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Abstract

Visibility reduction is usually caused by hydrometeor and lithometeor such as precipitation,
fog, mist, haze, and dust. Among these weather phenomena the distinction of mist, haze and
Asian dust is very difficult for naked observers especially for the case of mist and damp haze.
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A method for the distinction of mist, haze and Asian dust has been developed using the
synoptic surface weather reporting data and the size segregated aerosol data (PM;, PM, and
PM30) monitored at six sites over South Korea for three years (2009 to 2011). It is found that
mist can be identified from haze with the use of observed water vapor mixing ratio and its
15-day trend curve for the data exceeding the minimum PMj, concentration that causes
visibility reduction at each monitoring site; Asian dust events are identified with conditions of
hourly mean PMy, concentration exceeding 90 ug m™ and the ratio of PMyo/PM; = 4. It is
also found that the visibility reducing weather events (occurrence frequency) are haze (23 %),
mist (19 %), precipitation (13 %), fog (9 %) and Asian dust (1.1 %) in order at the island site,
while those events (occurrence frequency) are haze (29 %), mist (21 %), precipitation (13 %),
Asian dust (2.1 %) and fog (0.3 %) in order at the inland site, indicating more frequent
occurrence of fog events at the island site. However, haze and mist events are found to occur
most frequently at both the island and the inland sites caused by anthropogenic aerosols.

Keywords: Aerosols, Asian dust, Haze, Mist, Visibility reduction, Weather event
1. Introduction

Atmospheric aerosols can affect the quality of our lives significantly because of its potential
impacts on human health and the environment. Aerosols in the sub-micrometer size range can
be inhaled and thus may pose certain health hazards (Bates et al., 1966; Pope et al., 1992,
Dockery et al., 1992; 1993a; 1993b; Binkowski and Shankar, 1995; Bal&h&y et al., 2003;
Yadav et al. 2003; Davis et al., 2010). Because aerosols also scatter light, they strongly
influence the radiative budget of the Earth-atmosphere system; they also reduce visibility and
diminish the aesthetic scenery (IPCC, 1996; Jacobson, 2001; Lee and Sequeira, 2001;
Kaufman et al., 2002; Watson, 2002; Crutzen, 2004; Chang and Park, 2004; Penner et al.,
2004; Park et al., 2005; Jung et al, 2009). Visibility reduction is usually caused by weather
phenomena such as precipitation, fog, mist, haze and dust that are associated with
hydrometeor and lithometeor.

East Asia is a major source of both natural aerosol (Asian dust) and anthropogenic aerosols
over the Northern Hemisphere. Asian dust that is a typical example of mineral aerosol occurs
in northern China and Mongolia more frequently during the spring season (Gao et al., 2000;
Husar et al., 2001; In and Park, 2003; Park and In, 2003; Park and Lee, 2004; Yu et al., 2011)
and has its increasing occurrence trend due to desertification in the source region.
Anthropogenic aerosols that are mainly originated from emitted pollutants have also an
increasing trend due to the rapid economic expansion in many Asian countries (Chun and
Lim, 2004; Lee et al, 2006; Kim et al., 2008; Park et al., 2012a). Tropospheric aerosols in this
region are the complex mixture of various aerosols such as Asian dust and anthropogenic
aerosols. Consequently, occurrence frequencies of visibility reducing weather events caused
by aerosols have an increasing trend, especially over Asia (Che and Zhang, 2007; Gautam et
al., 2007; Wang et al., 2009; Gao et al., 2011; Guo et al., 2013;)

Visibility reducing weather phenomena caused by aerosols include precipitation, fog, mist,
haze and dust storm. Precipitation is defined as any or all of the forms of water particles,
whether liquid or solid, that fall from the atmosphere and reach the ground (AMS, 2000), so
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that it can be easily identified by the observer. Fog is defined as a hydrometeor suspended in
the atmosphere near the earth’s surface (AMS, 2000). Fog reduces visibility below one
kilometer and this criterion is implemented in Korea Meteorological Administration (KMA)
with the condition of the relative humidity above 75 % for the observation of fog. However,
the criterion of the relative humidity for fog is not well defined (UKMO, 1994). Mist is
defined as a hydrometeor consisting of an aggregate of microscopic and more-or-less
hygroscopic water droplets suspended in the atmosphere. Mist produces a thin, greyish vein
over the landscape and reduces visibility to a lesser extend than fog. The relative humidity
with mist is often less than 95%. Mist is intermediate in all respects between haze and fog
(AMS, 2000). The criteria for the observation of mist are the relative humidity (RH) = 75%
and visibility (VIS) < 10 km that are used in KMA. However, these conditions are not used in
WMO and other institutes (WMO, 2008a; 2008b).

