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ABSTRACT: Studies have revealed the adverse health impact of particulate matter 2.5 (PM2.5). Elevated PM2.5 levels are 
often observed in cities with abundant sources of emissions of pollutants. In addition to emissions, PM2.5 concentrations can 
vary with meteorological conditions. This study aimed to identify meteorological variables associated with high levels of PM2.5 
in Seoul, South Korea. An analysis was conducted using data associated with daily meteorological variables in Seoul from 2019, 
downloaded from the Korea Meteorological Administration (KMA) and Air Korea webpages. These variables included daily 
precipitation duration and amount, maximum and average wind speed, dominant and prevailing wind direction, relative humidity, 
vapor pressure, and temperature. The relationship between these variables and PM2.5 concentrations was analyzed using two 
datasets: one containing data from the entire year of 2019 and the other from January, February, and March when PM2.5 levels 
were relatively high. Daily average PM2.5 concentrations were categorized into two groups: acceptable (PM2.5 ≤ 25 μg/m3) and poor 
(PM2.5> 25 μg/m3) air quality. When analyzing data from the entire year, it was observed that the median PM2.5 concentration 
was statistically higher when westerly winds were observed [Probability value (P-value) <0.001]. By contrast, the three-month 
sub-analysis did not show any statistically significant differences in median PM2.5 levels between westerly and non-westerly winds 
(P =0.390 for dominant wind direction, P =0.846 for prevailing wind direction). Although average wind speed, vapor pressure, and 
a prevailing westerly wind direction showed a significant correlation with PM2.5 levels in data for the whole year, interpretations 
of the link between these meteorological variables and high levels of PM2.5 were limited, partly due to seasonal variation. Further 
sub-analysis of the three-month dataset, corresponding with winter and early spring, showed that maximum wind speed and 
vapor pressure are significant factors associated with poor air quality. The results of this study can be used to predict PM₂.₅ levels 
in Seoul, South Korea.  
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�   Introduction
Elevated levels of particulate matter (PM) degrade visibil-

ity and threaten public health.¹-³ Concentrations of PM are 
affected by various factors, including emissions of air pol-
lutants, meteorological conditions, and wind-transported air 
pollution from foreign countries.⁴,⁵ Recently, emissions in 
Seoul, South Korea, have slowly decreased; thus, polluted air 
from foreign sources has gained increasing attention.⁶-⁸ In-
vestigators have asserted that air pollutants are transported 
from China by westerly winds, particularly during winter and 
early spring, resulting in frequent and severe haze episodes 
in western South Korea and other East Asian countries.⁹,¹⁰ 
Previous studies have analyzed ground-level PM concentra-
tions using satellite-based data,¹¹ satellite observations, and 
process-based models,¹² and conducted simulations using 
a regional air quality modeling system.¹ A large number of 
studies recently investigated the impact of meteorological 
conditions such as surface temperature, pressure, humidity, 
and wind speed on PM variability.¹,¹³ Among different PMs, 
PM2.5 is known to be especially harmful to the human body; 
because of its smaller size compared to PM10, it can infiltrate 
the lungs and bloodstream when breathing.¹⁴ Therefore, this 
study aimed to investigate the meteorological factors related 
to high levels of PM2.5 in Seoul.

�   Methods
Daily meteorological and air pollution data in Seoul from 

2019 were downloaded from the Korea Meteorological Ad-
ministration (KMA) (https://data.kma.go.kr) and Air Korea 
webpages (https://www.airkorea.or.kr).¹⁵,¹⁶ The variables 
analyzed included daily precipitation duration and amount, 
maximum and average wind speed, dominant and prevailing 
wind direction, relative humidity, vapor pressure, and tempera-
ture. Dominant wind direction was defined as the direction 
of the wind with the highest speed over a particular point, 
and prevailing wind direction was defined as the direction 
that the wind blows most often in a location. Wind direc-
tion was categorized into eight directions: north, northeast, 
east, southeast, south, southwest, west, and northwest. The 
daily average PM2.5 concentration in Seoul was categorized 
into two groups: acceptable air quality (PM2.5 ≤ 25 μg/m3) 
and poor air quality (PM2.5 > 25 μg/m3). The threshold of 25 
μg/m3 was selected instead of 35 μg/m3, which is the daily 
air quality standard for PM2.5 in Korea because exposure to 
PM2.5 > 25 μg/m3 is known to be harmful to sensitive groups, 
including people with heart or lung disease, older adults, chil-
dren, and teenagers.¹⁷

The statistical analysis was conducted using two datasets: 
one containing the annual data for 2019 and the other 
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comprising data for January, February, and March, when rel-
atively high levels of PM2.5 were observed. The three-month 
sub-analysis was performed to minimize the effects of sea-
sonal variations in data. Levels of PM2.5 were analyzed in 
relation to eight dominant and prevailing wind directions us-
ing a Kruskal-Wallis test, which is used to find the difference 
between medians of three or more groups.¹⁸ Post-hoc analysis 
was performed for multiple comparisons using the Dun-
nett C test, often used to compare one group with others.¹⁹ 
Furthermore, the difference in PM2.5 levels was compared 
between the westerly and non-westerly dominant and pre-
vailing wind directions to specifically investigate the effect 
of westerly winds on PM2.5 levels using Wilcoxon rank-sum 
test.

