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Abstract: Multiple statistical prediction modeling of PM10, PM2.5 and PM1 at Gangneung city, Korea,
was performed in association with local meteorological parameters (air temperature, wind speed
and relative humidity) and PM10 and PM2.5 concentrations of an upwind site in Beijing, China,
in the transport route of Chinese yellow dusts which originated from the Gobi Desert and passed
through Beijing to the city from 18 March to 27 March 2015. Before and after the dust periods, the
PM10, PM2.5 and PM1 concentrations showed as being very high at 09:00 LST (the morning rush
hour) by the increasing emitted pollutants from vehicles and flying dust from the road and their
maxima occurred at 20:00 to 22:00 LST (the evening departure time) from the additional pollutants
from resident heating boilers. During the dust period, these peak trends were not found due to the
persistent accumulation of dust in the city from the Gobi Desert through Beijing, China, as shown in
real-time COMS-AI satellite images. Multiple correlation coefficients among PM10, PM2.5 and PM1 at
Gangneung were in the range of 0.916 to 0.998. Multiple statistical models were devised to predict
each PM concentration, and the significant levels through multi-regression analyses were p < 0.001,
showing all the coefficients to be significant. The observed and calculated PM concentrations were
compared, and new linear regression models were sequentially suggested to reproduce the original
observed PM values with improved correlation coefficients, to some extent.

Keywords: PM10; PM2.5; PM1; yellow dust; COMS-AI satellite images; correlation coefficient;
multiple regression model

1. Introduction

Atmospheric pollution consists of great amounts of different compounds, such as
particulate matter and gas, mainly from vehicles and flying dusts on the road, industries,
the burning of trash, forest fires and yellow dusts of the desert and arid areas to the
atmosphere [1,2]. Generally, air pollutants are extremely harmful to the human body by
reaching the lungs through the bronchi, which can cause respiratory, cardiovascular, and
cerebrovascular disease [3–5].

The previous research studies mentioned that the particulate matter concentration
in the ambient air of an urban area is greatly affected by not only meteorological param-
eters (air temperature, wind speed and direction, solar radiation, relative humidity and
atmospheric pressure) [6–9], but also gaseous ones (CO, CO2, O3, SO2, and NO2) and so
on [10–13]. Air pollution reduces visibility in smog and haze weather and influences the
health threat to outdoor physical activity [14,15]. From numerical and experimental studies,
it is well-known that, as meteorological conditions can promote or prevent the dispersion
of air pollutants, the pollution state becomes much worse in atmospheric visibility [16].

During spring, when the wind speed is over 10 m/s and the relative humidity is less
than 40% in the air near the surface of the Gobi Desert in southern Mongolia, the Kubuchi
Desert in Inner Mongolia, the Ordos Desert, the Huangtu Plateau (the Loess Plateau) and
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the Taklamakan Desert in northwest China, huge amounts of yellow sands and dusts are
raised from the ground surface up to a 3 km or 5 km height, and they are vertically and
horizontally transported to the wide downwind regions, such as eastern China, Korea,
Japan and southeastern Asian countries. This phenomenon is referred to in a variety of
ways: Huang Chen, KOSA, Asian Dust, Yellow Sand, Sand Storm and Dust Storm [17–22].

Due to the persistent accumulation of dust particles in the lower atmosphere of the
source area, visibility during the dust period in China and Mongolia is the worst, and
it becomes rapidly worse in the further downwind countries of northeast and southeast
Asia, including China, Taiwan, Korea, Japan and even the west coast of the U.S.A. by the
deposition of a huge amount of transported dusts [23–26]. Many environmental researchers
have explained the chemical composition of fine and coarse particles in relation with Asian
Dust events in detail [27–29].

Furthermore, Zhao [30] mentioned more severe air pollution in the case of a higher
ratio of PM2.5/PM10 in China. Choi [31,32] and Lee and Chung [33] indicated that, using a
simple regression method, the coarse particle concentration (PM10–PM2.5) in Gangneung
city, Korea, was greater than the fine particle concentration (PM2.5) during the dust period,
and the coarse particulates larger than 2.5 µm could significantly contribute to the PM10
concentration, but PM2.5 decreased sharply.