Haze is defined as fine dust or salt particles dispersed through a portion of the atmosphere; a
type of lithometeor. The particles are so small that they cannot be felt or individually seen
with the naked eye, but they diminish horizontal visibility and give the atmosphere a
characteristic opalescent appearance that subdues all colors. Haze formations are caused by
the presence of an abundance of condensation nuclei which may grow in size to become mist,
fog or cloud (AMS, 2000). The criteria for the observation of haze used in KMA are RH <
75 % and VIS < 10 km. However these criteria are not used in WMO (WMO, 2008b).

Asian dust aerosol is soil originated mineral aerosols originated from the Asian dust source
regions in northern China and Mongolia. So far there is no commonly accepted definition for
the Asian dust.

The purpose of this study is to develop a methodology to identify weather events caused by
aerosols with the used of the synoptic surface observation data and the size segregated
aerosol (PMi, PM2s, PMyg) concentration data observed at several sites in Korea for three
years (2009 to 2011) and to implement this methodology for the analysis of the occurrence
frequency of each weather event in South Korea.

2. Used data

The data used in this study are hourly observed surface meteorological data and the size
segregated aerosol concentration data with three steps (PM;, PMas, PMjo) measured at the
5-minute interval at 6 monitoring sites over South Korea (Figure 1) for three years (2009 to
2011). These data are obtained from KMA.
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Figure 1. Locations of monitoring sites; (1) Baengnyeongdo, (2) Heuksando, (3) Munsan, (4)
Seoul, (5) Gunsan and (6) Cheorwon

3. Methodology for the Identification of Weather Events Caused by Aerosols

The size segregated aerosol concentrations measured at a 5-minute interval are averaged for
one hour and then smoothed by taking weighted running mean with 5 weighting coefficients
from the binominal function to make hourly averaged data that are compatible to the surface
observation data. The hourly mean size segregated aerosol concentration data are used for the
further analysis.

The precipitation events are identified with the use of 3-year time series of the hourly surface
observation data at each site.

The fog events are identified with the reporting data of KMA that are obtained from the time
series of the hourly surface observation data at each site.

To determine the lowest PM;, concentration that affects visibility reduction at each site, the
data that satisfy the condition of visibility (VIS) > 20 km from both time series of the surface
observation data and the hourly mean PMjo concentration data that are excluded the
precipitation and the fog events are chosen and then constructed an occurrence probability
density function with respect to the PMj concentration at each site. The lowest PMyg
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concentration that affects visibility is determined by taking the PM;o concentration value at
the cumulative occurrence probability density function of 80 %. Figure 2 shows the
occurrence probability density function and the lowest PMj, concentration that affects
visibility at the monitoring sites over Korea. This value is used to identify mist from dust.
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Figure 2. Occurrence probability density functions (blue solid line) and cumulative
occurrence probability density functions (red dotted line) of the VIS > 20 km at (a)
Baengnyeongdo, (b) Heuksando, (c) Munsan, (d) Seoul, (e) Gunsan and (f) Cheorwon. The
arrows show the lowest PM10 concentration (ug m™®) that affects visibility reduction.

The Asian dust events are identified with the conditions; the ratio of the PMj, concentration
to the PM; concentration (PM1o/PM,) is equal or larger than 4 and the hourly mean PM
concentration exceeds 90 ug m™ at each site. This value is equivalent to the sum of the mean
PMjo concentration and one half of the standard deviation observed in South Korea during
the spring season (Park et al., 2012b). Figure 3 shows one of the examples to determine the
duration of Asian dust event at each site.
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Figure 3. Time series of the observed size segregated aerosol mass concentration (ug m);
PM; (red), PM25-PM; (blue) and PM;o-PM; 5 (green), and the ratio of PM; to PM; (solid
black line) at (a) Baengnyeongdo, (b) Heuksando, (¢) Munsan, (d) Seoul, (¢) Gunsan and (f)
Cheorwon for the period of 16-23 March 2011. The hourly mean PM;o concentration of 90
ng m* is indicated by a dotted line and the ratio (PM10/PM) of 4 is indicated by a dashed
line. The Asian dust event period is indicated by “S”

