respectively.

In the wintertime, higher emissions of PM. s from coal combustion at large-scale (power plants) and
small-scale heating sources (heating stoves) contributed to air quality degradation. Meteorological
and geographic conditions could also have contributed to winter peaks of PMa s concentrations.
The results show a clear negative relationship between the daily average PM:s concentrations
and PBLH at 12.00 UT. Thus, high PM.s concentrations in winter months (94.0 ug m=) corresponded
to a lower PBLH (392.5 m), and low PM.s concentrations in summer months (9.9 ug m=)
corresponded to a higher PBLH (1969.4 m).

During the day, PM2s concentrations were the highest in the late evening and midnight throughout
the year during the study period. The lowest concentrations were found from 6:00 a.m. to 12:00 p.m.
(Almaty time) from October to February and from 3:00 a.m. to 6:00 a.m. (Almaty time) from
March to September. Interestingly, during noon, a second peak was observed from April to
September. It was not possible to study the diurnal variation in the PBLH and its effect on PMas
concentrations since sounding observations were performed only twice a day. Thus, it would be
beneficial to add sounding observations at 14:00 (Almaty time), especially during the cold half of
the year when PM pollution is heaviest.

During the cold half of the year, the top 20% of PM2s concentrations were associated with a
lower PBLH and calm wind conditions (lower average wind speeds within the PBL and a lower
ventilation coefficient).

The results of this study show the role of the PBLH in the formation of higher PM2s concentrations.
Further analysis is needed with a larger amount of observational data to understand this interaction
further and to investigate the role of synoptic processes that lead to a shallow PBLH during cold
periods.
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