We know that atmospheric circulation and atmospheric boundary layer structure from
various numerical modeling on dust transportation and accumulation can greatly affect the
dispersion and accumulation of particulate matters in the inland and coastal cities, resulting
in very high pollutant concentrations [34–39]. In recent years, multivariate statistical
modeling was also carried out to predict temporal and spatial analyses of particulate
matter affected by gases or meteorological parameters [8,40].

Most studies for predicting the particulate matter concentrations for non-dust and
dust periods have used simple regression statistical methods in Korea, except for numerical
modeling [33]. We propose multiple regression statistical models to improve the predic-
tions of PM10, PM2.5 and PM1 concentrations for Gangneung city, Korea affected by local
meteorological variables (air temperature, wind speed and relative humidity) and PM10
and PM2.5 concentrations in Beijing city, China before, during and after the dust periods.

2. Study Area and Data Analysis
2.1. Study Area

Except for the summer, with its heavy precipitation, during spring, autumn, and
winter, it is known that a large amount of yellow sand dusts, raised from the Gobi Desert,
arid Inner Mongolia and dry regions in northern China by a strong northwesterly wind or
northerly wind, are transported to the downwind regions, such as Korea, and greatly affect
the local air quality of Gangneung city, showing very high concentrations of particulate
matters during such dust periods [33,35,37].

As a clean city, Gangneung consists of a basin with an elevation of about 25 m above
mean sea level, with high mountains over 900 m height in its west and the East Sea of
Korea in its east (Figure 1). It has complicated characteristics of marine and continental
climates. As this city has no special factories to emit a large amounts of air pollutants, the
main atmospheric pollution sources are vehicles on the road and heating boilers in the
resident area during both winter and the early spring; thus, it always maintains very low
concentrations of PM, more or less 40 µg/m3, except for during the dust period.
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Figure 1. Topographical feature in the north-eastern Asia including the Gobi Desert (large red ellipse),
Beijing city (China; red square) and Gangneung city (Korea; small red circle).

2.2. Data and Analysis

Particulate matter concentrations of PM10, PM2.5 and PM1 were measured by a German
GRIMM-1107 Dust Meter (approved by the Ministry of Environment, Korean Government),
which was installed at the Gangwon Meteorological Administration (128.9◦ longitude;
37.75◦ latitude; 20 m above sea level) located in the downtown area of Gangneung city. The
dust meter, devised to measure 15 sizes of dust particles (>0.3 µm to 20.0 µm), can measure
the concentration of particulate matter (µg/m3) at a 5-min interval, and the concentrations
are again summed into PM10 (the total amount of a particle size of 10 µm or less), PM2.5
(with the total amount of 2.5 µm size or less), and PM1 (with the total amounts of 1 µm
size or less). Then the concentrations of PM10, PM2.5, and PM1 are recalculated as the
1 h-averaged value and these concentrations were used as the basic data for this study.

Hourly based PM10 and PM2.5 data measured at Beijing city, China (especially, the
South-3rd ring road observation point) were acquired through the internet with a web-
site address (https://quotsoft.net/air/ or http://www.bjmemc.com.cn/ accessed on
20 March 2021). Since most of the yellow dusts, originated from the Gobi Desert and
arid Inner Mongolia, pass through Beijing city to the downwind region by the northerly
wind or northwesterly wind and reach Gangneung city in the eastern coast of Korea, the
PM concentrations at Gangneung city are directly affected by the PM concentrations of
Beijing city, still containing much of the dusts originated from the desert and arid area of
northern China.

Normally, the transport time of the dusts of Beijing city to Gangneung city takes
approximately two days under a relatively strong northwesterly wind of about 8 m/s to
10 m/s (i.e., over 10 m/s in the origin of the yellow dust storm), because the distance
between Beijing city and Gangneung city is about 1400 km. Thus, in order to investigate the
effect of PMs of Beijing city on the air quality at Gangneung city, two days early pollution
data of Beijing are needed. Hourly based meteorological data measured at Gangneung,
Korea were obtained from a website address (https://data.kma.go.kr/ 15 February 2021).