Univariate and multivariate analyses were performed to 
identify the meteorological factors associated with high lev-
els of air pollution in Seoul. Meteorological variables were 
compared between the acceptable and poor air quality groups 
using Fisher's exact test for categorical variables and the Wil-
coxon rank-sum test for continuous variables.²⁰,²¹ Variables 
with probability values (P-values)< 0.1 obtained through 
univariate analysis were selected to perform the multivariate 
logistic regression analysis,²² for which a forward stepwise se-
lection mode was used; this mode allowed an iterative entry 
of variables based on test score P-values< 0.05 and achieved 
the removal of variables with a probability of 0.10. All statis-
tical analyses were performed using the SPSS version 23.0 
software (IBM Corp., Armonk, NY, USA). Statistical signif-
icance was set at P< 0.05.
�   Results and Discussion
The monthly average PM2.5 and PM¹⁰ concentrations 

showed an apparent seasonal variation in particle levels. Par-
ticle concentrations were relatively high in winter and early 
spring ( January, February, and March) (Figure 1). Thus, ad-
ditional analyses were conducted for the three-month period.

Differences in PM2.5 Levels between Wind Directions:
The median PM2.5 concentrations of the eight wind di-

rections were compared (Table 1). The Kruskal-Wallis test 
showed that PM2.5 levels varied significantly between different 
dominant wind directions (P< 0.001). Multiple further post 
hoc comparisons were made using the Dunnett C test. The re-

sults showed that the differences were particularly significant 
between northerly and southerly, northerly and northwesterly, 
and easterly and westerly winds (P< 0.05). An identical anal-
ysis was conducted for the difference in PM2.5 levels between 
prevailing wind directions using the Kruskal-Wallis test, the 
results of which also showed that PM2.5 levels vary significantly 
between different prevailing wind directions (P< 0.001). Dun-
nett’s post hoc multiple comparisons showed that the difference 
in PM2.5 was significant between northerly and westerly winds 
as well as southeasterly and westerly winds 
(P< 0.001). 

Among the eight wind types, westerly winds were ob-
served most frequently (Table 1), during which PM2.5 levels 
were relatively high. Thus, further analysis was conducted to 
compare the differences in PM2.5 levels between westerly and 
non-westerly winds. When analyzing the 2019 dataset, the 
median PM2.5 level was significantly higher when westerly 
winds were observed (P< 0.001) (Table 2). However, when 
analyzing the January–March dataset, the difference in medi-
an PM2.5 levels between wind directions was not statistically 
significant (P= 0.390 for dominant wind direction, P= 0.846 
for prevailing wind direction). The results indicated that in ad-
dition to meteorological variables, other variables could affect 
PM2.5 levels in Seoul.⁴,⁵ Given that emissions emitted from 
South Korea or those transported from other countries would 
affect the air quality; those data should have been included in 
variables to reach a solid conclusion. Unfortunately, this issue 
may be beyond the scope of this study because the data were 
not accessible from any online site in this study. One thing to 
point out is that temperature inversions would also affect the 
air quality in the winter season in Seoul. As cooler air is en-
trapped below the inversion layer where warmer air is located, 
air stagnation would be aggravated in the winter, resulting in 
horrible air pollution in Seoul, especially in the winter.

Figure 1: Monthly average PM₂.₅ concentrations in Seoul, Korea, in 2019. 
Particle concentrations were relatively high in winter and early spring 
( January, February, and March). 

Table 1: Median PM₂.₅ levels in relation to wind direction in 2019. Westerly 
winds were observed most frequently and associated with higher PM₂.₅. 