The mist and haze events are identified from the time series of the hourly mean PMy
concentration that are excluded precipitation, fog and Asian dust events and the use of hourly
mixing ratio calculated from the time series of the surface observation data. The mixing ratio
trend curve is constructed with the use of consecutive 15-day mixing ratios. The mist event
period is determined by the period when the hourly mean PM3o concentration obtained from
the time series of the hourly mean PM;o concentration excluded the precipitation, fog and
Asian dust events exceeds the lowest PMyo concentration value determined in Figure 2 and
the mixing ratio is higher than the value determined by trend curve at that time. Whereas the
haze event is determined with the same condition of mist for the PM3o concentration but the
mixing ratio is lower than the value determined by the mixing ratio trend curve. The
durations of the haze and the mist events determined by the above method are given in Figure
4 as an example.
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Figure 4. Time series of the hourly mean size segregated aerosol concentration (ug m=); PM1
(red), PM25-PM; (blue) and PM;o-PM_ 5 (green), and the mixing ratio (g/kg; solid black line)
at (a) Baengnyeongdo, (b) Heuksando, (c) Munsan, (d) Seoul, (¢) Gunsan and (f) Cheorwon
for the period of 16-25 May 2010. The trend curve of the mixing ratio (dashed line), the
lowest PM10 concentration (dotted line) to affect visibility and duration time periods of
precipitation (P ), fog ( F ), mist (M) and haze ( H ) are indicated.

4. Occurrence Frequencies of Weather Events Associated with Aerosols in South Korea

The methodology described in Section 3 is implemented to the time series of the observed
hourly surface meteorological data and the hourly mean size segregated aerosol concentration
data at 6 sites (Figure 1) for the three-year period (2009-2011) to find occurrence frequencies
of weather events including precipitation, fog, mist, haze and Asian dust.

4.1 Occurrence Frequencies of Weather Events

Table 1. Percentage occurrence frequencies of weather events

Site
Weath Ba(;e:gggle— Heuksando Munsan Seoul Gunsan Cheorwon
event g
Precipitation 12.9 12.2 9.6 12.9 11.8 12.8
Fog 9.0 8.2 3.1 0.3 2.5 2.7
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Asian dust 1.1 1.0 2.4 2.1 1.1 1.9
Haze 23.4 20.4 31.4 29.0 24.9 23.6
Mist 18.8 12.6 20.0 20.5 16.2 15.5
Other 34.7 45.6 335 35.1 43.6 43.6
Missing 18.6 33.6 11.8 5.8 8.0 30.7

“Other” represents other weather events not included in the listed weather events. “Missing”
represents the percentage missing data of the whole analysis period of 3 years (26280 hr)

Table 1 shows the percent occurrence frequencies of weather events that are associated with

aerosols. “Other” in Table 1 includes clear weather and other than weather phenomena listed
in Table 1.

The highest occurrence weather event is haze at all sites especially in the big city of Seoul
and the inland site of Munsan (Figure 1), where more than 100 days in a year are affected by
haze. Fog occurs more frequently at the island sties (Baengnyeongdo and Heuksando in
Figure 1) than the inland sites while the occurrence frequency of precipitation and Asian dust
events are almost the same at all sites, suggesting the importance of the synoptic scale motion
for these events.

4.2 Occurrence Frequencies of Meteorological Variables and Aerosol Concentrations in
Association with Weather Events

Occurrence frequencies of weather events in association with aerosols (Table 1) show a
slightly different distribution patterns between the island sites (Baengnyeongdo and
Heuksando) and the inland sites (Seoul, Munsan and Cheorwon). The inland site of Seoul and
the island site of Baengnyeongdo (Figure 1) are chosen to make a comparison of the
occurrence frequency distributions of visibility, relative humidity, PMy, concentration and the
ratio of the PM1q to the PM; concentration at these sites.