In this study, the correlation coefficients and predictive regression equations among
PM10, PM2.5 and PM1 of Gangneung city associated with PM10 and PM2.5 of Beijing city
were investigated in three divided periods of 18 March to 28 March, before the inflow of
yellow dust (00:00 LST, 18 March to 00:00 LST, 21 March 2015), during the inflow (01:00 LST,
21 March to 00:00 LST, 23 March), and after the inflow (01:00 LST, 23 March to 00:00 LST, 27
March). Thus, statistical models were obtained through multiple regression analyses using
IBM SPSS Statistics-25. For testing the goodness of the predicted values of PM10, PM2.5 and
PM10 concentrations, the predicted values were compared to the observed ones.

https://quotsoft.net/air/
http://www.bjmemc.com.cn/
https://data.kma.go.kr/
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3. Results and Discussion
3.1. Satellite Images of Yellow Dust Transport

COMS-AI (the Communication, Ocean and Meteorological Satellite, Korean Meteoro-
logical Administration (KMA)) satellite images were used to more accurately understand
the real-time transport of yellow sand particles toward downwind regions. These images
are very useful to verify the effect of dust particles raised from Gobi Desert passing through
Beijing city, China on the local air quality of Gangneung city, Korea.

Figure 2 shows the Korean COMS-AI satellite images reflecting dust which were
originated from the Gobi Desert and spread in the Gobi Desert, within its vicinity, to Inner
mongo of northern China and Beijing city, and to the northern Korean peninsula at 15:00
LST (Korean Local Standard Time = UTC + 9 h) 10 March 2015 (before dust period at
Gangneung city). However, the yellow dusts did not reach Gangneung city. On the other
hand, after the yellow dusts reached Gangneung city, the effect of yellow dust appeared
in the city, showing rapid increases in PM10, PM2.5 and PM1 concentrations, especially in
the case of PM10 at over 120 µg/m3 at 21:00 LST, 21 March, and 134.67 µg/m3 at 05:00
22 March.

Figure 2. Korean COMS satellite images reflecting dusts at (a) 15:00 LST 20 March 2015 (before dust
period at Gangneung city) and (b) 21:00 LST, 21 March (for dust period). Red small circle, small and
big squares denote Gangneung (Korea), Beijing (China) and the Gobi Desert (Mongolia). (The Korea
Meteorological Administration (KMA) supplied the images.) (http://www.kma.go.kr, accessed on
15 February 2021).

COMS satellite images in Figure 2 show the real-time transport of dusts raised from
Gobi Desert, passing by Beijing city, China (B in Table 1) and finally reaching Gangneung
city, Korea (G in Table 1) at 09:00 LST, 21 March (the starting day of the dust period). Thus,
the air quality at Gangneung city can be greatly influenced by the transport of large dust
particles of the Gobi Desert combined with air pollutants of Beijing city. This kind of
transport pattern of the dusts continued near the end of the dust period until 00:00 LST,
23 March. Thus, except for the dust period, the air quality of this city with no factories
depends upon its own pollutants from vehicles on the road and residential heating boilers.

3.2. Hourly PM10, PM2.5 and PM1 Concentrations before, during and after the Dust Periods

In Figure 3, before the inflow of dusts from the Gobi Desert to Gangneung city
(00:00 LST, March 18 to 00:00LST, March 21), the minimum concentration of PM10 (PM2.5;
PM1) was 28.83 µg/m3 (22.02 µg/m3; 15.92 µg/m3) and its maximum was 82.17 µg/m3

(71.13 µg/m3; 57.95 µg/m3) for each hour. In contrast, during the dust period, the minimum
concentration of PM10 (PM2.5; PM1) was 34.90 µg/m3 (17.27 µg/m3; 9.75 µg/m3) and its
maximum was 134.67 µg/m3 (81.03 µg/m3; 64.42 µg/m3), respectively. After the dust

http://www.kma.go.kr
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period, the minimum concentration of PM10 (PM2.5; PM1) was 19.90 µg/m3 (1.93 µg/m3;
7.12 µg/m3) and its maximum was 61.58 µg/m3 (48.25 µg/m3; 41.53 µg/m3), slightly less
than that before the dust period.