Table 2: The difference in PM₂.₅ levels between westerly and non-
westerly winds in 2019. PM₂.₅ levels were higher in the westerly wind than 
non-westerly wind in the entire 2019 year, whereas they were not when sub-
analyzed in the winter and early spring. 
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Meteorological Factors Associated with Poor Air Quality:
Because the prevailing wind direction in South Korea is 

westerly, particles originating from neighboring countries to 
the west, such as China, could influence ambient air pollu-
tion levels.¹⁰ Furthermore, the relatively high PM2.5 and PM10 
levels observed in winter (Figure 1) could be attributed to in-
creased air pollution due to burning fossil fuels for heating.¹⁴,²³ 

The statistical difference between meteorological variables 
associated with PM2.5> 25 μg/m3 and PM2.5≤ 25 μg/m3 was 
investigated through univariate analysis using the 2019 dataset 
(Table 3). The Wilcoxon rank-sum test was used for precip-
itation duration and amount, maximum and average wind 
speed, average relative humidity, vapor pressure, and tempera-
ture. Fisher’s exact test was used to determine the dominant 
and prevailing wind directions. The test resulted in P-values< 
0.1 for the precipitation amount, maximum wind speed, aver-
age wind speed, average vapor pressure, average temperature, 
dominant wind direction, and prevailing wind direction. Using 
variables with P-values< 0.1, a multiple logistic regression was 
subsequently conducted to identify factors linked to elevated 
PM2.5 levels. This resulted in P-values< 0.05 for average wind 
speed, average vapor pressure, and prevailing wind direction. 
Lower wind speed, lower vapor pressure, and westerly prevail-
ing wind direction were significantly associated with elevated 
PM2.5 levels.

To identify the meteorological factors affecting PM2.5levels, 
it is desirable to analyze data from one season or similar cli-
matic conditions. Thus, an identical analysis to that described 
above was conducted using data from the January–March pe-
riod (Table 4). The Wilcoxon rank-sum test and Fisher’s exact 
test statistics showed that the P-values for precipitation, maxi-
mum wind speed, average wind speed, relative humidity, vapor 
pressure, and temperature were less than 0.1. A multiple logis-
tic regression was subsequently conducted using variables with 
a P-value< 0.1. This resulted in P-values< 0.05 for maximum 
wind speed and vapor pressure.

The results of the above test indicated that maximum wind 
speed was one of the crucial factors affecting the elevated 
PM2.5 levels. The maximum wind speed was slower on days 
with relatively high PM2.5 levels. This result is closely related to 
that of a previous study, in which severe air pollution episodes 
were often observed alongside stagnant air conditions.²⁴ This 
phenomenon is exacerbated in winter when the low planetary 
boundary layer inhibits air pollution dispersion.¹,²⁵ The Wil-
coxon rank-sum test showed that temperature is also related to 
PM levels (P< 0.001). High-pressure systems in Siberia often 
result in cold surges, which rapidly decrease temperature and 
blow PM away. Elevated PM2.5 levels are also correlated with 
high vapor pressure, which tends to increase with temperature. 
However, despite this correlation, the temperature was not a 
statistically significant variable in the multiple logistic regres-
sion (Table 4). 

Nevertheless, this research has several limitations. Firstly, 
this study focused on meteorological data to evaluate factors 
linked with PM2.5 without considering emissions from South 
Korea or those transported from other countries. Secondly, the 
link between PM2.5 levels and meteorological variables could 
not be supported scientifically with statistical significance. For 
example, although wind direction was not among the statisti-
cally significant variables, it should have been included, given 
the significant emissions originating west of South Korea. To 
overcome these limitations, emissions of air pollutants and 
meteorological variables in both South Korea and surrounding 
countries should be analyzed together in the future. Trajectory 
or factor analysis (e.g., positive matrix factorization, chemical 
mass balance, etc.) with a speciated particulate concentration 
should also be used to improve the accuracy of the analysis. 
In addition, data analysis, including many cumulative years, 
is needed to gather sufficient samples for future studies from 
January to March.
�   Conclusion
The relationship between meteorological variables (pre-

cipitation duration and amount, maximum and average wind 
speed, dominant and prevailing wind direction, relative hu-
midity, vapor pressure, and temperature) and elevated PM2.5 
levels in Seoul were evaluated using an annual dataset for 
2019 and a dataset for January, February, and March when 
PM2.5 levels were relatively high. The analysis of the 2019 

Table 3: Univariate and multivariate analysis of meteorological factors 
affecting air quality in 2019. Average wind speed, average vapor pressure, and 
prevailing wind direction were independent factors associated with poor air 
quality in the entire 2019 year. 

Table 4: Univariate and multivariate analysis of meteorological factors 
affecting air quality between January and March 2019. Maximum wind speed 
and vapor pressure were independent factors associated with poor air quality. 
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dataset revealed that the most common dominant wind di-
rection was westerly and was associated with elevated PM2.5 
levels. In contrast, the three-month sub-analysis did not show 
any statistically significant differences in median PM2.5 levels 
between westerly and non-westerly winds. The multiple lo-
gistic regression conducted during the January–March dataset 
analysis demonstrated that maximum wind speed and vapor 
pressure were significant independent predictors of elevated 
PM2.5 levels. 
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