Figure 5 shows the occurrence frequency distribution of visibility, relative humidity, PMsg
concentration and the ratio of the PMyy to the PM; concentration in association with the
weather events identified in section 3 at the inland site of Seoul.
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Figure 5. Variations of occurrence probability density function (PDF, %) of visibility (km),
relative humidity (%), PM1, concentration (ug m™) and the ratio of PMy, concentration to
PM; concentration in association with weather events of (a) precipitation, (b) fog, (c) Asian
dust, (d) mist and (e) haze at the inland site of Seoul.

For the precipitation events at Seoul, the visibility ranges from 2 km to 21 km with the
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maximum occurrence frequency at 4 km; the relative humidity exceeds 70 % with the
maximum occurrence frequency at 95 %; the PM;, concentration is less than 90 ug m™ with
the maximum occurrence frequency at 20 pg m™ while the concentration ratio (PMyo/PM,)
has its maximum occurrence frequency at 2 and extends up to 4.

For the fog events at Seoul, the visibility is less than 1 km with the maximum occurrence
frequency at 0.5 km; the relative humidity exceeds 85% with the maximum occurrence
frequency at 95 %; the PMjo concentration has two maximum occurrence frequencies at 40
ng m? and 180 pg m®; the concentration ratio (PM1o/PM;) varies up to 2 with the maximum
occurrence frequency at 1, suggesting the dominance of small particles.

For the Asian dust events at Seoul, the visibility varies up to 21 km from 9 km with the
maximum occurrence frequency at 16 km; the relative humidity ranges from 20 % to 75 %
with the maximum occurrence frequency at 40 %; The maximum PMjo concentration reaches
up to 1300 pug m™ but the PMyo concentration has its maximum occurrence frequency at 120
ug m; the concentration ratio (PM3o/PM;) has its maximum value of 28 with the maximum
occurrence frequency at 6, suggesting the predominance of larger particles.

For the mist events at Seoul, the visibility varies up to 16 km from 2 km with the maximum
frequency at 7 km; the relative humidity ranges from 45 % to 95 % with the maximum
occurrence frequency at 70 %; the PMy, concentration ranges from 50 ug m™ to 150 pg m™
with the maximum occurrence frequency at 60 pg m™; the concentration ratio (PM1o/PM;)
extends up to 4 with the maximum occurrence frequency at 2.

For the haze events at Seoul, the visibility ranges from 7 km to 21 km with the maximum
occurrence frequency at 16 km; the relative humidity ranges from 25 % to 85 % with the
maximum occurrence frequency at 50 %:; the PM;o concentration ranges from 50 pug m™ to
110 pg m™ with the maximum occurrence frequency at 55 pg m; the concentration ratio
(PM1o/PM,) varies up to 5 with the maximum occurrence frequency at 2.

Figure 6 shows those distributions in Figure 5 at the island site of Baengnyeongdo (Figure 1).
For the precipitation events at the Baengnyeongdo site (Figure 6a), the visibility varies up to
21 km from 1 km with the predominant maximum occurrence frequency at 1 km that is much
poorer visibility than that at the inland site (Figure 5a); the relative humidity exceeds 60 %
with the maximum occurrence frequency at 95 % that is similar to that at the inland site; the
PM 31, concentration is less than 70 ng m™ with the maximum occurrence frequency at 30 pg
m™ that is slightly higher PMy, concentration than that at the inland site (Figure 5a); the
concentration ratio (PM;0/PM;) extends up to 5 that is slightly larger value than that at the
inland site (Figure 5a), suggesting the aerosol size at the island site being larger than that at
the inland site.

For the fog events at the island site of Baengnyeongdo (Figure 6b), more than 87 % of the
occurrence frequency of the visibility is confined within the visibility less than 1 km with the
relative humidity larger than 95 % (Figure 6b); the PMyq concentration ranges from 20 ug m™
to 60 pg m™ with the maximum occurrence frequency at 30 pg m™; the concentration ratio
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Figure 6. The same as in Figure 5 except for the island site of Baengnyeongdo.