Since most of the yellow dusts raised from the Gobi Desert and arid Inner Mongolia
pass through Beijing city, China, by a northerly wind or northwesterly wind and reach
Gangneung city in the eastern coast of Korea, the PM concentrations in Gangneung are
directly affected by the PM concentrations of Beijing, containing much of the dusts origi-
nated from the Gobi Desert and arid area of northern China. Normally, the transport of the
dusts from Beijing city to Gangneung city takes approximately two days by a prevailing
northwesterly wind of about 8 m/s to 10 m/s simulated by Weather Research and Fore-
casting Model (WRF-3.6.1), because the distance between Beijing city and Gangneung city
is about 1400 km. Thus, as the two-day earlier PM data of Beijing city correspond to the
PM data of Gangneung city (Figure 4), the PM data of Gangneung city from 01:00 LST,
21 March to 00:00 LST, 23 March (during the dust period) can be affected by the PM data of
Beijing city from 00:00 LST, 19 March to 01:00 LST, 21 March.

Figure 3. Hourly distribution of PM10, PM2.5 and PM1 concentrations, before, during and after the
dust period from 18 to 27 March, 2015 at Gangneung city, Korea.

Figure 4. Hourly distribution of PM10, PM2.5 and PM1 concentrations from 16 March to 25 March,
2015 in Beijing city, China. As the transport of the dust of Beijing city to Gangneung city takes
two days by 8 m/s northwesterly wind simulated by WRF-3.6.1 numerical model, and Choi and
Zhang [22], two-day-earlier PM data (01:00 LST, 19 March to 00:00 LST, 21) correspond to PM data of
Gangneung city for the dust period (01:00 LST, 21 March to 00:00 LST, 23) in Figure 3.
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In Gangneung city, vehicles on roads, boilers for heating and cooking in residential
areas are the main sources of pollutant emissions, due to there being no factories emitting
a large amount of air pollutants. The PM10 concentration before the yellow dust period
appeared as 28.8333 to 82.1667 µg/m3, which was 10 µg/m3 lower or 20 µg/m3 higher
than ones of the previous case studies. When PM10 increased, the concentrations of PM2.5
and PM1 increased at the same time, and vice versa.

A very high PM concentration appeared once each in the morning and afternoon, and
the concentration was particularly high at 08:00 LST to 09:00 LST (the time to go to work).
The maximum concentration was shown at 20:00 LST (the time to leave the office). The
high PM concentrations from 08:00 to 09:00 LST were attributed to the emission of a large
amount of air pollutants, such as particulate matters and gaseous substances through the
combustion of vehicle fuel and a large amount of dust scattered by the movement of the
vehicles on the road.

Similarly, at 20:00 LST or 22:00 LST (two or three hours after the time to leave work),
the PM concentration was also very high, with a maximum concentration. It was due to a
large amount of both particulate matters and gaseous emitted from vehicles and scattered
dust flied from the road, and added air pollutants emitted from boilers for heating and
cooking in the resident area under the relative cool weather in the early evening in the city
in March.

During the daytime after 09:00 LST, PM concentration was generally low. Choi and
Speer [16] reported that as the ground surface is heated by the solar radiation, the heated
air rises vertically, accompanying the air pollutants emitted from vehicles and fling dusts
on the road to the top of the atmospheric boundary layer d to about 1 km height, resulting
in the low concentrations of particulate and gaseous. Differently, as the nocturnal surface
inversion layer (NSIL) is formed with a very compressed thin layer of about 200 m in
height, due to the ground surface cooling (called a strong stable layer). This temperature
structure can induce the falling of air toward the ground surface and accumulation of
pollutants near the surface, an increase in the pollutant concentration, occurs with a
maximum concentration of PM at 22:00 LST, similar to previous cases with a deviated
occurrence time [35,37]. After that, the PM concentration is lowered, because the amount
of air pollutants emitted from the vehicles is decreased, due to the decreased number of
vehicles at night after 22:00 LST.

Figure 5 shows the hourly distributions of the air temperature (◦C), wind speed (m/s)
and relative humidity (%), corresponding to PMs concentrations from 18 to 27 March, 2015
in Gangneung, Korea. It is well known that when yellow dusts are raised up from the dry
ground surface of the Gobi Desert, the relative humidity in air near the ground surface is
less than 40% and the wind speed is over 10 m/s. A northwesterly wind of more or less
10 m/s transports the yellow dusts toward the downwind regions, such as Gangneung
city, Korea.

During the dust period in Gangneung city on 21 to 22 March, 2015, the air temperature
was high, and visibility was low, but the wind speed was relatively high at about 4 m/s
to 6m/s. Namely, as air temperature and wind speed increase, PM10, PM2.5 and PM1 con-
centrations also increase, concurrently, while relative humidity decreases (Figures 3 and 5).
Even though the northwesterly wind over 10 m/s in the source origin of yellow dusts was
reduced to 4 m/s to 6 m/s in Gangneung city, still the strong wind could transport the
yellow dusts into this city and simultaneously easily raise up dust particles on the road to
the low atmosphere of the city.

For instance, on 19 March, as the relative humidity at Gangneung city was over
90%, PM10, PM2.5 and PM1 concentrations were very low, showing their minima. On
the other hand, when the relative humidity was less than 30% on 21 and 22 March, very
high concentrations of PM10, PM2.5 and PM1 were detected with their maxima. Thus, it
means that those meteorological variables have strong correlations with the particulate
matter concentrations.
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Figure 5. Hourly distributions of (a) air temperature (◦C), (b) wind speed (m/s) and (c) rela-
tive humidity (%) corresponding to PMs concentrations from 18 March to 27, 2015 in Gangneung
city, Korea.

3.3. Correlation Matrix and Predictive Regression Equations among PM10, PM2.5 and PM1
(Gangneung) Associated with PM10 and PM2.5 (Beijing)

In linear regression, there is only one independent and dependent variable involved,
but, in the case of multiple regression, there is a set of independent variables Xj to explain
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better or predict the dependent variable, Yi. The applied models for the prediction of values
have the forms of a multiple predictive regression equation of each PM10(G), PM2.5(G) and
PM1(G) concentration of Gangneung city influenced by the local meteorological parameters
and the PM10(B) and PM2.5(B) concentrations of Beijing city, shown in Table 2.

Y1 = a11X1 + a12X 2 + a13X3 + a14X4 + a15X5 + a16X6 + a17X7 + a18X8 + b1

Y2 = a21X1 + a22X 2 + a23X3 + a24X4 + a25X5 + a26X6 + a27X7 + a28X8 + b2

Y3 = a31X1 + a23X 2 + a33X3 + a43X4 + a53X5 + a63X6 + a73X7 + a83X8 + b3 (1)

or
Yi = aijXij + bi (2)

where aij (i = 1 to 3, j = 1 to 8) means the coefficient of matrix (here, a11, a22 and a33
are zero). The observed values of Xj (j = 1 to 8) are PM10(G), PM2.5(G), PM1(G), T(G,
air temperature), W(G, wind speed), RH(G, relative humidity), PM10(B) and PM2.5(B) as
independent variables. The predictive values of Yi (i = 1 to 3) are PM10(G), PM2.5(G) and
PM10(G)) as dependent variables. bi (i = 1 to 3) are intercepts in the equations of Yi as the
error term, respectively. The final multiple regression equations are given in Table 1.

Table 1 indicates that multiple correlation coefficients are present among PMs, and
meteorological parameters (air temperature, T; wind speed, W; and relative humidity, RH)
of Gangneung city (Korea) are associated with the PMs of Beijing city. Additionally, predic-
tive regression equations of each PM concentration at Gangneung city before, during after
the dust periods and all periods are shown. Multivariate statistical modeling for evaluating
the predicted values of the PMs of Gangneung was performed in four classifications of
period via multiple regression analyses, using IBM SPSS Statistics-25.

Multiple correlation coefficients among PM10(G) PM2.5(G) and PM1(G) were in the
range of 0.916 to 0.998. In particular, the correlation coefficients of PM10(G), PM2.5(G) and
PM1(G) before, during and after the dust periods were 0.983 to 0.998, 0.916 to 0.998 and
0.941 to 0.998, respectively. However, for all periods, those coefficients were 0.954 to 0.998,
showing perfect correlations. Except for the slightly lower coefficients (0.916, 0.941) of
PM10 during and after the dust periods, the correlation coefficient of any PM concentration
was in the range of 0.954 to 0.998.

Correlation analysis showed that PM10(G) PM2.5(G), PM1(G), T(G), W(G), RH(G),
PM10(B), PM2.5(B) were significantly correlated at p < 0.001, though the correlation co-
efficients were different. Regardless of non-dust and dust periods, in particular, the
correlation coefficients of both PM2.5 and PM1 were in the range of 0.997 to 0.998, showing
perfect correlations.