(PM1o/PM;) extends up to 5 with its maximum occurrence frequency at 2 (Figure 6b),
implying the fog forming aerosol size at the island site being larger than that at the inland site
(Figure 5b) probably due to the sea salt.
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For the Asian dust events at the island site of Baengnyeongdo (Figure 6c), the visibility
extends from 2 km to 21 km with the maximum occurrence frequency at 13 km that is a little
poorer visibility than that at the inland site (Figure 5c); the relative humidity ranges from
30 % to 95 % with the maximum occurrence frequency at 50 % that is slightly higher than
that at the inland site (Figure 5c); the maximum PMjo concentration has its maximum
occurrence frequency at 150 png m™ (Figure 6¢); the concentration ratio (PM1o/PM;) reaches
up to 30 with its maximum occurrence frequency at 11 (Figure 6c¢). This clearly indicates that
the size of aerosol for the Asian dust events at the island site (Figure 6c) is larger than that at
the inland site (Figure 5c).

For the mist events at the island site of Baengnyeongdo (Figure 6d), the range of visibility is
the same as that at the inland site (Figure 5d) but the maximum occurrence frequency occurs
at 9 km; the relative humidity extends from 60 % to 95 % with the maximum occurrence
frequency at 85 %; the PMy, concentration ranges from 40 pug m™ to 150 ug m™ with the
maximum occurrence frequency at 50 pg m™; the concentration ratio (PMyo/PM,) is nearly
the same as at the inland site (Figure 5d) with the maximum occurrence frequency at 2.

For the haze events at the Baengnyeongdo site (Figure 6e), the range of visibility (9 km to 23
km and its maximum occurrence frequency at 16 km) and the relative humidity are almost the
same as at the inland site, but the maximum occurrence frequency of the relative humidity is
higher than that at the inland site of Seoul (Figure 5e); the PM, concentration ranges from 45
ng m™ to 110 ug m™ with the maximum occurrence frequency at 45 pg m; the concentration
ratio (PM1o/PM;) has the similar occurrence frequency distribution to that at the inland site of
Seoul (Figure 5e).

Above analyses indicate that the visibility reduction and the relative humidity in association
with precipitation, fog and Asian dust events at the island site are higher than those at the
inland site. The aerosol size in association with these weather events at the island site is larger
than that at the inland site, probably due to the abundant sea-salt over the island site while the
large amount of air pollutants over the inland site. However, there is of no significant
difference between the island site and the inland site for mist and haze events, suggesting the
importance of anthropogenic aerosols for these events.

Table 2 shows the characteristic features of weather events occurred at 6 sites in South Korea
(Figure 1) during the period of 2009 to 2011.

Among all weather events, the highest mean visibility ranging from 13 km to 15 km occurs in
association with haze events while the lowest mean visibility ranging from 0.8 km to 1.0 km
is associated with fog events at all sites.

The Asian dust events have the lowest relative humidity while they have the largest
concentration ratio (PM1o/PM;) among all weather events. Mist events cause poorer visibility
due to higher relative humidity and aerosol concentration than haze events. The particle size
causing mist is smaller but higher PMyo concentration than that of haze. Precipitation events
cause the lowest PMy, concentration due to washout and scavenging effects. However, the
aerosol particle sizes are not smaller than those of haze and mist as seen in the concentration
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Table 2. Mean (standard deviation) values of visibility (VIS), relative humidity (RH), PM10
concentration (ng m™) and the ratio of PM10 concentration to PM1 concentration in
association with the visibility reducing weather events at 6 sites over South Korea for the
3-year period (2009-2011).