3.4. Partial Correlation Matrix among PMs of Gangneung (G) and PMs of Beijing (B)

Table 2 presents the partial correlation coefficients (Pearson r) of PMs associated with
the meteorological parameters of Gangneung (Korea) and PMs of Beijing (China), before,
during, and after the dust periods and all periods. The partial correlation coefficients
among PM10, PM2.5 and PM1 concentrations in Table 2 are much lower than the multiple
correlation coefficients among them in Table 1, before, during and after the dust periods,
except for the correlation coefficients of PM10(G) and PM2.5(G).

This implies that the calculated values of each PM concentration using multiple
regression statistical models are much closer to the observed values for non-dust and
dust periods, in Table 1. The highest coefficient (the lowest) between PM10 and PM2.5 at
Gangneung city was 0.913 before the dust period (0.725 during the dust period), and the
highest coefficient (the lowest) between PM2.5 and PM1 was 0.997 after the dust period
(0.989 before the dust period).
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Table 1. Multiple correlation coefficients and predictive regression equations among PMs of Gangneung city (G) with
PMs of Beijing city (B) under the influence of meteorological parameters. T, W and RH denote air temperature (◦C), wind
speed (m/s) and relative humidity (%).

Period Multi-Correlation
Coefficient Predictive Regression Equation

18/03/2015 to 21/03/2015
(Before dust period)

0.983
PM10(G) = 3.353 × PM2.5(G) − 2.708 × PM1(G)

+ 0.601 × T(G) − 1.240 × W(G) + 0.009 × RH(G)
− 0.006 × PM10(B) + 0.002 × PM2.5(B) − 2.206

0.998
PM2.5(G) = 0.211 × PM10(G) + 0.917 × PM1(G)

− 0.245 × T(G) + 0.269 × W(G) − 0.035 × RH(G)
+ 0.006 × PM10(B) − 0.007 × PM2.5(B) + 4.638

0.997
PM1(G) = − 0.193 × PM10(G) + 1.038 × PM2.5(G)

+ 0.258 × T(G) − 0.240 × W(G) + 0.049 × RH(G)
− 0.005 × PM10(B) + 0.006 × PM2.5(B) − 5.710

21/03/2015 to 23/03/2015
(During dust period)

0.916
PM10(G) = 3.560 × PM2.5(G) − 3.114 × PM1(G)

− 0.914 × T(G) + 4.444 × W(G) − 0.360 × RH(G)
+ 0.082 × PM10(B) − 0.252 × PM2.5(B) + 42.893

0.998
PM2.5(G) = 0.047 × PM10(G) + 1.166 × PM1(G)

− 0.043 × T(G) − 0.525 × W(G) − 0.009 × RH(G)
− 0.001 × PM10(B) − 0.019 × PM2.5(B) + 7.359

0.998
PM1(G) = − 0.030 × PM10(G) + 0.842 × PM2.5(G)

+ 0.042 × T(G) + 0.406 × W(G) + 0.009 × RH(G)
+ 0.001 × PM10(B) + 0.020 × PM2.5(B) − 6.874

23/03/2015 to 27/03/2015
(After dust period)

0.941
PM10(G) = 6.841 × PM2.5(G) − 6.102 × PM1(G)

− 0.548 × T(G) + 1.859 × W(G) − 0.433 × RH(G)
− 0.008 × PM10(B) + 0.002 × PM2.5(B) − 1.628

0.998
PM2.5(G) = 0.090 × PM10(G) + 0.946 × PM1(G)

+ 0.061 × T(G) − 0.182 × W(G) + 0.044 × RH(G)
+ 0.002 × PM10(B) − 0.001 × PM2.5(B) + 1.747

0.998
PM1(G) = − 0.088 × PM10(G) + 1.042 × PM2.5(G)

− 0.060 × T(G) + 0.185 × W(G) − 0.043 × RH(G)
− 0.002 × PM10(B) + 0.003 × PM2.5(B) − 1.908

18/03/2015 to 27/03/2015
(all periods)

0.954
PM10(G) = 5.826 × PM2.5(G) − 5.670 × PM1(G)

+ 0.554 × T(G) + 3.456 × W(G) − 0.112 × RH(G)
+ 0.039 × PM10(B) − 0.018 × PM2.5(B) − 12.128

0.998
PM2.5(G) = 0.104 × PM10(G) + 1.059 × PM1(G)

− 0.003 × T(G) − 0.328 × W(G) + 0.019 × RH(G)
+ 0.005 × PM10(B) − 0.010 × PM2.5(B) + 1.350

0.997
PM1(G) = − 0.088 × PM10(G) + 0.924 × PM2.5(G)

+ 0.006 × T(G) + 0.268 × W(G) − 0.014 × RH(G)
− 0.005 × PM10(B) + 0.010 × PM2.5(B) − 1.246

Before the dust period, PM10 of Gangneung city is positively influenced by its relative
humidity, but it is negatively by the local air temperature, wind speed, PM10 and PM2.5
of Beijing. PM2.5 of Gangneung city is positively influenced by its relative humidity and
the PM10 of Beijing city, but it is negatively by others. PM1 is negatively influenced by the
local air temperature and wind speed, except for others.

During the dust period, PM10 of Gangneung is positively influenced by the local air
temperature, wind speed and PM10 of Beijing, except for others. The PM2.5 concentration
is negatively influenced by the local wind speed and relative humidity, except for others.
PM1 of Gangneung city is positively influenced by all variables. After the dust period,
PM10 of Gangneung city is negatively influenced by the local relative humidity, except
for others. PM2.5 and PM1 at Gangneung city are negatively influenced by the local wind
speed and relative humidity, except for others. For all periods, PM10 of Gangneung city is
negatively influenced by the local relative humidity, except for others, but PM2.5 and PM1
are negatively influenced by the local wind speed, except for others.
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In particular, the air quality of Gangneung city during the dust period becomes
seriously worse due to the huge amounts of transported dusts (mainly composed of coarse
particles larger than 2.5 µm in diameter) from the Gobi Desert passing through Beijing
city, as shown in Figure 2. Correlation coefficients of PM10 between PM2.5 and PM1 at
Gangneung city are high with 0.913 and 0.854 (before the dust period), 0.725 and 0.689
(during the dust period), 0.732 and 0.709 (after the dust period), and 0.767 and 0.685
(all periods).

Table 2. Partial correlation matrix among PMs associated with meteorological parameters of Gangneung city (G) and PMs
of Beijing city (B), before, during and after the dust periods.

Period Item PM10
(G)

PM2.5
(G)

PM1
(G)

Temp
(G)

Wind
(G)

RH
(G)

PM10
(B)

PM2.5
(B)

Before

PM10 (G) 1.000 0.913 0.854 −0.112 −0.218 0.019 −0.035 −0.260
PM2.5 (G) 1.000 0.989 −0.385 −0.150 0.320 0.210 −0.003
PM1 (G) 1.000 −0.444 −0.132 0.403 0.267 0.067
Temp (G) 1.000 0.100 −0.897 −0.701 −0.694
Wind (G) 1.000 −0.009 0.084 0.131
RH (G) 1.000 0.623 0.644
PM10 (B) 1.000 0.952
PM2.5 (B) 1.000

During

PM10 (G) 1.000 0.725 0.689 0.117 0.244 −0.286 0.407 −0.119
PM2.5 (G) 1.000 0.996 0.030 −0.013 −0.007 0.567 0.411
PM1 (G) 1.000 0.041 0.005 −0.005 0.574 0.466
Temp (G) 1.000 0.395 −0.794 0.060 −0.021
Wind (G) 1.000 −0.651 −0.103 −0.056
RH (G) 1.000 0.112 0.226
PM10 (B) 1.000 0.459
PM2.5 (B) 1.000

After

PM10 (G) 1.000 0.732 0.709 0.419 0.212 −0.470 0.279 0.584
PM2.5 (G) 1.000 0.997 0.346 −0.180 −0.111 0.391 0.847
PM1 (G) 1.000 0.356 −0.171 −0.127 0.372 0.846
Temp (G) 1.000 0.209 −0.741 −0.167 0.344
Wind (G) 1.000 −0.475 −0.095 −0.225
RH (G) 1.000 0.190 −0.110
PM10 (B) 1.000 0.551
PM2.5 (B) 1.000

All

PM10 (G) 1.000 0.767 0.685 0.453 0.247 −0.166 0.458 0.091
PM2.5 (G) 1.000 0.990 0.217 −0.121 0.273 0.583 0.425
PM1 (G) 1.000 0.179 −0.158 0.325 0.580 0.479
Temp (G) 1.000 0.355 −0.548 −0.036 −0.133
Wind (G) 1.000 −0.623 −0.100 −0.281
RH (G) 1.000 0.391 0.629
PM10 (B) 1.000 0.780
PM2.5 (B) 1.000