Baengnyeongdo Heuksando
VIS (km)| RH (%) le‘_)S Ratio 1\ (km) | RH (%) PM“_’S Ratio
(ug m™) |(PM1o/PM) (ng m3) | (PMy/PM;)
PRCP | 7.0(6.3) | 84.1(12.3) |57.6(233.3) | 3.1(4.7) 9.2(6.0) | 835(11.7) | 28.7(68.2) | 3.4(10.7)
FOG | 09(22) | 94.3(2.9) |144.3(484.7)| 4.5(9.0) 0.8(1.5) | 94.6(2.7) |88.1(176.9) | 10.7 (22.0)
DUST | 12.0(4.8) | 54.6 (16.7) |228.9 (342.4)| 10.6 (6.0) 7.1(4.3) | 70.3(18.3) |235.3(266.3)| 13.6 (18.1)
MIST | 10.5(5.0) | 75.9 (10.8) | 71.5(38.8) | 1.5(0.5) 10.2 (4.8) | 76.9(10.0) | 57.8(28.0) | 1.7(L.7)
HAZE | 15.1 (4.3) | 57.7 (145) | 55.3(24.7) | 2.0 (1.4) 13.5(4.8) | 70.1(15.1) | 49.6 (17.8) | 2.1(L.7)
Munsan Seoul
vistm| RH@e) | e | R s iy | R | e | Rato
(ng m”) |(PM;o/PMy) (ng m3) | (PMy/PM,)
PRCP | 82(5.4) | 90.1(10.2) | 44.2(46.8) | 2.2(23) | 7.8(5.0) | 83.7(115) | 39.1(44.1) | 1.6(L0)
FOG | 0.9(16) | 955(29) | 80.7(46.6) | 15(0.2) | 1.0(0.7) | 89.4(52) |114.1(59.1)| 1.2(0.1)
DUST | 14.9 (5.1) | 49.1(18.2) |199.9 (144.1)| 8.9 (5.0) 12.8(4.8) | 45.0 (14.1) |209.3 (164.5)| 8.5 (4.4)
MIST | 83(45) | 77.6(15.2) | 92.6(37.8) | 1.6(0.4) 7.8(4.1) | 68.9(13.0) | 87.7(36.1) | 1.5(0.4)
HAZE | 13.7 (5.7) | 63.5(22.2) | 73.3(23.4) | 2.2(1.1) 13.5(4.8) | 49.9 (16.8) | 69.7(21.8) | 2.1(1.0)
Gunsan Cheorwon

VIS (km)| RH (%) le‘_’a Rato | s (km) | RH (%) PM“_’3 Ratio
(ng m”)  [(PM1o/PMy) (ng m®)  |(PM;o/PM,)

PRCP | 9.7(5.3) | 89.4(10.2) | 31.9(335) | 1.6(1.1) | 88(50) | 87.1(9.7) | 39.4(90.2) | 2.0(L9)
FOG | 0.9(1.1) | 97.0(3.5) |142.5(240.8)| 2.5 (3.4) 1.0(1.8) | 945(3.6) | 87.5(60.9) | 1.5(0.5)
DUST | 109 (5.1) | 68.215.9) [221.1(158.9)| 7.5(3.0) | 12.6 (5.2) | 49.8(17.4) |198.1 (131.2)| 8.4 (3.9)
MIST | 8.6 (4.5) | 80.0(12.0) | 74.4(29.3) | 15(0.6) | 8.7(44) | 76.4(14.0) | 82.0(30.6) | 1.6(0.5)
HAZE | 125 (5.7) | 70.7 (17.1) | 62.6 (19.7) | 1.9 (1.3) 14.6 (5.3) | 62.3(21.9) | 67.5(20.0) | 2.2(1.3)

ratio in Table 2. The large standard deviation of PMj, concentration at the island sites
(Baengyeongdo, Heuksando) and the coastal site (Gunsan) in association with fog events may
be caused by sea fogs that sometimes occur over the sea with high PMyo concentration.

5. Conclusions

Visibility reducing weather events affected by aerosols are examined with the use of hourly
observed synoptic surface meteorological data and the hourly mean size segregated aerosol
data in three steps (PM1, PM,s, PM10) measured at 6 sites in Korea for 3 years (2009 — 2011).
The methodology to identify weather events such as precipitation, fog, Asian dust, mist and
haze has been developed using these data and implemented to the time series of these data to
find the occurrence frequencies of these weather events.

138 www.macrothink.org/emsd



\\ M ac rOth i “k Environmental Management and Sustalnatl)éesﬁe\étellgf_r;]gg
- ™
AR Institute 2013, Vol. 2, No. 1

It is found that the presently developed methodology is very useful to identify the haze event
from the mist event and the Asian dust events that are very difficult for observers to
distinguish them.

It is also found that haze events occur most frequently and followed by mist events in South
Korea. These weather events are found to be related with relatively small aerosol particle
sizes that might be originated from pollutant emissions.

It is also found that particles causing haze are drier, less PMo mass concentration but larger
sizes than those of mist.

The presently developed methodology for the identification of weather events may be useful
to observers for their naked eye observations provided the size segregated aerosol
concentration data.
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