PM10, PM2.5 and PM1 at Gangneung during the dust period are highly correlated with
PM10 at Beijing with 0.407, 0.567 and 0.574, in contrast to other periods. It means that when
PM10 of Beijing increased, those concentrations of Gangneung also increased. As a result,
the effect of PM10 of Beijing city exists, when the PMs of Gangneung increases. However,
both PM2.5 and PM1 concentrations of Gangneung were still positively influenced by
PM2.5 of Beijing, except for PM10, having a negative sign. From the above statement, the
long-distance transport of dust particles from Beijing, China to Gangneung, Korea is very
significant to the variation in the air quality of Gangneung.
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3.5. Validation of Models

Figure 6 indicates the comparison between the observed values and the predicted
values calculated by multiple predictive regression models in Table 1. In order to test the
goodness of the estimations of each PM concentration, the scattered diagrams show model
fitting with calculated and observed PM10, PM2.5 and PM1 concentrations. Their original
observed values were reproduced by the comparison of observed values with calculated
values, before, during, after the dust periods and for all periods. The reproduced observed
values can be calculated by the linear regression equations in the scattered diagrams
of Figure 6.

Figure 6. Comparison of observed with calculated PM10, PM2.5 and PM1 values in (a–c) figures before, during and after the
dust periods and all periods from 18 March to 21, 2015 at Gangneung city, Korea.

Figure 7 shows that each observed and calculated PM value with the date denotes the
behavior throughout each period. The correlation coefficient of each PM concentration in
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the scattered diagram is slightly improved over the correlation coefficient in Table 1, in the
case of the PM10 concentration after the dust period and all periods.

Figure 7. The comparison of observed vs. calculated PM10, PM2.5 and PM1 values with date in (a–c) figures through model
fitting, before, during, after the dust periods and all periods from 18 to 27 March, 2015 in Gangneung city, Korea.

4. Conclusions

The multivariate statistical modeling among hourly PM10, PM2.5 and PM1 concentra-
tions in Gangneung city, Korea, influenced by the local meteorological parameters and
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PM10 and PM2.5 concentrations in Beijing city, China, was performed for non-dust and
dust periods in March, and it gave the following results.

1. Before and after the dust period, PM10, PM2.5 and PM1 concentrations showed as
being very high at 09:00 LST of the morning rush hour by the increasing of the emitted
pollutants from vehicles on the road. Their maxima values were detected at 20:00 to
22:00 LST of the evening departure time, with additional pollutants from resident
heating boilers. However, during the dust period, these peak trends were not found
under the persistent accumulation of dusts and particulate matters in Gangneung city
from the Gobi Desert and Beijing city.

2. Correlation coefficients among PM10, PM2.5 and PM1 in Gangneung, using multiple
regression statistical models, were in the range of 0.916 to 0.998, and the significant
level of the regression was p < 0.001, showing all the coefficients to be significant.

3. Before the dust period, PM10 of Gangneung city is positively influenced by its relative
humidity, but it is negatively by the local air temperature, wind speed, PM10 and
PM2.5 of Beijing. PM2.5 of Gangneung city is positively influenced by its relative
humidity and PM10 of Beijing, but it is negatively influenced by others. PM1 is
negatively influenced by its air temperature and wind speed, except for others.

4. During the dust period, PM10 of Gangneung city is positively influenced by the
local air temperature, wind speed and PM10 of Beijing, except for others. PM2.5
concentration is negatively influenced by the local wind speed and relative humidity,
except for others. PM1 of Gangneung is positively influenced by all variables.

5. After the dust period, PM10 of Gangneung city is negatively influence by local rela-
tive humidity, except for others. PM2.5 and PM1 in Gangneung city are negatively
influenced by the local wind speed and relative humidity, except for others. For all
periods, PM10 of Gangneung city is negatively influence by the local relative humidity,
except for others, but PM2.5 and PM1 are negatively influenced by the local wind
speed, except for others.

6. Multivariate statistical models were devised to predict each PM concentration. The
observed and calculated PM concentrations were compared each other, and new
linear regression prediction models to reproduce the original observed PM values
were also suggested.
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